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Rovibrational structures of methylamines (§MH, and CHND,) in predissociativeA states
(3s—n) are investigated using(1+1) resonant-enhanced two-photon ionizatiaiR2Pl)
spectroscopy. A part of experimental results was briefly reported egtli€&hem. Physl17, 10057
(20021, and full detailed results and analyses are given here. Spectral origins are determined to be
41669 and 42 038 cnit for CH3NH, and CHND,, respectively. Amino wagging and GHocking
modes are optically active, giving their respective fundamental frequencies @#836and 1008
(1012 cm ! for CH3NH, (CH3;ND,). The CH 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
5.00.5 cm ! at the zero-point level of CHND,(A). The torsional barrier increases to 19@5

cm t at thev (ND,-wag)=1 level due to wagging-torsional mode coupling. Both internal and
overall rotational fine structures are clearly resolved for the first few vibrational levels of
CH3ND,(A), providing accurate values of vibrational frequencies and associated internal and
overall rotational constants. Broad spectral features of thgNEH excitation spectrum are
unambiguously assigned by using the internal rotor Hamiltonian established in the analysis of the
CH3;ND, excitation spectrum. Linewidths of spectral bands provide lifetimes of corresponding
quantum states excited at particular rovibrational levels, giving, for exany@e§ and~1.8 ps for
zero-point andv (ND,-wag)=2 levels of the CHND, (A) state, respectively. The lifetime of
CH3NH,(A) is estimated to be much shorter, givimg0.38 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—HD) reaction coordinatéAb initio results for structures and vibrational frequencies of
methylamines at excited states are compared with the experimen2008 American Institute of
Physics. [DOI: 10.1063/1.1575734

I. INTRODUCTION groug’ measured translational energies of different products
from several reaction channels of the {DHH, dissociation
The spectroscopy and dynamics of primary amines arat 222 nm to conclude that the major channel is N—H bond
guite meaningful to investigate, since fundamental propertiegissociation while the C—H and C—N bond dissociation
regarding the structures and reactivity of those molecules arehannels are also significant. On the other hand, the Ashfold
essential in understanding the role of primary amines ingroup®® through H-atom Rydberg-tagged high-resolution
many chemical reactions important in organic syntheses anglanslational spectroscopy, had reached a conclusion that the
biological processes. In 1963, Michael and Ndye=ported H fragment, slow and fast, is almost entirely from the N-H
that the N—H bond dissociation is a dominant reaction chanbond dissociation, suggesting that the C—H bond breakage
nel with a yield of more than 75% from the first-excited practically does not occur. According to theoretical calcula-
methylamine dissociation, while other reactions such as C—kions by the Morokuma grotifor the N—H bond fission, the
bond dissociation and Hormation channels are 7.5% and first-excited state of methylamine has eiRydberg character
less than 10%, respectively. More recently, sophisticated exn the Franck—Condon region and it is immediately followed
periments on the photodissociation dynamics of;NH, by coupling with a repulsive valence state correlating dia-
were carried out by several research grotigsThe Butler  batically to the ground products. Similar to the N—H bond
dissociation of ammoni&;'® the dissociative excited state
dAuthor to whom correspondence should be addressed. Electronic maif-'OSSES with the ground electronic State~Wh|Ch diabatically
skkim@inha.ac.kr correlates to excited products,+CH;NH(A), in the late
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stage along the N—H reaction coordinate. Even though thesgructure of the CEND, origin absorption band taken in the
earlier studie¥” provide very important insights into poten- gas phase at room temperature, in which they also concluded
tial energy surfaces on which many different reactions takehe internal free rotation of CHwith respect to NR with a
place, state-to-state reaction dynamic studies, which are exorsional barrier less than 1 ¢rh In our earlier report, a
tremely useful, had not been plausible especially since initiaHamiltonian for free internal rotation was also quite useful in
reactant states have been poorly characterized until very rénterpreting the CHNH, spectrum nicely, giving confirma-
cently. tive assignments for vibational bands in the excitation
Methylamine is the simplest primary amine, and thus itsspectrunt® Accordingly, spectral assignments were firmly
rovibrational structure has been thoroughly studied for theestablished giving the 0—0 transition energy of 41669 tm
ground electronic state using microwave and/or far-infraredor the first-excited CHNH,.3! Optically active modes are
spectroscopy’~?*However, for the first-excited state of me- NH, wagging and CH rocking modes with their respective
thylamine, assignments for the spectral origin and associatefdndamental frequencies of 636 and 1008 ¢nit is inter-
vibrational bands had been in dispute for quite a long timeesting to note that accurately determined spectroscopic val-
Absorption spectra of methylamine in the gas phase at rooraes are closer to those reported 65 years ago than more re-
temperature had been taken by a number of grétigSThe  cently reported values.
first UV spectrum of methylamine was reported byster In this work, full detailed analyses of excitation spectra
and Jungers in 1937.They determined the 0-0 transition of CHzNH, and CHND, are given. Much richer informa-
energy to be 41680 cht and found that two vibrational tion about the excited methylamine structure is presented
modes with frequencies of 650 and 1000 Crare optically  here compared to the earlier brief publicatidmn internal-
active, of which the former is associated with the aminorotor Hamiltonian including a torsional barrier is employed
moiety while the latter is more likely associated with the for the perfect match of experiment and theory. Torsional
methyl group. In the more extended work reported in 1953varriers are thus both precisely and accurately determined for
by Tannenbaunet al,?® the 0—0 transition was reported to the first few vibrational bands in the GND, excitation
be 41690 cm® and vibrational bands with fundamental fre- spectrum. Vibrational frequencies and associated internal and
quencies of 660 and 1000 crhwere claimed to be due to overall rotational constants are accurately determined to give
N-H bending and C-N stretching, respectively. Later,a quantitative description of potential energy surfaces of
Tsuboi et al?®?" located the origin of CENH, at 41715 CH;NH, and CHND, in their A states. Lifetimes are de-
cm ! and assigned 651 and 1004 chbands as Nllwag-  duced for all vibronic bands, giving energy- and mode-
ging and CH rocking modes, respectively. More recently, dependent predissociation rates in excited states gINEH
Taylor et al?®%° reported the first mass-resolved excitationand CHND,. A plausible predissociation mechanism is also
spectra of supersonically cooled methylamine and its isotodiscussed in comparison with previously reported dynamics
pomers. Comparing their experimental results veithinitio  studies.
calculation, Tayloet al. concluded that the spectral origin is
not observed in the experiment due to a severe geometrical
change occurring upon electronic excitation. Accordingly,”' EXPERIMENT
they claimed that the CHNH, origin is expected to be lo- The methylamine sample (GNH,, Aldrich) was pur-
cated at 39 770 cit and optically active modes are amino chased and used without further purification. As described in
wagging and scissoring with frequencies of 642 and 1476he earlier publicatio? CH;ND, was synthesized by re-
cm %, respectively® The disagreement continued in a me- peating the process of the GNH, dissolution in BO fol-
thylamine UV-VUV high-resolution absorption study re- lowed by dehydration in KOH solution. Methylamine
ported by Hubin-Franskiret al. in 2002% According to  samples were introduced into gas cylinders to prepare 2% of
them, the CHNH, origin is at 41771 cm' and bands lo- methylamine gases (GMNH, or CH;ND,) in neon gas. The
cated at 637, 984, and 371 Chabove the origin are N gas mixture was then expanded through a 0.3-mm-diam
wagging, C—N stretching, and two quanta of Ntdrsion, nozzle orifice(General Valve into a differentially pumped
respectively. These confusing disagreements, which continmolecular beam chamber equipped with two turbo-molecular
ued for the past 65 years among previous experimentgdumps. The backing pressure wa8.5 atm, and the repeti-
works for excited methylamine spectroscopy, are partly retion rate was 10 Hz. The molecular beam was skimmed
lated to broad spectral features of the {Dil, excitation through a 1-mm-diam skimmeiPrecision Instrument Ser-
spectrum. vices. Background pressures of the source and ionization
Very recently, our group has reported thd+1) chambers were maintained at10 °> and ~10 ' Torr, re-
resonant-enhanced two-photon ionizati®2P) spectra of  spectively, when the nozzle was on. The 355-nm output of a
jet-cooled CHNH, and CHND,, finding that spectral Nd:YAG laser(Spectra-Physics, GCR-150, 10 Hzas used
broadening is actually due to the ultrashort lifetimes of preto pump a dye lasgiLambda-Physik, Scanmate tb gener-
dissociatingA states’' Because of the relatively longer life- ate laser pulses in the 440—480 nm range. The time duration
times of CHND,, excited states, its rotational fine structuresof the laser pulse was-6 ns, and the pulse energy was
could be revealed. And it was found that the LHroup  10-20 mJ/pulse. The laser output was frequency doubled in
nearly freely rotates with respect to the amino moiety in thea BBO crystal placed on a home made autotracking system
excited state. It should be noted that in 1982 Tsuboi ando maintain both intensity and direction of the doubled laser
Yirakaw& '’ reported a preliminary analysis of the rotational output while its wavelength was scanned. Tunable UV laser
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pulses with a 0.25 cm spectral bandwidth were generated electronic state of CENH, (CH3;ND,) wherel'®'=A/ , rovi-
in the 220240 nm region. The UV laser pulse was spatialljprational states with eveli, (I'"=A},A}) and vibrational
and temporally overlapped with the molecular beam. states ofA] andE’ combine withpara (ortho) states. Mean-

Molecular ions generated via th@+1) R2PI process while, rovibrational states wit\; and E’ vibrational sym-
were repelled, accelerated, drifted along the field-free regiormetry species of CENH, (CH3ND,) with odd K, (I'™
and detected by microchannel plat®4CP, Jordanto give  =A” A%) are to be combined withrtho (para) states. Simi-
the R2PI signal. The ion signal was digitized by an oscillo-|arly, rovibrational states witidy andE” vibrational symme-
scope(LeCroy 9361 and stored in a PC, which was also try species of CI—NHZ(CH3ND2) with even K, (I'"™
used to control the dye laser and autotracker. The ion signal A;,A}) or odd K, (I'"™=A},A3) give ortho (para) or
was monitored as a function of excitation wavelength to glvepara (ortho) states, respectively. Nuclear spin statistical
the excitation spectra of methylamines. Absolute waveyeights forortho:para states are 3:1 and 2:1 for GNH,
lengths of the laser output were calibrated using the optogalnd CHND,, respectively.

vanic effect from a hollow-cathode lan{ple) within +0.5 The 3s—n transition of methylamine is the allowed

cm . electric—dipole transition. Analyses of rotational structures of
the CH,ND, excitation spectrum indicate for sure that the
rotational transition i$ or c type (vide infra), indicating that

Il RESULTS AND DISCUSSION the transition dipole moment is perpendicular to the C-N

The electronic transition from the ground electronic state2Xis. Since methylamine is the nonrigid molecule and espe-
to the lowest excited state of methylamine occurs by thecially since internal rotation is almost free in the excited
excitation of a nitrogen lone-pair electron to a Bydberg ~ state, the symmetry of electronic state alone may not be the
orbital. The excited state, however, is predissociative even &nly criterion for the optical selection rule. In that case, se-
the origin, indicating that the Rydberg state is stronglylection rules are determined by conS|der|ng the symmetry of
coupled to repulsive valence states leading to decompositiofe direct product of electronicl'¢") and internal-rotor
of the molecule via N—H, C—N, or C—H bond fissidn. (I'™) symmetry species. Considering nuclear spin conserva-
Therefore, the transition of methylamine to the first-excitedtion in the electronic transmonA(I 0), ground states of
state is a bound-to-metastable transition, which carries navhich [*¢'@T™'=A! A7 E’, andE” are symmetry al-
only spectroscopic information of the Franck—Condon re{owed to excited states Witﬁe'e’®rim’= >, Aj, E”, and
gion, but also dynamic information involved in quantum-g’ (A7, Aj, E”, andE’), respectively, for thec-type (or
specific predissociation processes. In this sense, the R2Bltype) transition. However, in the Franck—Condon transi-
spectra of CHNH, and CHND, provide detailed informa-  tion, within the Born—Oppenheimer approximation, the elec-
tion about the structure and dynamics of those molecules ifronic symmetry of the 8 Rydberg state is most likely to be
the excited states. Since lifetime broadening is much IesA" which correlates t&\’ or A” for planar or ciscoid con-
severe in CIjNDz(A) peaks representing rotational struc- formers in theCg (MS) group, respectively. In this case,
tures are nicely resolved in the GND, excitation spectrum. symmetry species of the internal-rotor states are important
Therefore, spectral analyses for gD, are presented here criteria for determining selection rules. In other words, for
prior to those for CHNH, . The D-to-H substitution effectis example, in thec-type transition, electronically excited
then applied for analyzing the GNH, excitation spectrum. internal-rotor states of\;, A3, E’, andE” symmetry spe-
This section is presented in the following ordék) internal  cies are only symmetry allowed.
rotation with symmetry consideratioB) CH;ND,, (C) A Hamiltonian for the internal and overall rotation in-
CH3NH,, and(D) tunneling and predissociation. cluding a torsional barrier for methylamines in the excited

A. Internal rotation and selection rules state can be written as

Methylamine is a nonrigid molecule, and thus complete _  Dh2
nuclear permutation inversiofCNPI) group theory should H=Hrot F(p=P)"+V(4), @)
be applied for the classification of symmetry species of quan-
tum states? Methylamines in ground and excited states, if ~ V(#)=(Vs/2)[1—cog64¢)]. 2
tunneling is considered, belong to the,&roup. In the
ground state, due to tunneling through a sixfold potential forHereH,, is the standard rigid-rotor symmetric-top approxi-
internal rotation, the zero-point energy level is split into six mated rotational Hamiltonian arfedis the effective rotational
states. Since the torsional barrier in the ground state is relaonstant for the internal rotation of the top about the C—N
tively high (V~690cm 1), all six states in the ground axis. Since the difference of rotational constatandC is
vibrational level are split within the energy much less thanless than 0.05 cit,?! the symmetric-top approximation is
0.5 cm . Accordingly, in the molecular beam, all of these good enough within the experimental resolution of this work.
states are expected to be populated. Vibrational symmetryhe Vg is the barrier height of a sixfold torsional potential
species of these split states #&&, A, E’, andE”, where  energy surface along the torsional angleThe (p— P) term
E’ andE” states are doubly degenerated. The symmetry speepresents the relative angular momentum of the top and
cies of the total wave functions of GNH, and CHND, are ~ frame. The free-rotor basis sfiim)=(2) Y2exp(~im¢)}
A7 andA], respectively, since hydrogen nuclei are fermionsis used to construct the Hamiltonian matrix. Nonvanishing
while deuterium nuclei are bosons. Therefore, in the groundnatrix elements are as follows:
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FIG. 1. R2PI excitation spectrum of GND, in the 41 500—44 200 cnt range. Vibrational bands due te, (CH; rock), vy (ND, wag), and their
combination modes are appropriately assigned. The peak position expected for the next lgaeaddiing band to the spectral origin is indicated as an
arrow, which confirms the origin assignment.

(m[H|m)=(AT+ AP )m?+BJ(J+ 1)+ (AF-B)K'2 B. CH3ND;

The CH;ND, excitation spectrum in the 41 500—-44 200
cm ! region is shown in Fig. 1 with appropriate vibrational
assignments. In Fig. Iy; and vg represent Cklrocking and
amino-wagging modes, respectively. Combination bands of
v, and vg modes are also clearly identified. Even tiny little
bands are not observed at energies below the assigned spec-
tral origin, giving confirmative evidence for the validity of

—2AFMK’ +(V4/2), ©)
(MIH|M=6)=—(Vg/4). (4)

HereAT andAF are rotational constants associated with mo-
ments of inertia for the topl {°) and frame (™9, respec-
tively. In principle, when the internal rotational axis is along
the C—N bond, | =1"P+|TaMe or equivalently, (1A)
=(1/AT) + (1/AF). A 40x40 matrix is diagonalized to give
eigenvalues and associated eigenvectors. Symmetry species CH.ND, (02)
. . ‘e . 3 2 \Vo
of internal-rotor wave functions can be classified from eigen-
vectors deduced from the matrix diagonalization. For ex-
ample, in the simplest case Kf =0 where there is no cou-
pling between overall and internal rotations, the symmetry |(a)
species of the internal-rotor wave functions which are pro-
portional to |0), |*1), |£2), [|+3)+]|-3)], [|[+3)—|—3)],
|+4), and |+5) are A}, E”, E’, A}, A], E’, and E’,
respectively’? It should be noted that, because of the off-
diagonal matrix element in E@4), free-rotor basis functions
of m=+3 and m=-3 couple together to generate (b)
(1/2Y4|+3)+|—3)] or (1/2)Y9|+3)—|—3)] states of = ———
which the symmetry species afé or A7, respectively. As 0 50 100
mentioned earlier, the symmetry selection rule indicates that Excitation Energy — 42 037.5 cm™!

only A}, A;, E”, andE’ (A7, A,, E”, andE’) states are o .
symmetry allowed in the-type (b-type) transition. Thus the F'C: 2. (@ Excitation spectrum of C§ND for the origin band andb)
" " . simulation using parameters listed in Table Il. Peaks connected by dotted
upper state o 1 0r Az is Symmetry forbidden for the-type jines are those very sensitive to the torsional barrier hesge the text for
or b-type transition, respectively. detail.
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the origin assignment. The first two bands at the origin andyround-state methylamine oved”(K},K7) quantum num-
v (ND,-wag)=1 level consist of many sharply resolved bers is calculated from the Boltzmann distribution.
peaks, while the bands above43000 cm?® show broad Crucial information about the structure and dynamics of
spectral features. This indicates that the excited-state lifetimexcited methylamine is also obtained from other parameters
starts to decrease extremely sharply atdi®D,-wag)=2  used in the simulation. Parameters used in simulations are
level. This is also consistent with the intensity of the R2Pllisted in Table Il with their uncertainties. The rotational tem-
signal, which starts to decrease quite rapidly at the samperature of the molecular beam is found to be 3.6 K, indicat-
energy level, Fig. 1. That is, even though the X absorp- ing that cooling of the sample is quite sufficient. Actually, it
tion cross section increases as the excitation energy increasiesfound that Ne is the most effective carrier gas in cooling
in the 42000-44000 cirt range?®*° the ionization cross methylamines in a supersonic jet compared to Ar or He. The
section from intermediatd states decreases in the same en-€xact position for the 0—0 transition is precisely determined
ergy region. This indicates that the ionization process whiclio be 420381 cm *in the simulation. It is also noteworthy
occurs competitively with predissociation in tAestate be- that the zero-point energy due to the torsional mode is 2.49
comes much less efficient at vibrational levels where prediscm . in Table II. This small zero-point torsional energy is
sociation becomes quite rapid, resulting in a decrease of thgportant because it varies upon coupling with other vibra-
R2PI signal. It is interesting to note that the intensity de-tional modes(vide infra). Predissociation dynamics are also
creasing rate is much faster for NQvagging progression revealed in the spectral bandwidths. The linewidth of indi-
bands compared to that for the Gkbcking or its combina-  Vvidual peaks is much broader than the laser linewidth of 0.25
tion bands, Fig. 1. cm L. Thus a Gaussian function with a full width at half
The origin band of the CEND, excitation spectrum maximum (FWHM) of 0.25 cm* is convoluted with a
consists of relatively sharp peaks, FigaR The simulation Lorentzian function with an adjustable FWHM\E, to
based on the overall and internal rotor Hamiltonian with asimulate detailed spectral features. The most successful
torsional barrier(Sec. Il A) is carried out for comparison Simulation is obtained wheAE~0.6 cmi %, indicating that
with experiment. The free-rotor energy expression used ihe corresponding excited state lifetini is, from AE 7
the simulation in our previous report was not perfectly suc-~#, about 8.8 ps.
cessful in matching all peak positioflsHowever, by intro- The band structure of the first NDwvagging mode is
ducing a torsional barrier height of 5:@.5 cni %, all experi-  Very similar to that of the origin band, Fig(8. The simu-
mental peak positions are now perfectly reproduced in théation matches the experiment perfectly in Figb)3 How-
simulation as shown in Fig.(B). The internal rotational con- €Ver, the parameters used in the simulation are different from
stants of the top/(\T) and frame AF) are both determined to those used for the origin band, Table Il. First of all, the
be 4.93 cm™. At the zero-point energy level of the excited torsional barrier height is found to be increased to 195
state, the moments of inertia of the ¢Hnd ND, group are cm ! when internal rotation is combined with one quantum
then found to be identical givingl’(CHs)=1'(ND,) in the ND, wagging mode. This is an interesting vibrational
=3.42amuR. It is quite interesting that the moments of dependence of the torsional barrier height, as shown in Fig.
inertia determined in the experiment are identical for the top#, providing essential information about the coupling of the
(ND,) and frame (CH). Coupling between internal rota- ND, wag and internal rotation. It would be intriguing to
tions of the top and frame may exist especially when thecompare torsional dynamics of GND,(A) with those of
associated moments of inertia are so similar to each other. the CHCH,(X) radical, since the former with one of non-
theoretical formulation for describing this interesting behav-bonding electrons excited to the Rydberg state is expected to
ior is needed in the future. The overall rotational consBint have a rather similar electronic structure to that of the latter
of the excited CHND, in the symmetric-top approximation in the ground electronic state. Moreover, the methylamine
is found to be 0.67 cm'. For the ground state of GMD,,  cation is isoelectroic to the ethyl radiciTorsional barrier
rotational energies are calculated using an asymmetric rotdreights of the ethyl radical in the ground electronic state had
program®® Observed and calculated frequencies associatebleen determined to be 17 and 10 chfor the zero-point and
with transitions between angular momentum quantum num€H, wag levels, respectivef;*® giving good agreement in
bers of the lower {",K},K¢) and upper §’,K’,m’) states general magnitude with values of barrier heights determined
are listed in Table I. Energy differences between experimenfor CH;ND,(A) here. However, the vibrational dependence
tal and simulated values are all less than 0.5 trit should  of the torsional barrier height in the ethyl radical seems to be
be noted here that a series of peaks due to the excited the opposite trend compared to that found in
internal-rotor state with &7 symmetry and wave function of CH3ND2(Z\) 3536 Thjs difference of methylamin@() and the
(1/2)V9|+3)—|—3)] is absent in the experiment. Accord- ethyl(X) radical in the vibrational dependence of the tor-
ingly, the corresponding level is excluded in the simulation.sional barrier height is interesting and subjected to further
This strongly indicates that th&—X transition belong to the investigation.
c-type transition, since in the-type transition theA] upper The zero-point torsional energy is 9.37 cmThus the
state is not symmetry allowe@ide supra. Rotational selec- 1-0 fundamental transition frequency of 487.0 ¢nfor
tion rules of AK (K’ —K,)=+1, AJ=0 or +1 used in the ND, wag should be slightly modified to 480.1 hwhen
simulation are also consistent with the above. Relative banthe difference between zero-point torsional energies of the
intensities associated with different uppaf values are ar- ground vibrational level and first wagging band is extracted:
bitrarily scaled in the simulation, while the population of thei.e., 487.0+(2.49-9.37=480.1. However, couplings among
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TABLE I. Observed and calculated frequencies with angular momentum quantum numbers of ground and
excited states for the origin bands in the 42 000—42 200%amgion of the CHND, excitation spectrum.

Excited states® Ground states
Obs. freq.” Calc. freq. Obs.-calc.

(em™Y) (em™Y) J’ K’ m' J’ K, K (em™Y)

-33 -33 0 0 0 1 1 0 0.0

-19 -19 1 0 0 1 1 1 0.0

-1.8 2 0 0 2 1 2 -0.1

43 43 1 1 1 1 0 1 0.0

43 1 1 0 1 0 1 0.0

44 2 1 1 2 0 2 -0.1

44 2 1 0 2 0 2 -0.1

57 5.6 1 1 1 0 0 0 0.1

5.6 1 1 0 0 0 0 0.1

7.1 7.0 2 1 1 1 0 1 0.1

7.0 2 1 0 1 0 1 0.1

8.0 7.9 2 2 1 1 1 0 0.1

8.0 1 0 1 1 1 1 0.0

8.0 1 0 -1 1 1 1 0.0

8.0 2 2 1 1 1 1 0.0

8.1 2 0 -1 2 1 2 -0.1

8.1 2 0 1 2 1 2 -0.1

8.4 3 1 1 2 0 2 -04

8.4 3 1 0 2 0 2 -04

18.0 17.8 2 2 0 1 1 0 0.2

17.8 2 2 2 1 1 0 0.2

17.8 2 2 2 1 1 1 0.2

17.8 2 2 0 1 1 1 0.2

19.3 19.2 3 2 0 2 1 1 0.1

19.2 3 2 2 2 1 1 0.1

19.3 3 2 2 2 1 2 0.0

19.3 3 2 0 2 1 2 0.0

24.1 24.0 1 1 2 1 0 1 0.1

24.0 1 1 -1 1 0 1 0.1

24.1 2 1 2 2 0 2 0.0

24.1 2 1 -1 2 0 2 0.0

24.2 3 1 2 3 0 3 -0.1

24.2 3 1 -1 3 0 3 -0.1

25.5 253 1 1 2 0 0 0 0.2

253 1 1 -1 0 0 0 0.2

26.7 26.7 2 1 2 1 0 1 0.0

26.7 2 1 -1 1 0 1 0.0

28.1 28.1 3 1 2 2 0 2 0.0

28.1 3 1 -1 2 0 2 0.0

36.3 36.1 0 0 2 1 1 0 0.2

36.1 0 0 -2 1 1 0 0.2

37.7 375 1 0 -2 1 1 1 0.2

37.7 375 1 0 2 1 1 1 0.2

37.7 2 0 2 2 1 2 0.0

37.7 2 0 -2 2 1 2 0.0

47.8 473 2 2 -1 1 1 0 0.5

473 2 2 3 1 1 0 0.5

474 2 2 3 1 1 1 04

474 2 2 -1 1 1 1 04

63.6 63.4 1 1 3 1 0 1 0.2

63.4 1 1 -2 1 0 1 0.2

63.5 2 1 3 2 0 2 0.1

63.5 2 1 -2 2 0 2 0.1

64.9 64,7 1 1 3 0 0 0 0.2

64,7 1 1 -2 0 0 0 0.2

66.1 66.1 2 1 3 1 0 1 0.0

66.1 2 1 -2 1 0 1 0.0

67.3 67.5 3 1 3 2 0 2 -0.2

67.5 3 1 -2 2 0 2 -0.2

82.6 82.9 1 0 [ -3 2 1 1 -03
3

839 842 0 0 [ -3 1 1 0 -03
3

853 85.6 1 0 [ -3 1 1 1 -03
3
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TABLE I. (Continued)

Excited states® Ground states
Obs. freq.” Calc. freq. Obs.-calc.
(em™Y) (em™Y) J’ K’ m' J’ K, K (em™Y)
85.7 2 0 [ -3 2 1 2 -0.4
3
95.4 95.4 2 2 [ -2 1 1 0 0.0
4
95.5 2 2 [ -2 1 1 1 -0.1
4
96.6 96.8 3 2 [ -2 2 1 1 -0.2
4
96.9 3 2 [ -2 2 1 2 -0.3
4
122.8 122.6 1 1 4 1 0 1 0.2
122.6 1 1 -3 1 0 1 0.2
1227 2 1 4 2 0 2 0.1
1227 2 1 -3 2 0 2 0.1
124.0 124.0 1 1 4 0 0 0 0.0
124.0 1 1 -3 0 0 0 0.0
1253 1253 2 1 4 1 0 1 0.0
1253 2 1 -3 1 0 1 0.0

42 037.5 cm ™! is added for absolute transition frequencies.

®See Table 1T for parameters used for the simulation.

“Only absolute values of K’ are shown here. The internal-rotational quantum number m' is determined from
eigenvectors calculated from the Hamiltonian matrix diagonalization using the free-rotor basis set. Since the
barrier height is very low (Vg=35cm™ '), m’ is a nearly good quantum number for excited states with no
coupling.

many other vibrational modes are not quantitatively known periment. This means that, for instance, the D—N-D angle is
and in the more strict sense, such coupling effects are to bactually larger than thab initio value of 116.5€ Namely, if

all considered in determining fundamental frequency of purehe ab initio value of 1.020 A is taken for the N—D bond
ND, wag. Accordingly, in order to be fair, the fundamental length in the excited stafethen the experimental value Aﬁ
frequency of NI wag is reported here to be 487 chnBoth  predicts aD—N—-D angle of 129°, suggesting that better un-
AT andAF are found to be decreased to 4.86 ¢rin the first  derstanding of the excited-state geometry of methylamine
ND, wagging band, indicating that’'(CHsz)=1'(ND,) would benefit from more advanced theoretical calculations.
=3.47amu K. This indicates that angles and bond lengthsThe overall rotational constaf®’ is also slightly decreased
become more relaxed at the first wagging vibrational leveto 0.66 cm*. The individual linewidth is identical to that in
compared to those at the origin. Applying a simple formulathe origin band, indicating that the excited-state lifetime of
AT(v)=Al—a(v+3) or AF(v)=Al—a(v+3), itisfound the first wagging band remains &18.8 ps.

thatAl=AL=4.97 cnr * while a,=0.07 cn *. Correspond- The most dramatic change in vibrational bands due to
ing values calculated from theb initio geometry(CASSCF  2vq and v is the much more broadened linewidths com-
with a 6-31++G**) of the excited CHND, calculated by pared to those in the origin and, bands, Fig. &). Accord-

the Morokuma group are 1'(CH;)=3.16 and |’'(ND,) ingly, in the simulation for the 29 band in Fig. %), it is
=3.01amu &. Moments of inertia for both of the NDand  found thatAE~3.0cm %, corresponding tar~1.8 ps. Be-
CHs groups shows relatively poor agreement with the ex-cause of broadened linewidths, spectral features due to over-

TABLE Il. Parameters used in the simulation for ¥D, excitation spectra.

08 129 2vq vy 3vg vyt vg 4vg v+ 2vg 2vy
AT 4.93+0.05 4.86:0.05 (4.77 4.5 (4.2 3.9 (4.6) (4.6 4.7
AF 4.93+0.05 4.86-0.05 4.77 4.5 4.7 3.9 (4.6) (4.6) (4.7
A 2.465+0.05 2.43-0.05
B’ 0.67+0.01 0.66-0.01 (0.65 (0.65 (0.69 (0.68 (0.58 (0.58 (0.50
FWHM 0.60+0.05 0.60:0.05 3.0:0.5 1.3t0.5 8l 2.0£1.0 (8.0 (8.0 >8.0
7 (p9 8.8+0.7 8.8:0.7 1.8:0.3 4.1+0.5 0.70.1 2.650.8 0.7) 0.7 <0.7
Vg 5.0+0.5 19.0:0.5 22+1 9.0 (25 (25 (25
ZPE (torn® 2.49+0.25 9.37:0.25 10.8-0.5 (4.47 (12.29 (12.22 (12.29
Evib 0 487+1 988+1 1012+1 1490+2 1522+2 19892 19972 20422

[42038+1]

#Parameters in parentheses are less reliable.
bZero-point energy due to torsional motion.

Downloaded 03 Sep 2003 to 143.248.34.202. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 118, No. 24, 22 June 2003 Spectroscopy of methylamine. | 11033

CH3N02 (Vg) CHsNDQ (2V9, V7)

" (a)
(b)
'500 550 600 650 700 1000 1050 1100
Excitation Energy — 42 037.5 cm™" Excitation Energy - 42 037.5 cm™!

FIG. 3. (a) Excitation spectrum of CEND, for the vg (ND, wag band and  FIG. 5. (a) Excitation spectrum of CEND, for the 2v4 and v, bands and
(b) simulation using parameters listed in Table Il. Peaks connected by dotteghe simulation for(b) 2v4 and(c) v, bands using parameters listed in Table
lines are those very sensitive to the torsional barrier height, which is 19| The simulation for a series of peaks atl110 cnt is shown in(d). It
cm ™t in this band. should be noted that linewidths are quite different for different modes.

. _ _1 . .
all rotation are not resolved, arl=0.65cm * is simply  ¢ompletely conclusive since associated rotational structures
assumed in the simulation. The vibrational energy 0§ 5 516 not clearly resolved in ther3 band. Meanwhile, the
determined to be 988 cm, Table_ II. If the an.harmonlcny strong peak at the vibrational energy of 1012 ¢rascribed
constant due to theg mode, xgq, is Only considered to be 4, "(CH, rocking requires a linewidth of-1.3 cmi™* for
significant, the? using a 25|mple anharmonic - formulay,e simulation in Fig. &), giving an associated lifetime of
Evin(v) = we(v+2) + xgov +2)” together with fundamental 4 1 s The longer lifetime of the; band compared to that
and first overtone frequencies of 487 and 91875%;mre- of 2vg is also consistent with the higher intensity of the
spectlvel_yl, it is found out thawe=473cm ~ and xe9  former compared to that of the latter. This is an interesting
—7.0cm = The positive value ofq in the excited planar  yoge dependence of the predissociation rate, which will be
CH;ND, is as expected since two ground-state potentialgjiscyssed more in Sec. Il D. It is also interesting to note that
separated by a wagging barrier become merged in the excitedgqrjes of peaks at the rovibrational energy-df110 crm?
state, which is similarly observed in the inversion mode ofy ;5 e the origin is partly rotationally resolved, Figap
. o - ,
thFe NH; excited statél. The bﬁeﬁ fitting value oA'(2) or  agsignments of these peaks are not certain at the present
A™(2) is found to be 4.77 cm in the 2vq band, and this  ime " However, in order to reproduce these partly resolved
value is very close to 4.79 ¢, which is calculated from | iovional structures. a linewidth &fE~ 1.2 o ® has to be
T F ! )
Ae. Ae, and a, values deduced from accurately ?”d Pré-ysed in the simulation, Fig.(8). The corresponding lifetime
C'EeW dftermmed Fmterngl rotational - constants (0),  js ~4.4 ps, and this is much longer than theg2ifetime,
A"(0), A(1), andA™(1) (vide supra. The torsional barrier hile it is very similar to thev, lifetime. Actually, in the

height in the 24 band is determined to be 22 cm tin the following paper* these peaks are found to have mode
simulation, although it should be noted that this value is N0t 4racter.

(cm™)
497 4 19 em-! CHSNDZ (3V9, V7+'V9)
487 1
i H! Ha
H H!
07&02 D¥02 07&02
H He H Hi
= H2
10 5 cm™! T
v
0'\_217/\/
0 90 180
Torsional angle(Degree) "7 1500 1550 1600 1650 1700
FIG. 4. Model potentiaV(¢) = (V4/2)[ 1— cos(6p)], for the internal rota- Excitation Energy — 42 037.5 cm™!

tion of ND, with respect to Chl along the C—N axis. Th¥ of 5 cm  at

the origin becomes 19 cm at the vy band. The planar geometry of FIG. 6. (a) Excitation spectrum of CEND, for the 3vq and v;+ v4 bands
CH;ND, in the excited state is assumed to be more stable according to thand the simulation fotb) 3v4 and(c) v;+ v¢ bands using parameters listed
ab initio calculation in Ref. 8. in Table II.
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CH4ND, (4vg, v, +2vg, 2v,)

12000 2050 12100
Excitation Energy — 42 037.5 cm™!
FIG. 7. (a) Excitation spectrum of CEND, for the 4vg, v;+2vq, and 2,

bands and the simulation f@b) 4v4, () v;+2v9, and(d) 2v; bands using
parameters listed in Table II.

Vibrational bands due to i and v;+wvg bands are
shown in Fig. 6a). Simulations for 34 and v;+ v9 bands

Baek et al.

lon Signal(arbitrary unit)

41500 42000 42500 43000 43500 44000
Excitation Energy(cm™1)
FIG. 9. R2PI excitation spectrum of GNH, in the 41 500—44 000 cnt

range. Vibrational bands due to, (CH; rock), v¢ (NH, wag), and their
combination modes are appropriately assigned.

torsional barrier height cannot be deduced accurately, while

based on the parameters listed in Table Il show good agregy is te that it varies with different combinations of vibra-

ment with the experiment in Figs(l§ and &c), respectively.
The vibrational term value of i3, is determined to be 1490
cm™ L. Calculation of vibrational energy using value of,
=473 cm ! andyge=7.0 cm 1, deduced from precisely de-
termined term values afg and 2vq, gives a 34 vibrational
energy of 1503 cmt! (vide supra, which is very close to the
above experimental value of 1490 cinThe linewidth in the
simulation for 34 is ~8.0 cm %, corresponding ta~0.7 ps,
indicating that the lifetime gets even shorter when the vibra
tional energy is given as three quanta of NBag. Mean-
while, a linewidth of~2 cm ! (7~2.6 p3 seems to match
the experiment pretty well for the,;+ vg band, indicating

once again that the lifetime gets longer when a part or whole o \iqth of

of the vibrational energy is deposited onto the {idcking
mode. The vibrational term value fok + vq is determined to
be 1522 cm®. A direct sum of the fundamental frequencies
of v; and vg is 1499 cm?, and thus the anharmonic cou-
pling of v; and v seems to be significant. However, the

505

0.68 1
(@ 2---1 (b)%
= 500 2 e
£ = 0.66 .
= 495 , 5 e
3 B s
S 0.64
e
40— , 0.62
0 i 2 0 1 2
5.01(c) 251(d) 3
. 49 .20 S
E 48 IR £ 15 ’
S L
5 47 =10{
46 5{ ¢
45 0

0 i 2
Number of ND, wag quanta

0 1 2
Number of ND, wag quanta
FIG. 8. Dependencies of molecular constants of excitedNI}4 with the

number of NOQ wagging quanta(a) AGv=G(v+1)—G(v), (b) B’, (c)
AT (=A"), and(d) Vg. Only reliable data are plotted hefeee Table I\.
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tional modes. Accordingly, a quantitative description of the
anharmonic coupling between, and vq modes seems to
need more spectroscopic data.

The broad peaks found at an internal energy~@&000
cm ! are due to 44, v,+2vg, and 2, bands, Fig. @).
Overall, most of bands are diffuse in nature, indicating ul-
trashort lifetimes of excited states in this energy region. As
shown in Fig. 1, the band intensity at this energy is relatively
very low, though the corresponding absorption cross section
should be most intense at such internal energies. Molecular
constants deduced from simulations for these low-intensity
broadbands are thus less reliable. The lower bound for a
~8 cm ! is used for the simulation for 14,
v;+2vg, and 2, bands as shown in Figs(l¥, 7(c), and
7(d), respectively, with their respective vibrational term val-
ues of 1989, 1997, and 2042 ch Table Il. These term
values for overtones or combinationsf and vq would be

CH3NH,(02)

ACNAWANNY

Ld\u. .mu. A WI | A .WL Hh. L

50 100 150 200 250 300 350
Excitation Energy — 41 669 cm™’

0

FIG. 10. (a) Excitation spectrum of CENH, for the origin band,b) the
simulation with a stick spectrum, ar{d) the simulation with an individual
linewidth of 14 cm*. Parameters used in the simulation are listed in Table
I.
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TABLE Ill. Parameters used in the simulation for gitH, excitation spectra.
03 Vg vy 2vg v7+ vg 3vg 2v; v7+2vg
AT 9.57+0.10 8.54-0.1 9) 8 (10.9 (7.2 (7.2 (10.4
AF 4.93+0.10 4.86-0.1 (6) 4 4.8 (4.9 4.8 4.9
B’ (0.79 0.77 (0.77 (0.76) 0.7 (0.74 (0.79 0.77
FWHM 14*1 131 12+1 16+2 12+2 18+3 18+3 >22
7 (ps 0.38+0.03 0.410.03 0.440.03 0.33:0.04 0.44-0.08 0.29-0.06 0.29-0.06 <0.24
Ve (©) (19 (20
ZPE (torr)° (2.49 (9.41 (9.9
Evib 0 636+1 1008+1 1285+2 1549+10 1952+2 2014+5 226610
[41669+1]

dParameters in parentheses are less reliable.
bZero-point energy due to torsional motion.

quite helpful in the construction of potential energy surfacesCH;NH, in the symmetric-top approximation is assumed to
of this floppy molecule in its predissociative excited statebe 0.78 cm* compared tdB’=0.67 cmi * for CH;ND,, de-
especially at near the top of the reaction barrier along thejuced from the comparison oB¢ C)/2=0.738 and 0.648
specific bond-dissociation coordinate. Only accurately deterem™ of the electronically ground C{#NH, and CHND,,

mined values foA Gv=G(v+1)—G(v), B, AT, andV, are
plotted with the number of quanta in Nvag in Fig. 8. Itis
interesting to note that bothGuv andVg show leveling offs
as the number of NPwag quanta increases, whilzand A"

respectively’! The torsional barrier height is presumed to be
identical, Vg=5 cm 1, to that of the CHND, origin band.
Parameters used in the simulation with their uncertainties are
listed in Table Ill. The simulation with a stick spectrum rep-

values are on a straight line. A detailed theoretical calcularesents the peak positions and relative intensities, Fig)10
tion of multidimensional potential energy surfaces would beror fitting the real experimental spectrum, the Lorentzian

desirable to explain the experiment.

C. CH3NH,

The CH;NH, excitation spectrum taken in the 41 500—

44200 cm? range is shown in Fig. 9 with appropriate vi-
brational assignments. Similar to the case of;8B,, v,
(CHgz rock), vg (NH, wag), and a combination of; and v
bands are clearly identified in the GNH, excitation spec-

function with a FWHM of 14 cm? is convoluted to give the
simulation in Fig. 10c). The simulation matches the experi-
ment extremely well, and this indicates that the lifetime of
the excited CHNH, at the origin is~0.38 ps. This perfect
match between experiment and simulation also validates the
Hamiltonian in Egs(1)—(4) employed in this work. The 0—-0
transition frequency is accurately determined to be 41669
cm ! from the simulation.

The first NH, wagging band is very similar to the origin

trum. Spectral bandwidths, however, are much broader thagang in its shape and structure, Fig(d1For the simulation

those of CHND,, indicating much shorter lifetimes of

of this band, molecular constants determined for the, ND

CH3NH; (A). The vibrational frequency of the amino- wagging band of CEND, are adjusted considering the

wagging mode is much blueshifted by D-to-H substitution ofNH,-to-ND,

the amino moiety, while the C{Hrocking frequency remains
more or less the same. The origin band of the;8H, ex-
citation spectrum shown in Fig. (#) is not rotationally well

resolved due to severe homogeneous line broadening. In the

first place, the CENH, simulation can be tried by applying
the effect of the NH-to-ND, substitution to molecular con-
stants deduced from the GND, simulation. In CHNH,,

AT and AF are quite distinct. Assuming that the minimum-

energy geometries of excited GND, and CHNH, are
identical, the moments of inertia of GHand NH, are then
determined from those deduced from (D, to give
|"(CHg)=3.42 amu & andl’(NH,)=1.71 amu & (vide su-
pra), since the moment of inertia of NHis simply the
double of that of NQ. Then AT=9.86cm* and AF

=4.93cm ! are expected. However, for the best fit of the

experiment AT has to be decreased to 9.57 ¢mThis dif-

ference should come from different vibrational mode cou-

plings of CHiNH, and CHND, even at their origingvide
infra). Accordingly, the internal rotational constants Af
=9.57cm ! andAF=4.93 cm ! are used in the simulations
in Fig. 10. The overall rotational constaBt of the excited

substitution  effect.  Accordingly, AT
=8.54cm ! and AF=4.86cm ! are used in the simulation

600 650 700 750 800 850 900 950
Excitation Energy — 41 669 cm™!

FIG. 11. (a) Excitation spectrum of CENH, for the vo (NH, wag band,

(b) the simulation with an individual linewidth of 13 cm, and (c) the
simulation with a stick spectrum. Parameters used in the simulation are
listed in Table III.
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CHgNH,(v,)

(c)
1000 1050 1100 1150
Excitation Energy — 41 669 cm™!

1200

FIG. 12. (a) Excitation spectrum of CENH, for the v; band,(b) the simu-
lation with an individual linewidth of 13 crt, and(c) the simulation with

a stick spectrum. Parameters used in the simulation are listed in Table III.

for the first NH, wagging band. From thAT values deter-
mined at the origin anas bands Al and«] are calculated to
be 10.1 and 1.03 cit, respectively. It is very intriguing to
note that theAl of CH3NH, (10.1cm'Y) is nearly twice as
large as that of CEND,(4.97cml). This proves that
excited-state structures of GNH, and CHND, are almost

identical at their minimum potential energies. The overall

rotational constanB’ is assumed to be 0.77 ¢rh A tor-
sional barrier height of 19 cnt is used, as in the C}ND,
case. A linewidth of 13 cm' is used for the simulation in
Fig. 11(b), and its stick spectrum is shown in Fig.(tL The

Baek et al.

10 (} (?91 (a) CH3ND,
8 o9
26 )
l_)
4 ® o
21 092 §
0 0%
0 500 1000 1500 2000
Vibrational Energy(cm=1)
0.6
(b) CHgNH,
0.51 71
— 9 + 791
£0.41 {) {)
l_)
OO %92
0.31 ¢ g3l 72
0.2+— : : : .
0 500 1000 1500 2000

Vibrational Energy(cm™)

FIG. 14. (a) Lifetimes of excited CHND, vs the vibrational energy, which
clearly show a strong mode dependence of the lifetime(ahdfetimes of
excited CHNH, vs the vibrational energy. Note the different time scale on
vertical axes in(@) and (b).

The v, band is very well isolated in the GNH, exci-
tation spectrum, Fig. X2). Highly excited internal rotor
states, compared to those of hliag, are found to be less

agreement between experiment and simulation is excellent)t€nse. Accordingly, the molecular constants used in the

giving a lifetime of ~0.41 ps for the excited C{\NH, at the

simulations in Figs. 1®) and 1Zc) are less reliable. How-

first NH, wagging band. The fundamental frequency for the€Ver, the fundamental frequency of glrbck is accurately

NH, wag is accurately determined to be 636 ¢mThis is
slightly larger than a corresponding value of 603.51 ¢m

from ab initio calculation
(b) (V7+vg)

1600

CHgNH,(2ve)

1300 1400 1500 1700

(c)

1800

(3vg, 2v;) +2Vg

2300 2400

1900 2000 2100 2200

Excitation Energy — 41 669 cm™'

FIG. 13. Excitation spectrurfupper tracgwith simulation(lower trace of
excited CHNH, for (a) 2vg, (b) v;+ vy, (€) 3vg/l2v;, and(d) v, +2vg
bands using parameters listed in Table II.(&), the lower left trace is the
simulation for the 34 band, while the simulation for 2 is shown as the
lower right trace.

determined in the simulation to giver,;(1-0)
=1008cm®. Ab initio frequencies forv, and vg are re-
ported to be 1174 and 1051 ¢ respectively Thus simple
comparison of the experiment withb initio calculation
could lead to a different assignment that the 1008 tband

is due tovg. Previous studies of various isotope analogs of
methylamines provided solid evidence for theassignment
for this band® In addition, a frequency shift by NHND,
substitution ofvg is expected to be much larger compared to
that of v,,% and thus 1008 cm' is assigned as the GH
rocking mode. This is very close to the value of 1012 ¢m
for the v; fundamental frequency of GINID,. The fact that
the v, fundamental frequency of GINID,, is higher than that
of CH;NH, could be due to different anharmonicites among
vibrational modes of two isotope species. Further spectro-
scopic works on CENH, and CO;ND, would be quite help-
ful in unraveling anharmonicities in great detail. The band-
width of 12 cmi'! is used in thev; band simulation in Fig.
12(b) for the best match to the experiment, giving a lifetime
of ~0.44 ps, which is slightly longer than that of the origin
or first wagging band.

Experimental and simulated spectra forg2 v;+ vy,
3vg, 2v7, and v;+2v9 bands are shown in Fig. 13. All
peaks are found to be diffuse: thus, molecular constants re-
lated to overall and internal rotation are not expected to be
deduced accurately from simulations. However, associated
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(kcal/mol) ciation of CHND, occurs via tunneling through a barrier to
1601 produce mainly I}CH3ND(?() .fragments. At the 24 en-
ergy level of CHND,, the lifetime becomes much shorter,
1201 giving 7~1.8 ps. This sudden decrease of the lifetime indi-
......... —i:: N 8%: cates that predissociation of GND, may occur at near or
80+ o sCH*NH, above the top of the barrier at a vibrational energy-df000
CHy+ NH cm L. Actually, the experimental fact that the lifetime is
401 —  sDH,+HCN ~0.38 ps at the origin of CENH, and it varies little upon
M, + CHNH increasing the vibrational energy, Fig. 14, strongly suggests
0- that predissociation of C{#fNH, may take place at near the
top of the barrier even at the zero-point energy level. The
-40 difference in zero-point energies of GNH, and CHND,
N-H Reaction Coordinate for the N—HD) stretching mode, which is the reaction coor-

dinate for the N—KD) bond cleavage, may account for the

FIG. 15. Simple diagram of potential energy surfaces along the (8-H : : : : ONH
bond dissociation coordinate. Thermodynamically accessible reaction u:harglﬁerenCe of reaction barrier helghtS that 2 and

nels are shown on the righiRef. 4. For the upper state, the adiabatic CHsND experience along the N—-B) reaction coordinate.
potential energy surface is depicted in the vicinity of the Franck—CondonThis seems to be consistent with a conclusion by the Ashfold
region. Thereafter, it correlates to theH€H;NH(X) products diabatically group?"s that the dominant predissociation channel of methy—
In the late stage along the reaction coordiner. 8. lamine is the N—KD) fission process. However, it should be
noted that our work confirms only that the major dissociation

vibrational energies are relatively quite accurately deterchannel is the N—tD) bond cleavage at the origin ang
mined from simulations in Fig. 13, Table III. The vibrational '€Vels of the excited CEND, and maybe at the origin level
energy of % is determined to be 1285 crh Using the of the excited CENHz- At higher V|brat|on§1I energies, hpw-
eqUAtIONE p(v) = we(v + 1/2)+ yoo(v + 1)2 and avg funda-  €Ve, the tunneling eff_ect fades away as indicated in Fig. 14,
mental frequency of 636 cnl, it is found out that and thus other reactlgn channels are not conclusively ex-
wo(NHp)=623cmt  and yoo(NH,)=6.5cml. The Cluded from our experimental results. S
Yoo (NH,) is very similar to that of N wag (vide supra. An interesting mode dependence of the lifetime is quite
These constants predict the vibrational energy of & be  clearly observed for CEND,, Fig. 14a). That is, as clearly
1947 cm' %, which is very close to the experimental value of Shown in Fig. 14a), lifetimes of »; and its combination
1952 cni?, Table IlI. Vibrational energy term values fo bands are about two times longer that those of isoenergetic
+vg, 2v,, andv;+ 2y bands are found to be 1549, 2014, V9 Overtone bands. The same trend is also observed in life-
and 2266 cm’, respectively, while harmonic sums using ~ imes of CHiNH,, though the mode dependence is less dra-
and vy fundamentals give respective values of 1644, 2016Matic, Fig. 14b). A similar mode dependence on the excited
and 2293 cm®. These values for overtones or combinationslifetime had been reported for N-H bond dissociation of
of v, and vo would be quite helpful in disentangling poten- ammonia For ammonia, thorough experimental and theoret-
tial energy surfaces of this floppy molecule in its predissoical studies were carried out to reveal fundamental aspects of
ciative excited state. Lifetimes for these bands are also dénode-dependent lifetimés!® However, for methylamine,
duced from the simulations and listed in Table III. our work provides mode-dependent lifetimes for the first
time. Both amino-wagging and methyl-rocking modes are
perpendicular to the reaction coordinates for bond dissocia-
tions. Thus, in the case of no intramolecular vibrational re-
At the origin andvg bands, the excited CNID, lifetime  distribution (IVR), these vibrational modes, which are per-
(~8.8 pg is about 20 times longer than the gRH; lifetime  pendicular to the reaction coordinate, could survive until the
(~0.38 psg at its origin, Fig. 14. This huge difference in excited molecule reaches the transition state, giving vibra-
lifetimes of excited CHNH, and CHND, is compelling tional adiabatic potential energy surfaces characteristic to
evidence of tunneling as a predissociation mechanism espeach vibrational mode. In this case, the mode dependence of
cially at the origin and first amino-wag bands. Other nonrathe lifetime could be qualitatively explainable. The amino-
diative processes such as internal conversion and intersystepag frequency is expected to be lowered at the transition
crossing do not seem to be responsible for the short lifetimestate compared to that of the excited reactant since one of the
of excited methylamines, since such electronic dephasin§i—H bonds gets lengthened at the transition state. Mean-
processes are expected to be faster foglIB}, compared to  while, the CH rock frequency at the transition state is ex-
those for CHNH, due to the higher densities of low-lying pected to be more or less same as that of the reactant, since
states of the former. Many reaction channels such as N—-Hhe CH; group is not likely to be coupled to the N-Bi)
C-H, and C-N bond dissociations are energetically accegeaction coordinate. Therefore, in this case, the state excited
sible from methylamine in thé state, Fig. 15. However, the in the CH; rocking mode will experience a higher effective
huge effect on the predissociation rate by the H/D substitureaction barrier. For a better understanding of this interesting
tion of amino moiety is not expected in dissociation channelsnode dependence, multidimensional potential surfaces in the
not involving the N—HD) bond breakage. Therefore, at least vicinity of the transition state would be needed. More prac-
at the origin and first wagging vibrational levels, predisso-tically, calculation of two-dimensional potential energy sur-

D. Tunneling and predissociation
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faces including amino wagging or GHocking would be are systematically measured here to give an interesting mode
desirable. dependence of the lifetime. Lifetimes of states with the

It is also interesting to note that, within the Born— CHs-rocking mode excited are longer than those of isoener-
Oppenheimer approximation, the zero-point energy differgetic ND,-wagging modes. Multidimensional potential en-
ence between CHNH, and CHND, in the excited state €rgy surfaces near the reaction barrier along the N»H
(AZPE) is calculated to be 1018 cm and this is much reaction coordinate would be extremely helpful for a better
smaller than that of 1387 cm for the ground electronic understanding of these interesting experimental facts in re-
state (AZPE'). The latter is from experimental valugs, gard to mode-dependent lifetimes. In conclusion, quantum
while the former is calculated from the latter and origin en-states of CHNH, and CHND; in their first-excited states
ergies of CHNH, and CHND,: AZPE =Ty CH;NH,) are clearly characterized in this work. Since the excited mol-
+AZPE' —Too(CH3ND,) = 41 669+1387—42038=1018.  ecule predissociates, methylamine serves as an excellent
This huge difference betweeNZPE and AZPE' is quite  model system for state-to-state reaction dynamics studies.
rare, since the NE/ND, substitution would affect the zero- The effect of initial quantum reactant states on the reaction
point energies almost equally for the ground and excitedutcome is an always-stimulating subject. Thus more dynam-
states. Therefore, this indicates that potential energy surfacégs studies along this direction with theoretical calculations
especially along N—KD) stretching coordinates are quite an- are needed.
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