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Spectroscopy and dynamics of methylamine. I. Rotational and vibrational
structures of CH 3NH2 and CH3ND2 in Ã states
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Rovibrational structures of methylamines (CH3NH2 and CH3ND2) in predissociativeÃ states
(3s–n) are investigated using~111! resonant-enhanced two-photon ionization~R2PI!
spectroscopy. A part of experimental results was briefly reported earlier@J. Chem. Phys.117, 10057
~2002!#, and full detailed results and analyses are given here. Spectral origins are determined to be
41 669 and 42 038 cm21 for CH3NH2 and CH3ND2, respectively. Amino wagging and CH3 rocking
modes are optically active, giving their respective fundamental frequencies of 636~487! and 1008
~1012! cm21 for CH3NH2 (CH3ND2). The CH3 moiety is found to rotate nearly freely about the
C–N axis with respect to the amino group with an accurately determined torsional barrier of
5.060.5 cm21 at the zero-point level of CH3ND2(Ã). The torsional barrier increases to 19.060.5
cm21 at the v (ND2-wag)51 level due to wagging-torsional mode coupling. Both internal and
overall rotational fine structures are clearly resolved for the first few vibrational levels of
CH3ND2(Ã), providing accurate values of vibrational frequencies and associated internal and
overall rotational constants. Broad spectral features of the CH3NH2 excitation spectrum are
unambiguously assigned by using the internal rotor Hamiltonian established in the analysis of the
CH3ND2 excitation spectrum. Linewidths of spectral bands provide lifetimes of corresponding
quantum states excited at particular rovibrational levels, giving, for example,;8.8 and;1.8 ps for
zero-point andv (ND2-wag)52 levels of the CH3ND2 (Ã) state, respectively. The lifetime of
CH3NH2(Ã) is estimated to be much shorter, givingt;0.38 ps at the origin band. The large H/D
isotope effect in lifetimes of excited states indicates that the primary dissociation channel is the
N–H~D! bond dissociation and it proceeds via tunneling through a reaction barrier. Lifetimes are
found to be mode specific, showing the experimental fact that energy deposition to a certain
vibrational mode, which is perpendicular to the reaction coordinate, may modify the reaction barrier
along the N–H~D! reaction coordinate.Ab initio results for structures and vibrational frequencies of
methylamines at excited states are compared with the experiment. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1575734#
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I. INTRODUCTION

The spectroscopy and dynamics of primary amines
quite meaningful to investigate, since fundamental proper
regarding the structures and reactivity of those molecules
essential in understanding the role of primary amines
many chemical reactions important in organic syntheses
biological processes. In 1963, Michael and Noyes1 reported
that the N–H bond dissociation is a dominant reaction ch
nel with a yield of more than 75% from the first-excite
methylamine dissociation, while other reactions such as C
bond dissociation and H2 formation channels are;7.5% and
less than 10%, respectively. More recently, sophisticated
periments on the photodissociation dynamics of CH3NH2

were carried out by several research groups.2–7 The Butler
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group4 measured translational energies of different produ
from several reaction channels of the CH3NH2 dissociation
at 222 nm to conclude that the major channel is N–H bo
dissociation while the C–H and C–N bond dissociati
channels are also significant. On the other hand, the Ash
group,5,6 through H-atom Rydberg-tagged high-resoluti
translational spectroscopy, had reached a conclusion tha
H fragment, slow and fast, is almost entirely from the N–
bond dissociation, suggesting that the C–H bond break
practically does not occur. According to theoretical calcu
tions by the Morokuma group8 for the N–H bond fission, the
first-excited state of methylamine has a 3s Rydberg character
in the Franck–Condon region and it is immediately follow
by coupling with a repulsive valence state correlating d
batically to the ground products. Similar to the N–H bo
dissociation of ammonia,9–15 the dissociative excited stat
crosses with the ground electronic state which diabatic
correlates to excited products, H1CH3NH(Ã), in the late
il:
6 © 2003 American Institute of Physics
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stage along the N–H reaction coordinate. Even though th
earlier studies2–7 provide very important insights into poten
tial energy surfaces on which many different reactions t
place, state-to-state reaction dynamic studies, which are
tremely useful, had not been plausible especially since in
reactant states have been poorly characterized until very
cently.

Methylamine is the simplest primary amine, and thus
rovibrational structure has been thoroughly studied for
ground electronic state using microwave and/or far-infra
spectroscopy.16–23However, for the first-excited state of me
thylamine, assignments for the spectral origin and associ
vibrational bands had been in dispute for quite a long tim
Absorption spectra of methylamine in the gas phase at ro
temperature had been taken by a number of groups.24–29The
first UV spectrum of methylamine was reported by Fo¨ster
and Jungers in 1937.24 They determined the 0–0 transitio
energy to be 41 680 cm21 and found that two vibrationa
modes with frequencies of 650 and 1000 cm21 are optically
active, of which the former is associated with the ami
moiety while the latter is more likely associated with t
methyl group. In the more extended work reported in 19
by Tannenbaumet al.,25 the 0–0 transition was reported t
be 41 690 cm21 and vibrational bands with fundamental fr
quencies of 660 and 1000 cm21 were claimed to be due to
N–H bending and C–N stretching, respectively. Lat
Tsuboi et al.26,27 located the origin of CH3NH2 at 41 715
cm21 and assigned 651 and 1004 cm21 bands as NH2 wag-
ging and CH3 rocking modes, respectively. More recent
Taylor et al.28,29 reported the first mass-resolved excitati
spectra of supersonically cooled methylamine and its iso
pomers. Comparing their experimental results withab initio
calculation, Tayloret al. concluded that the spectral origin
not observed in the experiment due to a severe geomet
change occurring upon electronic excitation. According
they claimed that the CH3NH2 origin is expected to be lo
cated at 39 770 cm21 and optically active modes are amin
wagging and scissoring with frequencies of 642 and 14
cm21, respectively.28 The disagreement continued in a m
thylamine UV–VUV high-resolution absorption study r
ported by Hubin-Franskinet al. in 2002.30 According to
them, the CH3NH2 origin is at 41 771 cm21 and bands lo-
cated at 637, 984, and 371 cm21 above the origin are NH2
wagging, C–N stretching, and two quanta of NH2 torsion,
respectively. These confusing disagreements, which con
ued for the past 65 years among previous experime
works for excited methylamine spectroscopy, are partly
lated to broad spectral features of the CH3NH2 excitation
spectrum.

Very recently, our group has reported the~111!
resonant-enhanced two-photon ionization~R2PI! spectra of
jet-cooled CH3NH2 and CH3ND2, finding that spectral
broadening is actually due to the ultrashort lifetimes of p
dissociatingÃ states.31 Because of the relatively longer life
times of CH3ND2 excited states, its rotational fine structur
could be revealed. And it was found that the CH3 group
nearly freely rotates with respect to the amino moiety in
excited state. It should be noted that in 1982 Tsuboi a
Yirakawa27 reported a preliminary analysis of the rotation
Downloaded 03 Sep 2003 to 143.248.34.202. Redistribution subject to A
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structure of the CH3ND2 origin absorption band taken in th
gas phase at room temperature, in which they also conclu
the internal free rotation of CH3 with respect to ND2 with a
torsional barrier less than 1 cm21. In our earlier report, a
Hamiltonian for free internal rotation was also quite useful
interpreting the CH3NH2 spectrum nicely, giving confirma
tive assignments for vibational bands in the excitati
spectrum.31 Accordingly, spectral assignments were firm
established giving the 0–0 transition energy of 41 669 cm21

for the first-excited CH3NH2.31 Optically active modes are
NH2 wagging and CH3 rocking modes with their respectiv
fundamental frequencies of 636 and 1008 cm21. It is inter-
esting to note that accurately determined spectroscopic
ues are closer to those reported 65 years ago than mor
cently reported values.

In this work, full detailed analyses of excitation spect
of CH3NH2 and CH3ND2 are given. Much richer informa-
tion about the excited methylamine structure is presen
here compared to the earlier brief publication.31 An internal-
rotor Hamiltonian including a torsional barrier is employe
for the perfect match of experiment and theory. Torsio
barriers are thus both precisely and accurately determined
the first few vibrational bands in the CH3ND2 excitation
spectrum. Vibrational frequencies and associated internal
overall rotational constants are accurately determined to g
a quantitative description of potential energy surfaces
CH3NH2 and CH3ND2 in their Ã states. Lifetimes are de
duced for all vibronic bands, giving energy- and mod
dependent predissociation rates in excited states of CH3NH2

and CH3ND2. A plausible predissociation mechanism is al
discussed in comparison with previously reported dynam
studies.

II. EXPERIMENT

The methylamine sample (CH3NH2, Aldrich! was pur-
chased and used without further purification. As described
the earlier publication,31 CH3ND2 was synthesized by re
peating the process of the CH3NH2 dissolution in D2O fol-
lowed by dehydration in KOH solution. Methylamin
samples were introduced into gas cylinders to prepare 2%
methylamine gases (CH3NH2 or CH3ND2) in neon gas. The
gas mixture was then expanded through a 0.3-mm-d
nozzle orifice~General Valve! into a differentially pumped
molecular beam chamber equipped with two turbo-molecu
pumps. The backing pressure was;3.5 atm, and the repeti
tion rate was 10 Hz. The molecular beam was skimm
through a 1-mm-diam skimmer~Precision Instrument Ser
vices!. Background pressures of the source and ionizat
chambers were maintained at;1025 and ;1027 Torr, re-
spectively, when the nozzle was on. The 355-nm output o
Nd:YAG laser~Spectra-Physics, GCR-150, 10 Hz! was used
to pump a dye laser~Lambda-Physik, Scanmate II! to gener-
ate laser pulses in the 440–480 nm range. The time dura
of the laser pulse was;6 ns, and the pulse energy wa
10–20 mJ/pulse. The laser output was frequency double
a BBO crystal placed on a home made autotracking sys
to maintain both intensity and direction of the doubled la
output while its wavelength was scanned. Tunable UV la
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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pulses with a 0.25 cm21 spectral bandwidth were generate
in the 220–240 nm region. The UV laser pulse was spati
and temporally overlapped with the molecular beam.

Molecular ions generated via the~111! R2PI process
were repelled, accelerated, drifted along the field-free reg
and detected by microchannel plates~MCP, Jordan! to give
the R2PI signal. The ion signal was digitized by an oscil
scope~LeCroy 9361! and stored in a PC, which was als
used to control the dye laser and autotracker. The ion sig
was monitored as a function of excitation wavelength to g
the excitation spectra of methylamines. Absolute wa
lengths of the laser output were calibrated using the opto
vanic effect from a hollow-cathode lamp~Ne! within 60.5
cm21.

III. RESULTS AND DISCUSSION

The electronic transition from the ground electronic st
to the lowest excited state of methylamine occurs by
excitation of a nitrogen lone-pair electron to a 3s Rydberg
orbital. The excited state, however, is predissociative eve
the origin, indicating that the Rydberg state is strong
coupled to repulsive valence states leading to decompos
of the molecule via N–H, C–N, or C–H bond fission8

Therefore, the transition of methylamine to the first-excit
state is a bound-to-metastable transition, which carries
only spectroscopic information of the Franck–Condon
gion, but also dynamic information involved in quantum
specific predissociation processes. In this sense, the R
spectra of CH3NH2 and CH3ND2 provide detailed informa-
tion about the structure and dynamics of those molecule
the excited states. Since lifetime broadening is much
severe in CH3ND2(Ã), peaks representing rotational stru
tures are nicely resolved in the CH3ND2 excitation spectrum.
Therefore, spectral analyses for CH3ND2 are presented her
prior to those for CH3NH2. The D-to-H substitution effect is
then applied for analyzing the CH3NH2 excitation spectrum.
This section is presented in the following order:~A! internal
rotation with symmetry consideration,~B! CH3ND2, ~C!
CH3NH2, and~D! tunneling and predissociation.

A. Internal rotation and selection rules

Methylamine is a nonrigid molecule, and thus comple
nuclear permutation inversion~CNPI! group theory should
be applied for the classification of symmetry species of qu
tum states.32 Methylamines in ground and excited states,
tunneling is considered, belong to the G12 group. In the
ground state, due to tunneling through a sixfold potential
internal rotation, the zero-point energy level is split into s
states. Since the torsional barrier in the ground state is r
tively high (V;690 cm21),19 all six states in the ground
vibrational level are split within the energy much less th
0.5 cm21. Accordingly, in the molecular beam, all of thes
states are expected to be populated. Vibrational symm
species of these split states areA18 , A29 , E8, andE9, where
E8 andE9 states are doubly degenerated. The symmetry s
cies of the total wave functions of CH3NH2 and CH3ND2 are
A19 andA18 , respectively, since hydrogen nuclei are fermio
while deuterium nuclei are bosons. Therefore, in the gro
Downloaded 03 Sep 2003 to 143.248.34.202. Redistribution subject to A
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electronic state of CH3NH2 (CH3ND2) whereGel5A18 , rovi-
brational states with evenKa (G rot5A18 ,A28) and vibrational
states ofA18 andE8 combine withpara ~ortho! states. Mean-
while, rovibrational states withA18 and E8 vibrational sym-
metry species of CH3NH2 (CH3ND2) with odd Ka (G rot

5A19 ,A29) are to be combined withortho ~para! states. Simi-
larly, rovibrational states withA29 andE9 vibrational symme-
try species of CH3NH2 (CH3ND2) with even Ka (G rot

5A18 ,A28) or odd Ka (G rot5A19 ,A29) give ortho ~para! or
para ~ortho! states, respectively. Nuclear spin statistic
weights forortho:para states are 3:1 and 2:1 for CH3NH2

and CH3ND2, respectively.
The 3s–n transition of methylamine is the allowe

electric–dipole transition. Analyses of rotational structures
the CH3ND2 excitation spectrum indicate for sure that th
rotational transition isb or c type ~vide infra!, indicating that
the transition dipole moment is perpendicular to the C
axis. Since methylamine is the nonrigid molecule and es
cially since internal rotation is almost free in the excit
state, the symmetry of electronic state alone may not be
only criterion for the optical selection rule. In that case, s
lection rules are determined by considering the symmetry
the direct product of electronic (Gele) and internal-rotor
(G int) symmetry species. Considering nuclear spin conse
tion in the electronic transition (DI 50), ground states of
which Gele9^ G int95A18 , A29 , E8, and E9 are symmetry al-
lowed to excited states withGele8^ G int85A29 , A18 , E9, and
E8 (A19 , A28 , E9, and E8), respectively, for thec-type ~or
b-type! transition. However, in the Franck–Condon tran
tion, within the Born–Oppenheimer approximation, the ele
tronic symmetry of the 3s Rydberg state is most likely to b
A29 , which correlates toA8 or A9 for planar or ciscoid con-
formers in theCs ~MS! group, respectively. In this case
symmetry species of the internal-rotor states are impor
criteria for determining selection rules. In other words, f
example, in thec-type transition, electronically excited
internal-rotor states ofA18 , A29 , E8, andE9 symmetry spe-
cies are only symmetry allowed.

A Hamiltonian for the internal and overall rotation in
cluding a torsional barrier for methylamines in the excit
state can be written as

H5H rot1F~p2P!21V~f!, ~1!

V~f!5~V6/2!@12cos~6f!#. ~2!

HereH rot is the standard rigid-rotor symmetric-top approx
mated rotational Hamiltonian andF is the effective rotational
constant for the internal rotation of the top about the C
axis. Since the difference of rotational constantsB andC is
less than 0.05 cm21,21 the symmetric-top approximation i
good enough within the experimental resolution of this wo
The V6 is the barrier height of a sixfold torsional potenti
energy surface along the torsional anglef. The (p2P) term
represents the relative angular momentum of the top
frame. The free-rotor basis set$um&5(2p)21/2exp(2imf)%
is used to construct the Hamiltonian matrix. Nonvanishi
matrix elements are as follows:
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 1. R2PI excitation spectrum of CH3ND2 in the 41 500–44 200 cm21 range. Vibrational bands due ton7 (CH3 rock!, n9 (ND2 wag!, and their
combination modes are appropriately assigned. The peak position expected for the next lower ND2-wagging band to the spectral origin is indicated as
arrow, which confirms the origin assignment.
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^muHum&5~AT1AF!m21BJ~J11!1~AF2B!K82

22AFmK81~V6/2!, ~3!

^muHum66&52~V6/4!. ~4!

HereAT andAF are rotational constants associated with m
ments of inertia for the top (I top) and frame (I frame), respec-
tively. In principle, when the internal rotational axis is alon
the C–N bond, I 5I top1I frame or, equivalently, (1/A)
5(1/AT)1(1/AF). A 40340 matrix is diagonalized to give
eigenvalues and associated eigenvectors. Symmetry sp
of internal-rotor wave functions can be classified from eig
vectors deduced from the matrix diagonalization. For
ample, in the simplest case ofK850 where there is no cou
pling between overall and internal rotations, the symme
species of the internal-rotor wave functions which are p
portional to u0&, u61&, u62&, @u13&1u23&#, @u13&2u23&#,
u64&, and u65& are A18 , E9, E8, A29 , A19 , E8, and E9,
respectively.32 It should be noted that, because of the o
diagonal matrix element in Eq.~4!, free-rotor basis functions
of m513 and m523 couple together to genera
(1/2)1/2@ u13&1u23&] or (1/2)1/2@ u13&2u23&] states of
which the symmetry species areA29 or A19 , respectively. As
mentioned earlier, the symmetry selection rule indicates
only A29 , A18 , E9, andE8 (A19 , A28 , E9, andE8) states are
symmetry allowed in thec-type ~b-type! transition. Thus the
upper state ofA19 or A29 is symmetry forbidden for thec-type
or b-type transition, respectively.
Downloaded 03 Sep 2003 to 143.248.34.202. Redistribution subject to A
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B. CH3ND2

The CH3ND2 excitation spectrum in the 41 500–44 20
cm21 region is shown in Fig. 1 with appropriate vibration
assignments. In Fig. 1,n7 andn9 represent CH3 rocking and
amino-wagging modes, respectively. Combination bands
n7 andn9 modes are also clearly identified. Even tiny litt
bands are not observed at energies below the assigned
tral origin, giving confirmative evidence for the validity o

FIG. 2. ~a! Excitation spectrum of CH3ND2 for the origin band and~b!
simulation using parameters listed in Table II. Peaks connected by do
lines are those very sensitive to the torsional barrier height~see the text for
detail!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



n
d

im

P
m

a

en
ic

di
t
e

a

uc

th
-

d

of
to
-
th
r.
v

n

ot
te
m

e

it
f
-
n

an

e

of
ters
are
-

at-
it
ng
he
ed

.49
is
ra-
o

di-
.25
lf

sful

rom
e

m
al
Fig.
he
o

-
d to
tter
ine

ad

ned
ce
be
in

r-
her

the
ed:
g

11030 J. Chem. Phys., Vol. 118, No. 24, 22 June 2003 Baek et al.
the origin assignment. The first two bands at the origin a
v (ND2-wag)51 level consist of many sharply resolve
peaks, while the bands above;43 000 cm21 show broad
spectral features. This indicates that the excited-state lifet
starts to decrease extremely sharply at thev (ND2-wag)52
level. This is also consistent with the intensity of the R2
signal, which starts to decrease quite rapidly at the sa
energy level, Fig. 1. That is, even though theÃ–X absorp-
tion cross section increases as the excitation energy incre
in the 42 000–44 000 cm21 range,26,30 the ionization cross
section from intermediateÃ states decreases in the same
ergy region. This indicates that the ionization process wh
occurs competitively with predissociation in theÃ state be-
comes much less efficient at vibrational levels where pre
sociation becomes quite rapid, resulting in a decrease of
R2PI signal. It is interesting to note that the intensity d
creasing rate is much faster for ND2 wagging progression
bands compared to that for the CH3 rocking or its combina-
tion bands, Fig. 1.

The origin band of the CH3ND2 excitation spectrum
consists of relatively sharp peaks, Fig. 2~a!. The simulation
based on the overall and internal rotor Hamiltonian with
torsional barrier~Sec. III A! is carried out for comparison
with experiment. The free-rotor energy expression used
the simulation in our previous report was not perfectly s
cessful in matching all peak positions.31 However, by intro-
ducing a torsional barrier height of 5.060.5 cm21, all experi-
mental peak positions are now perfectly reproduced in
simulation as shown in Fig. 2~b!. The internal rotational con
stants of the top (AT) and frame (AF) are both determined to
be 4.93 cm21. At the zero-point energy level of the excite
state, the moments of inertia of the CH3 and ND2 group are
then found to be identical givingI 8(CH3)5I 8(ND2)
53.42 amu Å2. It is quite interesting that the moments
inertia determined in the experiment are identical for the
(ND2) and frame (CH3). Coupling between internal rota
tions of the top and frame may exist especially when
associated moments of inertia are so similar to each othe
theoretical formulation for describing this interesting beha
ior is needed in the future. The overall rotational constantB8
of the excited CH3ND2 in the symmetric-top approximatio
is found to be 0.67 cm21. For the ground state of CH3ND2,
rotational energies are calculated using an asymmetric r
program.33 Observed and calculated frequencies associa
with transitions between angular momentum quantum nu
bers of the lower (J9,Ka9 ,Kc9) and upper (J8,K8,m8) states
are listed in Table I. Energy differences between experim
tal and simulated values are all less than 0.5 cm21. It should
be noted here that a series of peaks due to the exc
internal-rotor state with aA19 symmetry and wave function o
(1/2)1/2@ u13&2u23&] is absent in the experiment. Accord
ingly, the corresponding level is excluded in the simulatio
This strongly indicates that theÃ–X transition belong to the
c-type transition, since in thec-type transition theA19 upper
state is not symmetry allowed~vide supra!. Rotational selec-
tion rules ofDK (K82Ka)561, DJ50 or 61 used in the
simulation are also consistent with the above. Relative b
intensities associated with different upperm8 values are ar-
bitrarily scaled in the simulation, while the population of th
Downloaded 03 Sep 2003 to 143.248.34.202. Redistribution subject to A
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ground-state methylamine over (J9,Ka9 ,Kc9) quantum num-
bers is calculated from the Boltzmann distribution.

Crucial information about the structure and dynamics
excited methylamine is also obtained from other parame
used in the simulation. Parameters used in simulations
listed in Table II with their uncertainties. The rotational tem
perature of the molecular beam is found to be 3.6 K, indic
ing that cooling of the sample is quite sufficient. Actually,
is found that Ne is the most effective carrier gas in cooli
methylamines in a supersonic jet compared to Ar or He. T
exact position for the 0–0 transition is precisely determin
to be 42 03861 cm21 in the simulation. It is also noteworthy
that the zero-point energy due to the torsional mode is 2
cm21, in Table II. This small zero-point torsional energy
important because it varies upon coupling with other vib
tional modes~vide infra!. Predissociation dynamics are als
revealed in the spectral bandwidths. The linewidth of in
vidual peaks is much broader than the laser linewidth of 0
cm21. Thus a Gaussian function with a full width at ha
maximum ~FWHM! of 0.25 cm21 is convoluted with a
Lorentzian function with an adjustable FWHM,DE, to
simulate detailed spectral features. The most succes
simulation is obtained whenDE;0.6 cm21, indicating that
the corresponding excited state lifetime~t! is, from DE t
;\, about 8.8 ps.

The band structure of the first ND2 wagging mode is
very similar to that of the origin band, Fig. 3~a!. The simu-
lation matches the experiment perfectly in Fig. 3~b!. How-
ever, the parameters used in the simulation are different f
those used for the origin band, Table II. First of all, th
torsional barrier height is found to be increased to 19.060.5
cm21 when internal rotation is combined with one quantu
in the ND2 wagging mode. This is an interesting vibration
dependence of the torsional barrier height, as shown in
4, providing essential information about the coupling of t
ND2 wag and internal rotation. It would be intriguing t
compare torsional dynamics of CH3ND2(Ã) with those of
the CH3CH2(X) radical, since the former with one of non
bonding electrons excited to the Rydberg state is expecte
have a rather similar electronic structure to that of the la
in the ground electronic state. Moreover, the methylam
cation is isoelectroic to the ethyl radical.34 Torsional barrier
heights of the ethyl radical in the ground electronic state h
been determined to be 17 and 10 cm21 for the zero-point and
CH2 wag levels, respectively,35,36 giving good agreement in
general magnitude with values of barrier heights determi
for CH3ND2(Ã) here. However, the vibrational dependen
of the torsional barrier height in the ethyl radical seems to
in the opposite trend compared to that found
CH3ND2(Ã).35,36This difference of methylamine(Ã) and the
ethyl(X) radical in the vibrational dependence of the to
sional barrier height is interesting and subjected to furt
investigation.

The zero-point torsional energy is 9.37 cm21. Thus the
1–0 fundamental transition frequency of 487.0 cm21 for
ND2 wag should be slightly modified to 480.1 cm21 when
the difference between zero-point torsional energies of
ground vibrational level and first wagging band is extract
i.e., 487.01~2.4929.37!5480.1. However, couplings amon
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Observed and calculated frequencies with angular momentum quantum numbers of groun
excited states for the origin bands in the 42 000–42 200 cm21 region of the CH3ND2 excitation spectrum.
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many other vibrational modes are not quantitatively know
and in the more strict sense, such coupling effects are to
all considered in determining fundamental frequency of p
ND2 wag. Accordingly, in order to be fair, the fundament
frequency of ND2 wag is reported here to be 487 cm21. Both
AT andAF are found to be decreased to 4.86 cm21 in the first
ND2 wagging band, indicating thatI 8(CH3)5I 8(ND2)
53.47 amu Å2. This indicates that angles and bond leng
become more relaxed at the first wagging vibrational le
compared to those at the origin. Applying a simple formu
AT(v)5Ae

T2ae(v1 1
2) or AF(v)5Ae

F2ae(v1 1
2), it is found

thatAe
T5Ae

F54.97 cm21 while ae50.07 cm21. Correspond-
ing values calculated from theab initio geometry~CASSCF
with a 6-3111G** ! of the excited CH3ND2 calculated by
the Morokuma group8 are I 8(CH3)53.16 and I 8(ND2)
53.01 amu Å2. Moments of inertia for both of the ND2 and
CH3 groups shows relatively poor agreement with the
p 2003 to 143.248.34.202. Redistribution subject to A
,
be
e
l

s
l

-

periment. This means that, for instance, the D–N–D angl
actually larger than theab initio value of 116.5°.8 Namely, if
the ab initio value of 1.020 Å is taken for the N–D bon
length in the excited state,8 then the experimental value ofAe

T

predicts aD–N–D angle of 129°, suggesting that better u
derstanding of the excited-state geometry of methylam
would benefit from more advanced theoretical calculatio
The overall rotational constantB8 is also slightly decreased
to 0.66 cm21. The individual linewidth is identical to that in
the origin band, indicating that the excited-state lifetime
the first wagging band remains at;8.8 ps.

The most dramatic change in vibrational bands due
2n9 and n7 is the much more broadened linewidths com
pared to those in the origin andn9 bands, Fig. 5~a!. Accord-
ingly, in the simulation for the 2n9 band in Fig. 5~b!, it is
found thatDE;3.0 cm21, corresponding tot;1.8 ps. Be-
cause of broadened linewidths, spectral features due to o
TABLE II. Parameters used in the simulation for CH3ND2 excitation spectra.a

00
0 n9 2n9 n7 3n9 n71n9 4n9 n712n9 2n7

AT 4.9360.05 4.8660.05 ~4.77! ~4.5! ~4.1! ~3.9! ~4.6! ~4.6! ~4.1!
AF 4.9360.05 4.8660.05 ~4.77! ~4.5! ~4.1! ~3.9! ~4.6! ~4.6! ~4.1!
A 2.46560.05 2.4360.05
B8 0.6760.01 0.6660.01 ~0.65! ~0.65! ~0.64! ~0.68! ~0.58! ~0.58! ~0.50!
FWHM 0.6060.05 0.6060.05 3.060.5 1.360.5 861 2.061.0 ~8.0! ~8.0! .8.0
t ~ps! 8.860.7 8.860.7 1.860.3 4.160.5 0.760.1 2.660.8 ~0.7! ~0.7! ,0.7
V6 5.060.5 19.060.5 2261 ~9.0! ~25! ~25! ~25!
ZPE ~torr!b 2.4960.25 9.3760.25 10.860.5 ~4.47! ~12.24! ~12.22! ~12.24!

Evib 0 48761 98861 101261 149062 152262 198962 199762 204262
@4203861#

aParameters in parentheses are less reliable.
bZero-point energy due to torsional motion.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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all rotation are not resolved, andB50.65 cm21 is simply
assumed in the simulation. The vibrational energy of 2n9 is
determined to be 988 cm21, Table II. If the anharmonicity
constant due to then9 mode,x99, is only considered to be
significant, then using a simple anharmonic formu
Evib(v)5ve(v1 1

2)1x99(v1 1
2)

2 together with fundamenta
and first overtone frequencies of 487 and 987.5 cm21, re-
spectively, it is found out thatve5473 cm21 and x99

57.0 cm21. The positive value ofx99 in the excited planar
CH3ND2 is as expected since two ground-state potent
separated by a wagging barrier become merged in the ex
state, which is similarly observed in the inversion mode
the NH3 excited state.9 The best fitting value ofAT(2) or
AF(2) is found to be 4.77 cm21 in the 2n9 band, and this
value is very close to 4.79 cm21, which is calculated from
Ae

T , Ae
F , and ae values deduced from accurately and p

cisely determined internal rotational constantsAT(0),
AF(0), AT(1), andAF(1) ~vide supra!. The torsional barrier
height in the 2n9 band is determined to be 2261 cm21 in the
simulation, although it should be noted that this value is

FIG. 3. ~a! Excitation spectrum of CH3ND2 for then9 (ND2 wag! band and
~b! simulation using parameters listed in Table II. Peaks connected by do
lines are those very sensitive to the torsional barrier height, which is
cm21 in this band.

FIG. 4. Model potentialV(f)5(V6/2)@12cos(6f)#, for the internal rota-
tion of ND2 with respect to CH3 along the C–N axis. TheV6 of 5 cm21 at
the origin becomes 19 cm21 at the n9 band. The planar geometry o
CH3ND2 in the excited state is assumed to be more stable according to
ab initio calculation in Ref. 8.
Downloaded 03 Sep 2003 to 143.248.34.202. Redistribution subject to A
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completely conclusive since associated rotational structu
are not clearly resolved in the 2n9 band. Meanwhile, the
strong peak at the vibrational energy of 1012 cm21 ascribed
to n7 (CH3 rocking! requires a linewidth of;1.3 cm21 for
the simulation in Fig. 5~c!, giving an associated lifetime o
;4.1 ps. The longer lifetime of then7 band compared to tha
of 2n9 is also consistent with the higher intensity of th
former compared to that of the latter. This is an interest
mode dependence of the predissociation rate, which will
discussed more in Sec. III D. It is also interesting to note t
a series of peaks at the rovibrational energy of;1110 cm21

above the origin is partly rotationally resolved, Fig. 5~a!.
Assignments of these peaks are not certain at the pre
time. However, in order to reproduce these partly resolv
rotational structures, a linewidth ofDE;1.2 cm21 has to be
used in the simulation, Fig. 5~d!. The corresponding lifetime
is ;4.4 ps, and this is much longer than the 2n9 lifetime,
while it is very similar to then7 lifetime. Actually, in the
following paper,34 these peaks are found to haven7 mode
character.

ed
9

he

FIG. 5. ~a! Excitation spectrum of CH3ND2 for the 2n9 andn7 bands and
the simulation for~b! 2n9 and~c! n7 bands using parameters listed in Tab
II. The simulation for a series of peaks at;1110 cm21 is shown in~d!. It
should be noted that linewidths are quite different for different modes.

FIG. 6. ~a! Excitation spectrum of CH3ND2 for the 3n9 andn71n9 bands
and the simulation for~b! 3n9 and~c! n71n9 bands using parameters liste
in Table II.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Vibrational bands due to 3n9 and n71n9 bands are
shown in Fig. 6~a!. Simulations for 3n9 and n71n9 bands
based on the parameters listed in Table II show good ag
ment with the experiment in Figs. 6~b! and 6~c!, respectively.
The vibrational term value of 3n9 is determined to be 1490
cm21. Calculation of vibrational energy using value ofve

5473 cm21 andx9957.0 cm21, deduced from precisely de
termined term values ofn9 and 2n9 , gives a 3n9 vibrational
energy of 1503 cm21 ~vide supra!, which is very close to the
above experimental value of 1490 cm21. The linewidth in the
simulation for 3n9 is ;8.0 cm21, corresponding tot;0.7 ps,
indicating that the lifetime gets even shorter when the vib
tional energy is given as three quanta of ND2 wag. Mean-
while, a linewidth of;2 cm21 ~t;2.6 ps! seems to match
the experiment pretty well for then71n9 band, indicating
once again that the lifetime gets longer when a part or wh
of the vibrational energy is deposited onto the CH3 rocking
mode. The vibrational term value forn71n9 is determined to
be 1522 cm21. A direct sum of the fundamental frequenci
of n7 and n9 is 1499 cm21, and thus the anharmonic cou
pling of n7 and n9 seems to be significant. However, th

FIG. 7. ~a! Excitation spectrum of CH3ND2 for the 4n9 , n712n9 , and 2n7

bands and the simulation for~b! 4n9 , ~c! n712n9 , and~d! 2n7 bands using
parameters listed in Table II.

FIG. 8. Dependencies of molecular constants of excited CH3ND2 with the
number of ND2 wagging quanta:~a! DGv5G(v11)2G(v), ~b! B8, ~c!
AT (5AF), and~d! V6 . Only reliable data are plotted here~see Table II!.
Downloaded 03 Sep 2003 to 143.248.34.202. Redistribution subject to A
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torsional barrier height cannot be deduced accurately, w
it is true that it varies with different combinations of vibra
tional modes. Accordingly, a quantitative description of t
anharmonic coupling betweenn7 and n9 modes seems to
need more spectroscopic data.

The broad peaks found at an internal energy of;2000
cm21 are due to 4n9 , n712n9 , and 2n7 bands, Fig. 7~a!.
Overall, most of bands are diffuse in nature, indicating
trashort lifetimes of excited states in this energy region.
shown in Fig. 1, the band intensity at this energy is relativ
very low, though the corresponding absorption cross sec
should be most intense at such internal energies. Molec
constants deduced from simulations for these low-inten
broadbands are thus less reliable. The lower bound fo
linewidth of ;8 cm21 is used for the simulation for 4n9 ,
n712n9 , and 2n7 bands as shown in Figs. 7~b!, 7~c!, and
7~d!, respectively, with their respective vibrational term va
ues of 1989, 1997, and 2042 cm21, Table II. These term
values for overtones or combinations ofn7 andn9 would be

FIG. 9. R2PI excitation spectrum of CH3NH2 in the 41 500–44 000 cm21

range. Vibrational bands due ton7 (CH3 rock!, n9 (NH2 wag!, and their
combination modes are appropriately assigned.

FIG. 10. ~a! Excitation spectrum of CH3NH2 for the origin band,~b! the
simulation with a stick spectrum, and~c! the simulation with an individual
linewidth of 14 cm21. Parameters used in the simulation are listed in Ta
III.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE III. Parameters used in the simulation for CH3NH2 excitation spectra.a

00
0 n9 n7 2n9 n71n9 3n9 2n7 n712n9

AT 9.5760.10 8.5460.1 ~9! ~8! ~10.4! ~7.2! ~7.2! ~10.4!
AF 4.9360.10 4.8660.1 ~6! ~4! ~4.8! ~4.8! ~4.8! ~4.8!
B8 ~0.78! ~0.77! ~0.77! ~0.76! ~0.77! ~0.74! ~0.74! ~0.77!

FWHM 1461 1361 1261 1662 1262 1863 1863 .22
t ~ps! 0.3860.03 0.4160.03 0.4460.03 0.3360.04 0.4460.08 0.2960.06 0.2960.06 ,0.24

V6 ~5! ~19! ~20!
ZPE ~torr!b ~2.49! ~9.41! ~9.9!

Evib 0 63661 100861 128562 1549610 195262 201465 2266610
@4166961#

aParameters in parentheses are less reliable.
bZero-point energy due to torsional motion.
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quite helpful in the construction of potential energy surfac
of this floppy molecule in its predissociative excited sta
especially at near the top of the reaction barrier along
specific bond-dissociation coordinate. Only accurately de
mined values forDGv5G(v11)2G(v), B, AT, andV6 are
plotted with the number of quanta in ND2 wag in Fig. 8. It is
interesting to note that bothDGv andV6 show leveling offs
as the number of ND2 wag quanta increases, whileB andAT

values are on a straight line. A detailed theoretical calcu
tion of multidimensional potential energy surfaces would
desirable to explain the experiment.

C. CH3NH2

The CH3NH2 excitation spectrum taken in the 41 500
44 200 cm21 range is shown in Fig. 9 with appropriate v
brational assignments. Similar to the case of CH3ND2, n7

(CH3 rock!, n9 (NH2 wag!, and a combination ofn7 andn9

bands are clearly identified in the CH3NH2 excitation spec-
trum. Spectral bandwidths, however, are much broader t
those of CH3ND2, indicating much shorter lifetimes o
CH3NH2 (Ã). The vibrational frequency of the amino
wagging mode is much blueshifted by D-to-H substitution
the amino moiety, while the CH3 rocking frequency remains
more or less the same. The origin band of the CH3NH2 ex-
citation spectrum shown in Fig. 10~a! is not rotationally well
resolved due to severe homogeneous line broadening. In
first place, the CH3NH2 simulation can be tried by applyin
the effect of the NH2-to-ND2 substitution to molecular con
stants deduced from the CH3ND2 simulation. In CH3NH2,
AT and AF are quite distinct. Assuming that the minimum
energy geometries of excited CH3ND2 and CH3NH2 are
identical, the moments of inertia of CH3 and NH2 are then
determined from those deduced from CH3ND2 to give
I 8(CH3)53.42 amu Å2 and I 8(NH2)51.71 amu Å2 ~vide su-
pra!, since the moment of inertia of NH2 is simply the
double of that of ND2. Then AT59.86 cm21 and AF

54.93 cm21 are expected. However, for the best fit of t
experiment,AT has to be decreased to 9.57 cm21. This dif-
ference should come from different vibrational mode co
plings of CH3NH2 and CH3ND2 even at their origins~vide
infra!. Accordingly, the internal rotational constants ofAT

59.57 cm21 andAF54.93 cm21 are used in the simulation
in Fig. 10. The overall rotational constantB8 of the excited
Downloaded 03 Sep 2003 to 143.248.34.202. Redistribution subject to A
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CH3NH2 in the symmetric-top approximation is assumed
be 0.78 cm21 compared toB850.67 cm21 for CH3ND2, de-
duced from the comparison of (B1C)/250.738 and 0.648
cm21 of the electronically ground CH3NH2 and CH3ND2,
respectively.21 The torsional barrier height is presumed to
identical,V655 cm21, to that of the CH3ND2 origin band.
Parameters used in the simulation with their uncertainties
listed in Table III. The simulation with a stick spectrum re
resents the peak positions and relative intensities, Fig. 10~b!.
For fitting the real experimental spectrum, the Lorentz
function with a FWHM of 14 cm21 is convoluted to give the
simulation in Fig. 10~c!. The simulation matches the exper
ment extremely well, and this indicates that the lifetime
the excited CH3NH2 at the origin is;0.38 ps. This perfect
match between experiment and simulation also validates
Hamiltonian in Eqs.~1!–~4! employed in this work. The 0–0
transition frequency is accurately determined to be 41 6
cm21 from the simulation.

The first NH2 wagging band is very similar to the origi
band in its shape and structure, Fig. 11~a!. For the simulation
of this band, molecular constants determined for the N2

wagging band of CH3ND2 are adjusted considering th
NH2-to-ND2 substitution effect. Accordingly, AT

58.54 cm21 and AF54.86 cm21 are used in the simulation

FIG. 11. ~a! Excitation spectrum of CH3NH2 for the n9 (NH2 wag! band,
~b! the simulation with an individual linewidth of 13 cm21, and ~c! the
simulation with a stick spectrum. Parameters used in the simulation
listed in Table III.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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for the first NH2 wagging band. From theAT values deter-
mined at the origin andn9 bands,Ae

T andae
T are calculated to

be 10.1 and 1.03 cm21, respectively. It is very intriguing to
note that theAe

T of CH3NH2 (10.1 cm21) is nearly twice as
large as that of CH3ND2 (4.97 cm21). This proves that
excited-state structures of CH3NH2 and CH3ND2 are almost
identical at their minimum potential energies. The over
rotational constantB8 is assumed to be 0.77 cm21. A tor-
sional barrier height of 19 cm21 is used, as in the CH3ND2

case. A linewidth of 13 cm21 is used for the simulation in
Fig. 11~b!, and its stick spectrum is shown in Fig. 11~c!. The
agreement between experiment and simulation is excel
giving a lifetime of;0.41 ps for the excited CH3NH2 at the
first NH2 wagging band. The fundamental frequency for t
NH2 wag is accurately determined to be 636 cm21. This is
slightly larger than a corresponding value of 603.51 cm21

from ab initio calculations.8

FIG. 12. ~a! Excitation spectrum of CH3NH2 for then7 band,~b! the simu-
lation with an individual linewidth of 13 cm21, and~c! the simulation with
a stick spectrum. Parameters used in the simulation are listed in Table

FIG. 13. Excitation spectrum~upper trace! with simulation~lower trace! of
excited CH3NH2 for ~a! 2n9 , ~b! n71n9 , ~c! 3n9/2n7 , and ~d! n712n9

bands using parameters listed in Table II. In~c!, the lower left trace is the
simulation for the 3n9 band, while the simulation for 2n7 is shown as the
lower right trace.
Downloaded 03 Sep 2003 to 143.248.34.202. Redistribution subject to A
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The n7 band is very well isolated in the CH3NH2 exci-
tation spectrum, Fig. 12~a!. Highly excited internal rotor
states, compared to those of NH2 wag, are found to be les
intense. Accordingly, the molecular constants used in
simulations in Figs. 12~b! and 12~c! are less reliable. How-
ever, the fundamental frequency of CH3 rock is accurately
determined in the simulation to given7 (1 – 0)
51008 cm21. Ab initio frequencies forn7 and n8 are re-
ported to be 1174 and 1051 cm21, respectively.8 Thus simple
comparison of the experiment withab initio calculation
could lead to a different assignment that the 1008 cm21 band
is due ton8 . Previous studies of various isotope analogs
methylamines provided solid evidence for then7 assignment
for this band.26 In addition, a frequency shift by NH2 /ND2

substitution ofn8 is expected to be much larger compared
that of n7 ,8 and thus 1008 cm21 is assigned as the CH3

rocking mode. This is very close to the value of 1012 cm21

for the n7 fundamental frequency of CH3ND2. The fact that
then7 fundamental frequency of CH3ND2 is higher than that
of CH3NH2 could be due to different anharmonicites amo
vibrational modes of two isotope species. Further spec
scopic works on CD3NH2 and CD3ND2 would be quite help-
ful in unraveling anharmonicities in great detail. The ban
width of 12 cm21 is used in then7 band simulation in Fig.
12~b! for the best match to the experiment, giving a lifetim
of ;0.44 ps, which is slightly longer than that of the orig
or first wagging band.

Experimental and simulated spectra for 2n9 , n71n9 ,
3n9 , 2n7 , and n712n9 bands are shown in Fig. 13. Al
peaks are found to be diffuse: thus, molecular constants
lated to overall and internal rotation are not expected to
deduced accurately from simulations. However, associa

I.

FIG. 14. ~a! Lifetimes of excited CH3ND2 vs the vibrational energy, which
clearly show a strong mode dependence of the lifetime and~b! lifetimes of
excited CH3NH2 vs the vibrational energy. Note the different time scale
vertical axes in~a! and ~b!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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vibrational energies are relatively quite accurately de
mined from simulations in Fig. 13, Table III. The vibration
energy of 2n9 is determined to be 1285 cm21. Using the
equationEvib(v)5ve(v11/2)1x99(v1 1

2)
2 and an9 funda-

mental frequency of 636 cm21, it is found out that
ve (NH2)5623 cm21 and x99(NH2)56.5 cm21. The
x99(NH2) is very similar to that of ND2 wag ~vide supra!.
These constants predict the vibrational energy of 3n9 to be
1947 cm21, which is very close to the experimental value
1952 cm21, Table III. Vibrational energy term values forn7

1n9 , 2n7 , andn712n9 bands are found to be 1549, 201
and 2266 cm21, respectively, while harmonic sums usingn7

and n9 fundamentals give respective values of 1644, 20
and 2293 cm21. These values for overtones or combinatio
of n7 andn9 would be quite helpful in disentangling poten
tial energy surfaces of this floppy molecule in its predis
ciative excited state. Lifetimes for these bands are also
duced from the simulations and listed in Table III.

D. Tunneling and predissociation

At the origin andn9 bands, the excited CH3ND2 lifetime
~;8.8 ps! is about 20 times longer than the CH3NH2 lifetime
~;0.38 ps! at its origin, Fig. 14. This huge difference i
lifetimes of excited CH3NH2 and CH3ND2 is compelling
evidence of tunneling as a predissociation mechanism e
cially at the origin and first amino-wag bands. Other non
diative processes such as internal conversion and intersy
crossing do not seem to be responsible for the short lifetim
of excited methylamines, since such electronic dephas
processes are expected to be faster for CH3ND2 compared to
those for CH3NH2 due to the higher densities of low-lyin
states of the former. Many reaction channels such as N
C–H, and C–N bond dissociations are energetically acc
sible from methylamine in theÃ state, Fig. 15. However, th
huge effect on the predissociation rate by the H/D subst
tion of amino moiety is not expected in dissociation chann
not involving the N–H~D! bond breakage. Therefore, at lea
at the origin and first wagging vibrational levels, prediss

FIG. 15. Simple diagram of potential energy surfaces along the N–H~D!
bond dissociation coordinate. Thermodynamically accessible reaction c
nels are shown on the right~Ref. 4!. For the upper state, the adiabat
potential energy surface is depicted in the vicinity of the Franck–Con
region. Thereafter, it correlates to the H1CH3NH(X) products diabatically
in the late stage along the reaction coordinate~Ref. 8!.
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ciation of CH3ND2 occurs via tunneling through a barrier t
produce mainly D1CH3ND(X) fragments. At the 2n9 en-
ergy level of CH3ND2, the lifetime becomes much shorte
giving t;1.8 ps. This sudden decrease of the lifetime in
cates that predissociation of CH3ND2 may occur at near or
above the top of the barrier at a vibrational energy of;1000
cm21. Actually, the experimental fact that the lifetime
;0.38 ps at the origin of CH3NH2 and it varies little upon
increasing the vibrational energy, Fig. 14, strongly sugge
that predissociation of CH3NH2 may take place at near th
top of the barrier even at the zero-point energy level. T
difference in zero-point energies of CH3NH2 and CH3ND2

for the N–H~D! stretching mode, which is the reaction coo
dinate for the N–H~D! bond cleavage, may account for th
difference of reaction barrier heights that CH3NH2 and
CH3ND2 experience along the N–H~D! reaction coordinate.
This seems to be consistent with a conclusion by the Ash
group5,6 that the dominant predissociation channel of meth
lamine is the N–H~D! fission process. However, it should b
noted that our work confirms only that the major dissociat
channel is the N–H~D! bond cleavage at the origin andn9

levels of the excited CH3ND2 and maybe at the origin leve
of the excited CH3NH2. At higher vibrational energies, how
ever, the tunneling effect fades away as indicated in Fig.
and thus other reaction channels are not conclusively
cluded from our experimental results.

An interesting mode dependence of the lifetime is qu
clearly observed for CH3ND2, Fig. 14~a!. That is, as clearly
shown in Fig. 14~a!, lifetimes of n7 and its combination
bands are about two times longer that those of isoenerg
n9 overtone bands. The same trend is also observed in
times of CH3NH2, though the mode dependence is less d
matic, Fig. 14~b!. A similar mode dependence on the excit
lifetime had been reported for N–H bond dissociation
ammonia.9 For ammonia, thorough experimental and theor
ical studies were carried out to reveal fundamental aspec
mode-dependent lifetimes.9–15 However, for methylamine,
our work provides mode-dependent lifetimes for the fi
time. Both amino-wagging and methyl-rocking modes a
perpendicular to the reaction coordinates for bond disso
tions. Thus, in the case of no intramolecular vibrational
distribution ~IVR!, these vibrational modes, which are pe
pendicular to the reaction coordinate, could survive until
excited molecule reaches the transition state, giving vib
tional adiabatic potential energy surfaces characteristic
each vibrational mode. In this case, the mode dependenc
the lifetime could be qualitatively explainable. The amin
wag frequency is expected to be lowered at the transi
state compared to that of the excited reactant since one o
N–H bonds gets lengthened at the transition state. Me
while, the CH3 rock frequency at the transition state is e
pected to be more or less same as that of the reactant, s
the CH3 group is not likely to be coupled to the N–H~D!
reaction coordinate. Therefore, in this case, the state exc
in the CH3 rocking mode will experience a higher effectiv
reaction barrier. For a better understanding of this interes
mode dependence, multidimensional potential surfaces in
vicinity of the transition state would be needed. More pra
tically, calculation of two-dimensional potential energy su

n-
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faces including amino wagging or CH3 rocking would be
desirable.

It is also interesting to note that, within the Born
Oppenheimer approximation, the zero-point energy diff
ence between CH3NH2 and CH3ND2 in the excited state
~DZPE8! is calculated to be 1018 cm21 and this is much
smaller than that of 1387 cm21 for the ground electronic
state ~DZPE9!. The latter is from experimental values,21

while the former is calculated from the latter and origin e
ergies of CH3NH2 and CH3ND2: DZPE85T00(CH3NH2)
1DZPE9 2T00(CH3ND2) 5 41 66911387242 03851018.
This huge difference betweenDZPE8 and DZPE9 is quite
rare, since the NH2 /ND2 substitution would affect the zero
point energies almost equally for the ground and exci
states. Therefore, this indicates that potential energy surf
especially along N–H~D! stretching coordinates are quite a
harmonic in the excited state compared to those in
ground state. That is, the more anharmonic excited pote
energy surface gives the lower zero-point N–H~D! stretching
frequency, resulting in a decrease of the zero-point ene
difference between CH3NH2 and CH3ND2. This anharmo-
nicity should come from severe coupling of the 3s–n Ryd-
berg state and repulsive valence state along the N–H~D! dis-
sociation coordinate. Detailedab initio calculations of the
coupling region of Rydberg and valence states would be
sirable for a quantitative explanation of this interesting e
perimental observation.

IV. CONCLUSIONS

Here rovibrational structures and dynamics of meth
lamines (CH3NH2 and CH3ND2) in predissociativeÃ states
(3s–n) are revealed through~111! resonant-enhanced two
photon ionization spectroscopy. Spectral origins are ac
rately and precisely determined through the simulation to
41 669 and 42 038 cm21 for CH3NH2 and CH3ND2, respec-
tively. The amino group which is bent in the ground ele
tronic state becomes planar in the excited methylamine.
to this geometrical change upon electronic excitation, ami
wagging and CH3-rocking modes are found to be optical
active, giving their respective fundamental frequencies
636~487! and 1008~1012! cm21 for CH3NH2 (CH3ND2). In
the excited state, CH3 rotates nearly freely about the C–
axis with respect to NH2(ND2). For CH3ND2 (Ã), torsional
barriers of 5 and 19 cm21 are accurately determined for th
zero-point and first amino-wagging levels, respective
through the simulation using the internal-rotor Hamiltoni
with a sixfold potential function. Lifetimes of quantum stat
in excited methylamines are estimated from spectral li
widths to give;8.8 and;0.38 ps for zero-point levels o
CH3ND2 and CH3NH2, respectively. The huge NH2 /ND2

isotopic substitution effect on the excited-state lifetim
strongly indicates that the primary dissociation channel
excited methylamine is the N–H~D! bond dissociation and i
proceeds via tunneling through a reaction barrier at leas
low vibrational energies. At the vibrational energy of;1000
cm21, the lifetime of CH3ND2 suddenly drops to 1.8 ps
suggesting a comparable reaction barrier height along
N–D reaction coordinate. Lifetimes of excited methylamin
Downloaded 03 Sep 2003 to 143.248.34.202. Redistribution subject to A
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are systematically measured here to give an interesting m
dependence of the lifetime. Lifetimes of states with t
CH3-rocking mode excited are longer than those of isoen
getic ND2-wagging modes. Multidimensional potential e
ergy surfaces near the reaction barrier along the N–H~D!
reaction coordinate would be extremely helpful for a bet
understanding of these interesting experimental facts in
gard to mode-dependent lifetimes. In conclusion, quant
states of CH3NH2 and CH3ND2 in their first-excited states
are clearly characterized in this work. Since the excited m
ecule predissociates, methylamine serves as an exce
model system for state-to-state reaction dynamics stud
The effect of initial quantum reactant states on the reac
outcome is an always-stimulating subject. Thus more dyna
ics studies along this direction with theoretical calculatio
are needed.
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