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Vibrational structures of predissociating methylamines (CH3NH,, and
CH3ND,) in A states: Free internal rotation of CH 5 with respect to NH
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Resonantly-enhanced one-color two-photdr-1) ionization spectra of jet-cooled methylamines
(CH3NH, and CHND,) reveal the vibrational structures of these molecules in predissociative
states. Rotational fine structure is clearly resolved for;MIBb at the origin and first wagging
vibrational level in the excited state. The spectral linewidth becomes homogeneously broadened to
give only vibrationally resolved spectral features for the higher vibrational energy levels of
CHND, (A). From the spectral analysis of the-X transition of CHND,, it is found that the
methyl moiety rotates nearly freely about the C—N axis with respect to the amino group An the
state, indicating that the removal of an electron from the nonbonding orbital of N is responsible for
the free internal rotation. Vibrational levels are only barely resolved i\th¥ excitation spectrum

of CH3;NH; due to severe homogeneous line-broadening, indicating ultrashort lifetime8.4fps

for predissociating CENH, molecules in theA state. Spectral interpretation of the-X excitation
spectrum of CHNH, is carried out by the comparison with that of ¥D,, giving the confirmative
vibrational assignment of methylamines Anstates for the first time. The dramatic difference of
CH3NH, and CHND, in their lifetimes inA states suggests that the major dissociation channel of
the excited methylamine may be the N<ét D) bond dissociation. €2002 American Institute of
Physics. [DOI: 10.1063/1.1518005

I. INTRODUCTION yields depend not only on dissociation energetics but also on
. ) o ) ) . _ detailed shapes of potential energy surfaces along the reac-
Primary amines are ubiquitous in organic and biologicakio pathways. Therefore, it would be very interesting to in-
compoqnds, and they are frequently used as common ,I-eW{?estigate the effect of the quantum-mechanical state of the
ba;es n_many organic synthese;. The §|mplest PriManeactant on the final products in terms of their relative yields
amine 1s methylamlne. Bgcause of its S'm.p“C'ty and impor- nd product state distributions. Spectroscopy of methylamine
tance in chemistry and biology, methylamine has been USER the ground electronic state has been thoroughly investi-

as a model compound to study the effect of electronic con- . . . .
. . . ._gated using far-infrared and microwave absorption spectros-
figuration on molecular structures and/or reaction dynamlcéJ

. . : . copy, to give accurate rotational constants, vibrational fre-
occurring on various excited stattéHowever, unlike am-

monia, of which spectroscopy and dynamics were thorduencies, and rovibrational coupling terfis? For the first

oughly studied® the methylamine structure and dynamics electronically excited state of methylamines, however, even
in the excited state have not been intensively investigateHje po_s"l";qs_‘ig spectral origin seems to still be con-
yet, even though some interesting dissociation dynamics fea{[over&al.;'l In 1937, Faoster and Jurgenfs reported
tures occurring on the excited methylamine were revealedl 680 ¢m~ as the spectral origin of CjiH,.™ Later,
through recent nice studies by numerous research gradps. Tsuboiet al.reported that the CNH, absorption spectrum
One of the main obstacles in the further detailed study of th&Onsists of the origin at 41715 crhand progression and
methylamine dynamics in this direction has been the relacombination bands due to Nkvag at~650 cm ~and Ch
tively poor quantum-mechanical characterization of the reactock at~1000 cm 1. *>1°Those studies, however, were car-
tant molecule, methylamine in the statel? ried out at room temperature and spectra were taken with no
The first UV absorption band of methylamin®90-240 Mass resolution. More reliable spectra for &eX transition
nm) is ascribed to the excitation of an electron in the lone-0f methylamines were recently reported by Taylor and
pair of the N atom to the SRydberg state. The excited Bernstein in 1995. They used(1+1) or (2+2) resonantly
Rydberg state couples to other electronic states correlating ®hanced multiphoton ionizatiotREMPI) spectroscopy
different products. Energetically accessible reaction channeMith efficient cooling to provide the relatively highly re-
include the reaction pathways giving @WH-+H,  solved excitation spectra of the GlKH, and its isotopic ana-
CH,NH,+H, CH;+NH,, and CHNH+H, product~® logs. According to Taylor and Bernstein, spectral origins of
These four reactions occur competitively, and their relativemethylamines are not observed due to severe structural
change occurring upon th&—X transition and optically ac-
JAuthor to whom correspondence should be addressed. Electronic maifiveé modes are Nblwag and scissor with associated vibra-
skkim@inha.ac.kr tional frequencies of 642 and 1476 ch respectively
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However, REMPI spectra reported in Ref. 2 are mostly taken va T T
by the (2+2) transition with tight focusing of the laser beam (a
on the molecular beam. Therefore, additional spectral fea-wj
tures due to unknown multiphoton effect might possibly mis-

lead the spectral interpretation. s (A) M
In this work, we have use@L+1) one-color two-photon | : : , . .
excitation scheme to obtain the REMPI spectra of;8H, -500 0 Ex ?togi L En 1r000_ » Gégogm_1 2000 2500
and CHND, for the A—X transition. We have obtained high- Vo crefion =ne gly '
quality excitation spectra of these molecules at a very low(b) Vo 7 T I
temperature of-3 K. We have found that the REMPI spec- &?
trum of CH;ND, is rotationally resolved in the first two vi- 'Pf'{y
brational bands. More surprisingly, the ggtroup is found to » (A)
freely rotate with respect to the NDnoiety in the excited Ju,J -
state of CHND,. A full analysis of the CHND, excitation -500 0 500 1000 1500 2000 2500
spectrum turns out to be extremely useful not only in estab- Excitation Energy — 42 038 cm”'

lishing the long-time controversial vibrational assignment of
the broad bands in the GNH, spectrum but also in inves-
tigating underlying dynamics.

FIG. 1. (1+1) REMPI spectra ofa) CH;NH, and(b) CH;ND,. The v, and
vg modes represent GHocking and NH (or ND,) wagging modes, respec-
tively. Bands located at1650 and~2300 cm* in (a) are ascribed to,
+vg and v;+2vg, respectively.

Il. EXPERIMENT

A gaseous SamP'e of methylamln@:H3NH2) was quite poorly resolved, the overall or internal-rotational struc-
purchased from Aldrich and used without further purifi- 4,0 of the molecule could not be investigated. Dynamics

cation. For the preparaﬁon of Qeuterated methylaminebehinol the observed broad band of S, (K) seem to be
(CHND,), CHNH, was dissolved in EO and dehydrated ambiguous, since the rotational temperature and constants

n K.OH solution. This _exchange-dehydratlon Process Was.,nnot be deduced from the spectral analysis. On the con-
carried out for several times for the preparation of the pur

CH3ND, sample. Samples were introduced to gas cyIinde%rary’ the excitation spectrum of GND in Fig. 1(b) is

10 prepare~3% uas mixtures of methviamines in neon. The ound to be dramatically different from that of GNH, in

resF:JIt;nt gas r%i?dure xaljs expanded )t/hroulgh aI nozzle.orific%eermS of the linewidth of each band. In the first two vibra-
. X - I h k learl I i

(General Valve, 0.3 mm diamejewith a backing pressure of onal bands, many sharp peaks are clearly resolved to give

~5 atm and a repetition rate of 10 Hz. The molecular bean%he. rotational structure of G#HID, in A_state. This in Furn
was then skimmed through a 1-mm-diam skimmer in a gif.Indicates that broad bands observed in the;KlH, excita-

ferentially pumped vacuum chamber. tlorr:1 slpet():t:umtarﬁ rc]10t ?ueh t?1 |nSl:lff|C|enItincc_)8Ir|ngd or:ir:he f
The third harmonic output of a Nd:YAG laséBpectra- sampie but actually due to homogeneous line-broadening o

Physics, GCR-150was used to pump a dye laséambda- ?h?rt-l|v|ed_exi|tter]d séate;. Ther?fore,f_vvei car(‘jrythout the Isptec-
Physik, Scanmate)2o generate the laser output in the 440- ral analysis of the CEND, spectrum first and then explo

480 nm range, followed by the frequency doubling via aggggzlzgggﬁ?ms for the interpretation of thes8H, ex-
BBO crystal placed in a homemade autotracker to give the ' - .
Y P 9 In the ground state, it is quite well known that the £H

ultraviolet (UV) laser pulse, which was tunable in the 220—

240 nm region. The laser wavelength was calibrated Withirgr?ourgiIc)nrlernbﬂlr);i;?tifzg\cl)ltg?ls Fl)f fzt _}%;:?O?;]é?]c;gggfﬁevrv'th
+1 cm ! using the optogalvanic signal from a hollow- '

cathode lamgNe). The UV laser pulse was overlapped with E:ﬁ%ﬁggﬁ dtiﬁ b;éj;(r:(r;aszi? grﬁ)?\? ;zer:Srenx;:Itatlgn,ail?;e or-
the molecular beam both in space and time to jonize met tant role in theghindered liJnternaI rotation E)>/< peri);nental F:)b-
ylamines by th€1+1) REMPI process. Molecular ions were . - =XP :

repelled, accelerated, and drifted along the field-free regior%ervatlon turns out to be much more dramatic. Rotationally

: : ] ¥ resolved peaks in the 42520-42 780 ¢nregion of the
until they were detected by a multichannel-pl&tCP, Jor CH;ND, excitation spectrum, Fig.(8), are almost perfectly

ge}rz r:(c)tiglxeo;htf] eRsx:?;tisé?]nSIVTvCszEar;gthw?s g;\?g'?lrzel\(jpalsreproduced by the free internal rotor m.od(_el cgupled with the
spectra, overall rqtanon of the molecule, indicating that the
CH;—-ND,; internal rotation becomes nearly completely free
in the A state(vide infra). Of course, this experimental fact
N does not completely exclude the possibility of the existence
The REMPI spectrum for tha—X transition of CHNH,  of a very low hindered rotation barrier of a few ch and
in the energy range of 41500—44500 cmare shown in  actually effects due to a low barrier seem to be reflected in
Fig. 1(a). The CHNH, excitation spectrum consists of a se- Table I. 5
ries of broad bands with unresolved structures in each band, Methylamines in bothX and A states belong to nearly
similar to that reported in Ref. 2. Progression bands due tprolate symmetric top. Accordingly, the following energy re-
the NH, wagging mode and its combination bands with an-lation deduced from a Hamiltonian based on the symmetric-
other vibrational mode are prominent. Since each band ifop approximation is employed to predict energy levels asso-

Ill. RESULTS AND DISCUSSION
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CHND. & TABLE I|. Observed and calculated frequencies with assignments for bands
(a) WND. (A) in the 42 520—42 780 ciit region of the CHND, excitation spectrum.
Excited state's Ground states

Obs fre§ Calc fred Obs—calc
o) (cm™h (em™?) ¥ K Ky K, J K KI  (cm}

-1.8 -1.9 1 0 0 0 1 1 1 0.1

-1.8 2 0 0 0 2 1 2 0.0

0 5 100 150 200 250 4.4 4.2 i1 1 0 1 1 0 1 0.2

Excitation Energy - 42 524 cmi’” 4.3 2 1 0 1 2 0 2 0.1

5.7 55 11 1 0 0 0 O 0.2

FIG. 2. (a) Experimentally observed excitation spectrum of 8B, in the 7.1 6.9 2 1 1 0 1 0 1 0.2

42 500-42 800 cmt range compared witkb) the simulation(see the text 8.2 8.2 3 1 1 0 2 0 2 0.0
for details. 23.2 23.7 1 1 2-1 1 0 1 -0.5
23.7 2 1 2-1 2 0 2 -05
24.5 25.0 i 1 2-1 0 0 0 -05
) . ) ) ) 25.8 263 2 1 2-1 1 0 1 -05
ciated with various internal free-rotor states coupled with 39 37.0 1 0 -2 2 1 1 1 -01
overall rotationt’ 371 2 0 2-2 2 1 2 -02
) ) ) 63.0 62.6 1 1 3-2 1 0 1 0.4
E(J,K1,K2)=BJI(J+1) - BK+ A KT+ AKS3, 626 2 1 3 -2 2 0 2 0.4
64.4 63.9 1 1 3-2 0 0 O 0.5
K=K;+Kjy, (N 65.6 52 2 1 -2 3 1 0 1 0.4
1 a1, Aot 81.1 85.6 1 0 -3 3 1 1 1 -—45
AT=A A 857 2 0 3 -3 2 1 2 —46
Here,K is the overall rotational quantum number, while 9038 5:'33 22 22 _24 72 1 1 2 :jg
andK, are iptgrnal rotational quantum numbers for the3C_H 120.6 1209 1 1 4-3 1 0 1  -03
and ND, moieties, respectively. The axes of overall and in- 121.0 2 1 -3 4 2 0 2 -04
ternal rotations are assumed to be identical in the symmetric- 1220 3 1 4-3 3 0 3 -04
top approximationA and B are rotational constants of the Eég Egé ; i j ‘g 2 8 (1) ‘8-2
molecule for the overall rotation of the molecule about @he 154.3 153.7 1 0 -4 4 1 1 1 0.6
andb (or ¢) principal axes, respectivelf\, andA, are rota- 198.6 1987 1 1 5-4 1 0 1  -o1
tional constants of the CHand ND, moieties for the internal 198.7 2 1 -4 5 2 0 2 -01
rotation of two groups about thee axis, respectively. 200.0 200.0 1 1 -4 5 0 0 O 0.0
In Fig. 2, many observed sharp peaks are compared with 2012 203 2 1-4 51 0 1 -01

those obtained by the simulation. ln. the su’_nulatlon, .e.nergyFor absolute transition frequencies, 42 524 ¢érshould be added. Peak
levels are calculated from E@l), while relative transition  positions are for maximum peak heights in the spectiiig. 2). The
intensities for differen{J,K) values are calculated using the correlation of observed and calculated frequencies here, therefore, is not
asymmetric rotor prograr’r?. Band intensities for various in- exact: thher, above observed peak posmoq; are actgally determined by the
. . . . _combination of several closely spaced transitions, which is clearly reflected

ternal rotatlona}l quantum number.s are arbltrarlly scaled JUSHn the simulation(see the text for details
for the comparison with the experiment. A Gaussian functiorPSee the text for parameters used for the simulation. For the ground state of
with an adjustable bandwidttfull width at half maximum  CHND,, rotational constants oA=2.607, B=0.6730, andC=0.6288
=AE) is convoluted for each transition to give the final S & usedRefs. 11 and 12 . . .

. lated spectrum for the comparison with the experiment Since identical values foA; andA, are used in this particular calculation
simu _p ' ) p P . ‘(see the tejt only one pair of two possible pairs oK¢,K;) is shown.
As shown in Fig. 2, the simulation matches the experiment
almost perfecty when AE=0.75 cm?i, T,,=3.6 K,

B=0.66,A;=4.86, andA,=4.86 cm !. Experimental and 5

calculated peak positions only for some selected bands iTH;ND, (A) at the first two vibrational bands is estimated
Fig. 2 are listed with appropriate assignments in Table lto be ~6 ps. Rotationally resolved spectral features are ob-
Slight mismatches should come from either the existence oferved only in the first two vibrational bands, Fig. 1. At the
a small torsional barrier or the failure of the symmetric-tophigher vibrational bands, the spectrum is no longer rotation-
approximation. The molecular constants used in the simulaally resolved due to severe line-broadening. This line-
tion are close to those(B=0.677, A;=5.175, A,  broadening should originate from the increase of the predis-
=5.617 cm') obtained byab initio calculation (CIS) for  sociation rate as the vibrational energy increases.

the molecular structure of GND, in the A state!® How- The identical energy expression, Ed), is used for the
ever, the smalleA, value obtained from the simulation com- simulation of the first band in the GNH, spectrum. The
pared to theab initio value suggests the N-D bond length simulation matches the experiment extremely well when
and/orD—N-D angle should be larger than theoretically pre-AE=14 cm'!, T,,=3.6 K, B=0.785, A,=4.86, andA,
dicted values® The other point that should be mentioned is =9.52 cni'%, as shown in Fig. 3. ThA, value, which rep-
the bandwidth of 0.75 cm' used in the simulation, which is resents the internal rotational constant of J\Hs close to
much larger than the experimental laser bandwidth-6f25  twice that used for the C\D, simulation, giving additional
cm ! in the UV region. According to a simple uncertainty convincing evidence for the validity of the free internal-rotor
relation of AE- At~#, the lower limit for the lifetime of the model. The most dramatic change by the D/H isotopic sub-
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overall and internal rotations. It is found that in tAestate,

the methyl group rotates nearly freely with respect to the

amino moiety, indicating that the removal of one of the elec-

trons in the nonbonding orbital of N is responsible for the

disappearance of the torsional barrier in the excited state.

Broad features in the CjNIH, spectrum, which had never

been well understood before, are now perfectly interpreted
0 5 100 150 200 250 using the free internal-rotor model. Lifetimes of excited

Excitation Energy - 41 668cm” states are deduced from linewidths of individual transitions

_ o _ to give ~6 and~0.4 ps for zero-point levels of GNID, and

FIG. 3. (9 Expenrpentally observed exc_ltatlon spgctrur‘q of 8H, in the CH-NH.. Vibrational assignment of methylamine in tﬁe

41 650—41 950 cmt range compared witkb) the simulation(see the text 32 ~

for details. state is finally firmly established in this work, giving—X

origins of 41669 and 42038 cm for CH;NH, and

o . ) . ~ CH3ND,, respectively. The Nklwag at 636 and Ckrock at
stitution on the amino group is the large increase of the iN100810) cm ! are found to be optically active in the

divid.ual'linewidth. The quevyidth of 14 cmt corres_pond; tp CH4NH, spectrum. Similarly, Npwag and CH rock with
the lifetime of ~0.4 ps, indicating that the predissociation ineir fundamental frequencies of 487 and 10l cm %,
rate of CHNH, (A) is at least 10 times faster than that of respectively, are optically active in the QND, spectrum.
CH;ND, (A) at similar vibrational energies. This big differ- Rovibrational structures of methylamines in the predissocia-
ence in lifetimes of CENH; and CHND; strongly suggests  tive excited states, obtained in this work, would be extremely
that the major reaction channel of methylamine indhstate  useful for the further study of reaction dynamics occurring
is the N—H(or N—D) bond dissociation, which is expected to from different quantum states of reactants.
show the largest H/D isotope effect.
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