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Resonant-enhanced two photon ionization and mass-analyzed threshold
ionization spectroscopy of jet-cooled 2-aminopyridines
„2AP–NH2,–NHD,–NDH,–ND2…

Sun Jong Baek, Kyo-Won Choi, Young S. Choi, and Sang Kyu Kima)

Department of Chemistry, Inha University, Incheon (402-751), Republic of Korea

~Received 15 March 2002; accepted 6 May 2002!

Resonantly-enhanced two photon ionization and mass-analyzed threshold ionization~MATI ! spectra
of 2-aminopyridine (2AP–NH2) and its deuterated analogs have been obtained using two-photon
~1118! excitation process viaS1 intermediate states for ionization. Ionization energies of 2AP–NH2

and 2AP–ND2 are both precisely and accurately determined to be 8.108660.0005 and
8.102760.0005 eV, respectively. Two geometrical isomers, 2AP–NHD or 2AP–NDH, of which H
or D is hydrogen-bonded to the nitrogen atom on the pyridine ring, respectively, are
spectroscopically well isolated using the hole-burning spectroscopy in theS1 states. Corresponding
ionization energies are thus separately determined to be 8.106760.0005 or 8.104860.0005 eV for
2AP–NHD or 2AP–NDH, respectively. Vibrational bands of 2-aminopyridine ions associated with
various aromatic ring-skeletal modes are identified in the MATI spectra and appropriately assigned
with the aid ofab initio calculation. All of the ring-skeletal vibrational frequencies observed in this
work become slightly higher than those in theS1 states when the molecules are ionized, consistent
with the fact that theS1–S0 excitation is due top* –p transition. According toab initio calculation,
the amino group is in the molecular plane both in theS1 andD0 states, while it is slightly distorted
in the ground state of 2-aminopyridine. Inversion modes in 2AP–ND2 and 2AP–NDH inS1 states
are split into two bands due to their strong coupling with the other mode, which is most probably
due to torsional motion of the amino group. Strong mode couplings are clearly manifested in
interferencelike patterns observed in vibrational band structures of MATI spectra taken via those
two bands inS1 states as intermediate states. A new spectroscopic scheme, in which MATI signals
are used for obtaining mode-resolved spectra for the intermediate state is introduced. The vibrational
band at 911 cm21 from theS1–S0 origin that has been previously assigned as the inversion mode
of 2AP–NH2 is found to actually consist of two closely-spaced different modes giving two
clearly-resolved different Franck–Condon active modes in corresponding MATI spectra. ©2002
American Institute of Physics.@DOI: 10.1063/1.1488922#
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I. INTRODUCTION

Since the zero-electron kinetic energy~ZEKE! spectro-
scopic technique was developed, the energy resolution
could be achieved in photoelectron spectra has been e
mously improved so that rovibrational structures of mole
lar ions are readily accessible nowadays.1–4 Lifetimes of
ZEKE states are quite long and it is easy to separate
ZEKE-electrons from directly-formed electrons by emplo
ing the pulsed-field ionization~PFI! technique. Rydberg elec
trons are located quite far from ionic cores, and excitat
energies to ZEKE states are exactly correlated to inte
energies of ions added to their adiabatic ionization energ
Thus rovibrational spectra of ions are obtained when
ZEKE signal is monitored as a function of the excitati
energy. Identical spectroscopic information can also be
tained by mass-analyzed threshold ionization~MATI ! spec-
troscopy in which ions, instead of electrons, are detecte5,6

In MATI spectroscopy, a spoil field of a few V/cm, whic
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may also eliminate ZEKE state, should be applied to diff
entiate the path of MATI ions from that of direct ions alon
the time-of-flight axis. ZEKE has been more popular th
MATI since the former has some advantages in terms of
signal to noise~S/N! ratio and energy resolution. It should b
noted, however, that mass identities responsible for ZEK
electrons are not available in ZEKE spectroscopy, while th
could be exactly measured in MATI spectroscopy. Therefo
MATI would be extremely valuable in studies of cluster io
and/or photodissociation dynamics of ions.6–8 Here, we have
used the MATI spectroscopic tool to investigate ionizati
processes of not only 2-aminopyridine ions but also its cl
ters with argon.

Either one-photon or two-photon excitation schemes
be used to reach ZEKE-states for high-resolution photoe
tron spectroscopy. One-photon ZEKE or MATI is universa
applicable to various kinds of molecules since the tw
photon excitation is sometimes not efficient especially
molecules having ultrashort lifetimes at their intermedia
states.9 Meanwhile, two-photon ZEKE or MATI is quite use
ful in determining ionic vibrational frequencies and also
assigning those to appropriate vibrational modes, since v
il:
1 © 2002 American Institute of Physics
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ous vibrational states in the first excitation process can
selected as intermediate states in the ionization process1,2,10

In recent years, ZEKE or MATI spectroscopy has been b
intensively and extensively carried out to provide hig
resolved rovibrational spectra of ionic ground states fo
number of organic molecules and clusters.1,2,10–16 Those
spectral features are essential in investigating nuclear
electrical change upon ionizations of molecules, and eve
ally understanding the role of electrons in forming vario
kinds of chemical bonds.

Spectroscopy of 2-aminopyridine (2AP–NH2) and its
deuterated analogs such as 2AP–ND2, 2AP–NHD, 2AP–
NDH had been studied forS0 andS1 states by Hollaset al.
using absorption and dispersed fluorescence spectros
taken at room temperature.17,18 Later, the Wallace group re
fined peak assignments for 2AP–NH2 using jet-cooled fluo-
rescence excitation spectroscopy.19,20 For monodeuterated
2-aminopyridine, Hollaset al. had observed spectral featur
due to two geometrical isomers, 2AP–NHD or 2AP–ND
of which H or D is hydrogen-bonded to the nitrogen atom
the pyridine ring, respectively.16 However, band assignmen
for those could not be made unambiguously since spec
bands of two isomers were hardly separable in the absorp
spectrum. For the 2-aminopyridine cation (2AP–NH2

1), the
Weber group has used photoelectron spectroscopy to ob
its vibrational spectrum with a resolution of;40 cm21 ~5
meV!.21,22 In this work, vibrational spectra are obtained wi
a resolution of;1 cm21 using MATI spectroscopy for mo
lecular ions of 2AP–NH2

1, 2AP–ND2
1, 2AP–NHD1, and

2AP–NDH1. Especially, spectral features due to two diffe
ent isomers of monodeuterated 2-aminopyridin
2AP–NHD1 and 2AP–NDH1, are clearly separated in bot
S1 and D0 states using a hole-burning spectroscopy. N
spectral features of mode-couplings mainly related with
version modes are investigated by employing a new spec
scopic technique using MATI signals to get mode-resolv
S1-state spectra. Density functional theory~DFT! calculation
has been carried out for refining band assignments and
identifying nuclear motions involved in those modes.

II. EXPERIMENT

2-aminopyridine was purchased from Aldrich and us
without further purification. For the preparation of deutera
compounds, 2-aminopyridine was mixed with CH3OD and
the solvent was evaporated completely. This procedure
carried out for several times before it was used. The sam
was heated to 80 °C, mixed with argon, and expanded
vacuum through a nozzle orifice~General Valve,f50.5 mm!
with a typical backing pressure of;2 atm and a repetition
rate of 10 Hz. The nozzle was heated at 85 °C, which
slightly higher than the sample temperature to avoid sam
condensation on the nozzle orifice. A supersonically coo
molecular beam was then skimmed through a 1 mmdiam
skimmer~Precision Instrument Services!. Background pres-
sures of source and ionization chambers were maintaine
;1025 and 1027 Torr, respectively, when the nozzle was o
The laser pulse of 2–3 mJ/pulse with a duration time of;6
ns in the 285–295 nm range was generated by freque
Downloaded 03 Sep 2003 to 143.248.34.202. Redistribution subject to A
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doubling of the laser output from a dye laser~Lambda-
Physik, ScanmateII! pumped by the second harmonic outp
of a Nd:YAG laser~Spectra-Physics GCR-150!. The other
laser pulse~3–4 mJ/pulse, 6 ns! was generated in the 285
320 nm region via doubling the laser output from the oth
dye laser~Lumonics, HD500! pumped by the 532 nm outpu
of the other Nd:YAG laser~Continuum SureliteII!. Fre-
quency doubling was made by KD*P crystals placed on
homemade autotrackers to maintain both intensities and
rections of laser beams while their wavelengths were sc
ning. Two independently tunable laser pulses were then s
tially and temporally overlapped and crossed the molecu
beam in a counterpropagating geometry.

Molecules excited to ZEKE states via two laser pulses
resonant wavelengths were allowed to stay for a fewms in
the presence of a spoil field of;2 V/cm, and ionized by
applying a pulsed electric field of 20–120 V/cm. MATI ion
were then accelerated, drifted along the field-free region,
tected by dual microchannel plates~MCP, Jordan!, digitized
by an oscilloscope~LeCroy 9361!, and stored in a persona
computer which also controls two dye lasers and autotra
ers. To enhance the MATI signal, a scrambling field w
applied at the moment of laser excitation.7,8 For resonantly-
enhanced two-photon ionization~R2PI! spectra, ionization
occurred in the presence of the extracting electric field, a
thus directly-formed ion signals were monitored as a fu
tion of excitation energy. Absolute frequencies of dye la
outputs were calibrated within the accuracy of60.5 cm21

using the optogalvanic effect in an iron hollow-cathode lam
with Ne gas.

III. RESULTS AND DISCUSSION

R2PI and MATI spectra of 2-aminopyridines are pr
sented in the order of~a! molecular structures and norma
modes byab initio calculation, ~b! 2AP–NH2

1 (D0), ~c!
2AP–ND2

1 (D0), and ~d! 2AP–NHD1 and 2AP–NDH1

(D0). The relatively high PFI field applied for ionization o
ZEKE states often causes the underestimation of ioniza
energies compared to true values.1–4 The MATI peak shape
is found to be typically unsymmetric showing a long ta
in the red side of the peak. As the PFI field decreases,
example from 120 to 20 V/cm, it is found that the maximu
peak positions remains constant within61 cm21, while the
peak width decreases. Ionization energies and ionic vib
tional energies reported here are taken from MATI pe
positions at their maximum intensities. It should be not
that the benzene-type numbering system according to
23 is adopted here for labeling normal modes of
aminopyridines.

A. Molecular structures and normal modes
by ab initio calculation

According to our ab initio calculations using the
GAUSSIAN 98 program,24 the amino group of 2AP–NH2 in
both S1 and D0 states is in the molecular plane, while it
slightly bent in theS0 state, which is consistent with spec
troscopic evidence presented in previous other spectrosc
works.25,26It has been estimated in previous other works t
hydrogen atoms of the amino group are bent out of plane
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the pyridine ring by 32°.25,26 It should be pointed out thoug
that one of the hydrogen atoms is intramolecularly hydrog
bonded to the nitrogen atom on the pyridine ring~N1!. This
intramolecular hydrogen bond results in asymmetric str
ture of two amino-group hydrogen atoms, giving calcula
@DFT, RB3LYP, 6-31G~d!# bend angles of 17.4° and 29.1
for the hydrogen atom near to N1 and that of the other s
respectively. The existence of the intramolecular hydrog
bond between one of the amino-group hydrogen atoms
N1 is definitely proven in distinct R2PI spectra of 2AP
NHD and 2AP–NDH ~vide infra!. The C~2!–NH2 bond
length of 2AP–NH2

1 is found to be dramatically shortene
compared to that in the neutral state since a nonbond
electron on the amino N atom participates in the conjuga
with the aromatic ring to give the double-bond character
the C~2!–NH2 bond.27–29 This is the main reason why th
amino group of 2AP–NH2 becomes planar in the catio
state, which is similar to that for the conclusion that had be
drawn for the aniline ionization by the Reilly group.29 The
shortening of the C~2!–NH2 bond upon ionization should
give the deeper potential wells along the normal coordina
associated with C~2!–NH2 torsion, NH2 wag, or the other
out-of-plane NH2 motions, resulting in the higher vibrationa
frequencies for cations.

For clear identification of normal modes being referr
by labeling numbers,ab initio normal modes of 2AP–NH2

1

(D0) with their calculated vibrational frequencies lower th
1600 cm21 are shown in Figs. 1–3 along with correspondi
benzene-type labels and representations of vectors for
tive nuclear motions involved. Theab initio calculation is
carried out by theGAUSSIAN 98 program using the DFT-
UB3LYP method on the 6-31G1~d! basis set. Scaledab ini-
tio values ~scale factor50.9613! for 15 normal modes of
which vibrational frequencies are lower than 1600 cm21 are
also listed for 2AP–NH2

1, 2AP–ND2
1, 2AP–NHD1, and

2AP–NDH1 in Table I.

B. 2AP–NH2
¿

„D0…

The S1–S0 excitation spectrum of 2AP–NH2 taken via
the R2PI method is shown in Fig. 4. The origin band is fou
at 33 472 cm21. Since theS1–S0 excitation is ap* –p tran-
sition, the transition dipole moment is on the molecu

FIG. 1. Calculated normal mode descriptions for low-frequency out
plane vibrations of 2AP–NH2

1(D0). Labeling of normal modes is given
according to Ref. 23.
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plane. Only in-plane vibrational modes or even-quanta
out-of-plane modes are symmetry allowed. Relatively stro
bands are observed at 525, 823, and 1049 cm21 which are
attributed to in-plane modes of 6a, 1, and 18b modes, res
tively. These assignments are mostly consistent with thos
previous works,19,20 though labeling for normal modes ma
cause some confusion; for example, the 823 cm21 band is
assigned here as 1 instead of 12. Even quanta of out-of-p
modes mainly associated with the amino-group moiety m
tion are also strongly observed since the slightly b
2AP–NH2 molecule in the ground electronic state becom
planar in theS1 state. The 244 cm21 band is assigned to th
10b2 mode, which is mostly associated with NH2 wagging
motion, while the I2 ~inversion! mode of NH2 is apparently
observed at 911 cm21, Fig. 4.

1. MATI spectra via the S 1–S0 origin and 10b 2 (S1)
bands

The MATI spectrum taken via theS1–S0 origin band
shows the strongest peak at the second photon energ
31 928 cm21, giving the adiabatic ionization energy o
65 40064 cm21 ~8.108660.0005 eV! for 2AP–NH2, Fig. 4.
This ionization energy is;80 cm21 higher than the previ-
ously reported value of 65 320 cm21 ~8.099 eV!.21 Addi-

-

FIG. 2. Calculated normal modes for several in-plane vibrations
2AP–NH2

1(D0) in the 300–950 cm21 range.

FIG. 3. Calculated normal modes for several in-plane vibrations
2AP–NH2

1(D0) in the 950–1600 cm21 range.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 03 Se
TABLE I. Scaledab initio vibrational frequencies of 2AP–NH2
1, 2AP–ND2

1, 2AP–NHD1, and 2AP–NDH1 in
D0 states for low-frequency normal modes and some experimentally determined fundamental frequenc

D0 state

Assignment2AP–NH2
1 2AP–ND2

1 2AP–NHD1(NDH1)

Obs.~cm21! Calc. ~cm21! Obs.~cm21! Calc. ~cm21! Obs.~cm21! Calc. ~cm21!

157 159 154 157 ~157! 10b1

355 338 346 ~349! 16a1

355 383 346 339 352~351! 358 ~358! 151

435 418 423 ~422! 41

542 535 533 522 534~539! 532 ~525! 6a1

573 439 459 ~498! A1

599 589 600 586 598~598! 587 ~588! 6b1

640 661 627 ~665! 16b1

680 519 682 ~590! I1

836 822 813 793 816 ~795! 11

943 945 ~824! 945 ~949! 121

996 972 1007 985 985 ~987! 18a1

1086 1095 1067 1087 1088~1092! 18b1

1336 1370 1367~1329! 131

1535 1539 1541~1539! 9a1
7
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58
tional peaks are also weakly observed at 355, 599, and
cm21 higher than the ionization threshold, and these are
signed to be due to 151, 6b1, and 1512 modes, respectively
as listed in Table II. Scaledab initio values for 151 and 6b1

modes are 383 and 589 cm21, as listed in Table I, are quite
consistent with the experiment. In the MATI spectrum v
10b2 modes~244 cm21!, the 01–10b2 band is very weakly
observed. Meanwhile, the stronger peaks are observed a
and 514 cm21. Considering the propensity rule ofDy50, the
313 cm21 peak is assigned to 10b12 mode. This is close to
twice of the barely observable 157 cm21 band, which is most
likely due to the symmetry-forbidden 10b1–10b2 transition.
The ab initio value of 159 cm21 for the 10b1 mode is in

FIG. 4. ~a! TheS1–S0 excitation spectrum of 2AP–NH2. ~b! MATI spectra
taken via theS1–S0 origin, 10b2, 6a, 1, and 18bS1-state modes of
2AP–NH2.
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excellent agreement with this assignment. The more stron
observed 514 cm21 band could be assigned to 10b14 or the
other mode such as 16a12. The assignment for this mode i
not quite yet through, since the former requires the sev
anharmonicity in the 10b1 mode while the latter assignmen
is not likely due to the lack of Franck–Condon overlap b
tween theS1 andD0 states.

2. MATI spectra via the 6a, 1, and 18b (S 1) bands

The strongest peak is observed at the ionic vibratio
energy of 542 cm21 in the MATI spectrum via the 6a mode
providing its obvious assignment to the 6a1 mode of the
cation in Fig. 4. The origin band is only weakly observe
while the 6b1 band is relatively strongly observed at 59
cm21. It is interesting to note that the 6b1 mode is relatively
strong as observed in theD0–S1 MATI spectra, while the 6b
mode does not seem to be optically active in theS1–S0

spectrum, Fig. 4. This observation should be the con
quence of the ring deformation occurring upon ionizati
due to the participation of an electron of N atom into the ri
conjugation in the cation state. The combination band of 61

and 6b1 is observed at the vibrational energy of 1143 cm21,
and the first overtone of 6b1 is quite weakly found at 1200
cm21. The 899 cm21 band is due to 6a11151, and the small
peak at 1255 cm21 is ascribed to the 6a111512 mode. The
11 mode is very weakly observed at 836 cm21, while the
combination mode of the 1116a1 mode is more strongly
observed at 1378 cm21. The 1501 cm21 band should be due
to the 6a11959 cm21, which will be discussed later in this
section. The assignment is not quite certain for the 16
cm21 band.

The MATI spectrum taken via the 1 mode of theS1 state
~823 cm21! clearly shows that the corresponding 11 mode of
2AP–NH2

1 is located at 836 cm21, Fig. 4. Its first overtone
112 band is found at 1672 cm21. The 959 cm21 band is also
weakly observed, while the 111151 and 1116b1 bands
can be easily identified at 1194 and 1431 cm21, respectively.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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The bands at 996 and 1336 cm21 are tentatively assigned t
18a1 and 131 modes, respectively, from the comparison
the experimental andab initio values.

The 18b1 mode is found to have the vibrational ener
of 1086 cm21 as shown in the MATI spectrum via theS1 18b
mode~1049 cm21! in Fig. 6, which is quite consistent with
the correspondingab initio value of 1095 cm21, Table I. The
combination band of 6a1 and 6b1 modes is quite strongly
observed at 1142 cm21. Other combination bands o
18b116b1 and 18b1111 are also observed at 1687 an
1920 cm21, respectively.

3. Mode-resolved spectra of the 911 cm À1 (S1) band
and its MATI spectra

The most intriguing mode of 2AP–NH2 is the inversion
mode involving the out-of-plane motion of amino hydrog
atoms with respect to the molecular plane. According to
normal mode calculation as shown in Fig. 1, the invers
mode of 2AP–NH2

1 is mainly associated with the out-o
plane motion of the hydrogen atom which is hydroge
bonded to N1 on the pyridine moiety. As mentioned earl
and also reported in previous studies, the 911 cm21 band is
assigned to I2 modes in theS1 state.17–21 However, two
strong, well-separated MATI peaks located at 937 and
cm21 are found when the 911 cm21 band is used as an inte

TABLE II. Vibrational frequencies of 2AP–NH2
1(D0) and mode assign-

ments from various MATI spectra.

2AP–NH2
1; D, cm21a

AssignmentOrigin 10b2 6a 1 911 cm21b 18b

0 Origin
313 10b12

355 151

514 10b14 or 16a12?
542 6a1

599 599 6b1

712 1512

836 836 11

899 6a11151

937 I12

959 959 121

996 992 18a1

1086 18b1

1143 1142 6a116b1

1194 111151

1200 6b12

1255 6a111512

1336 1339 131

1378 1377 1116a1

1431 1116b1

1501 6a11959 cm21

1538 I1216b1

1561 12116b1

1658
1672 112

1687 18b116b1

1773 I12111

1797 121111

1895 I121121

1920 1920 1212 or 18b1111

aShifts from the ionization threshold.
bSee the text for the assignment.
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mediate state for ionization, as clearly shown in Fig. 5. O
is tempted to assign those striking spectral features as b
due to inversion doubling caused by tunneling through
inversion barrier in the cation state. However, it is very u
likely since the structure of 2AP–NH2

1 in its ground ionic
state is expected to be planar. The other possible explana
is that the 911 cm21 band in theS1 state is not just due to the
inversion mode only. For unraveling the mode-purity of t
911 cm21 band, we have used a novel experimental sche
in which the MATI signal is monitored while the first exc
tation energy to intermediate states is varied, as shown
Fig. 6. In this experimental scheme, the energy for
D0–S1 transition is fixed either at 31 9545origin19372911
or 31 9765origin19592911 cm21. Now, the laser wave-
length for theS1–S0 transition is scanned to give two differ
ent mode-resolved spectra for theS1 state. In this way, inter-
mediate states of which modes having the largest Fran
Condon factors with either 937 or 959 cm21 MATI band can
be separated out. When theD0–S1 energy is fixed at 31 954
cm21, the position and bandwidth of the 911 cm21 band is
found to be almost the same as the one in the R2PI spec
to give theA-band in Fig. 6. On the other hand, however, t

FIG. 5. The MATI spectrum taken via the 911 cm21 band of 2AP–NH2
(S1). TheS1–S0 excitation spectrum is also shown in the inset for compa
son.

FIG. 6. ~a! The excitation scheme for obtaining mode-resolved spectra.~b!
Mode-resolved spectra taken by monitoring the MATI signal as a function
S1–S0 excitation energy at a fixedD0–S1 excitation energy of 31 954 or
31 976 cm21, giving theA andB bands, respectively.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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bandwidth becomes much narrower and the maximum p
position is slightly shifted to the higher frequency of 911
cm21 when theD0–S1 excitation energy is fixed at 31 97
cm21, giving theB-band in Fig. 6. SinceA and B bands in
theS1 state are so closely spaced in their vibrational ene
it is not trivial to separate them out spectroscopically ev
with the higher spectral resolution. In this sense, the mo
resolved spectra first introduced in this work could be
tremely useful in resolving overlapping bands without us
ultrahigh resolution spectroscopic tool.

This experimental finding indicates that the 959 cm21

MATI band has the mode character identical to that of
B-band, while the 937 cm21 band in MATI should be corre-
lated to theA-band in terms of its vibrational mode charact
Assignments for those peaks inD0 and S1 states are no
unambiguous at this time. However, the plausible assignm
can be made based on the experimental fact that the
cm21 and its combination bands are observed in MATI sp
tra taken via 6a and 1~vide supra!, which suggests that th
959 cm21 mode may belong to one of in-plane ring skele
modes. From the comparison withab initio values, the most
probable mode responsible to 959 cm21 is 121. This means
that the 937 cm21 mode is due to I12 mode of 2AP–NH2

1.
And also, it suggests that theA-band may be due to I2 mode,
while theB-band can be ascribed to 12 mode in theS1 state.
The A-band is certainly broader than theB-band, which
might imply the existence of strong couplings to dark sta
in the S1 state. Therefore, intensity borrowing of the 1
mode from Franck–Condon active I2 mode might be also
possible. High resolution spectroscopic works though wo
be desirable for further refinement of assignments.

According to the above assignment, many ionic vib
tional bands in the MATI spectrum via 911 cm21 are as-
signed, as listed in Table II. The 992 and 1339 cm21 bands
are due to 18a1 and 131 modes, respectively. The 6a1

111 mode is observed quite strongly at 1377 cm21. The
1538, 1773, 1895 cm21 bands are ascribed to combinatio
bands of the I12 mode with 6b1, 11, and 121 modes, re-
spectively. Meanwhile, it is found that the 1561 and 17
cm21 bands are due to combination modes of 121 with 6b1

and 11 modes, respectively. The first overtone of the 11

mode is also observed at 1920 cm21 in the MATI spectrum
in Fig. 5.

C. 2AP–ND2
¿
„D0…

The R2PI (S1–S0) spectrum of 2AP–ND2 is shown in
Fig. 7. The origin band is found to be located at 33 4
cm21. Relatively strong bands due to in-plane ring-skele
modes of 6a, 1, and 18b modes are observed at 513, 813
1023 cm21, respectively. These vibrational frequencies a
only slightly redshifted compared to those of 2AP–NH2, in-
dicating that corresponding ring modes are hardly associ
with the amino group motion. The 975 cm21 band is also
strongly observed and this is assigned to be due to the
(S1) mode. The 10b2 mode of theS1 state is found at 235
cm21. The most dramatic spectral change upon
NH2/ND2 substitution is found for the I2 mode. The 911
cm21 band that was strongly observed in the 2AP–NH2 spec-
trum completely disappeared in the 2AP–ND2 spectrum. In-
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stead, two new bands located at 636 and 713 cm21 appear
relatively strong in theS1 state spectrum, as shown in Fig.
One expects the large H/D isotopic shift for the inversi
mode. Thus, it is most likely that one or both of these tw
bands should be responsible for the I2 mode in theS1 state.
MATI spectra taken via 636 and 713 cm21 S1 bands show
interesting spectral patterns indicating that these two ba
are strongly mixed to each other.

1. MATI spectra via the S 1–S0 origin and 10b 2 (S1)
bands

The MATI spectrum of 2AP–ND2 taken via theS1–S0

origin band shows the strongest peak at the second ioniza
energy of 31 888 cm21, giving the adiabatic ionization en
ergy of 65 35364 cm21 for 2AP–ND2, Fig. 7. Low-
frequency peaks are weakly observed at 346, 600, and
cm21, which correspond to 151, 6b1, and 1512 modes, re-
spectively. Scaledab initio frequencies for 151 and 6b1

modes of 2AP–ND2
1 are 339 and 586 cm21, respectively,

which are quite consistent with the experiment. The MA
spectrum via the 10b2 mode shows the relatively strong ban
at 304 cm21 due to the 10b12 mode. Similar to the case o
2AP–NH2

1, the other strong band is also observed at 4
cm21 ~vide supra!.

2. MATI spectra via the 6a, 1, 18a, and 18b (S 1) bands

Since in-plane ring skeletal modes are not so sensitiv
the NH2/ND2 isotopic substitution, MATI spectroscopi
works on 2AP–ND2

1 are concentrated on identifying its fun
damental vibrational bands rather than exploring ma
weakly-observed combination bands. In Fig. 7, MATI spe
tra taken via 6a, 1, 18a, and 18b (S1) bands are shown al
together. As being expected, strongest peaks in MATI rep
sent corresponding ionic vibrational modes. Accordingly,

FIG. 7. ~a! TheS1–S0 excitation spectrum of 2AP–ND2. ~b! MATI spectra
taken via theS1–S0 origin, 10b2, 6a, 1, 18a, and 18bS1-state modes of
2AP–ND2.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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6a1 mode is responsible for the strongly observed 533 cm21

in the MATI spectrum taken via the 6a (S1) band. Similarly,
the 813, 1007, and 1067 cm21 bands are found to be mos
strong in MATI spectra via 1, 18a, and 18b modes in theS1

state, respectively, indicating that those bands are due to
damentals of 11, 18a1, and 18b1 modes of 2AP–ND2

1,
Table I. The ND2/NH2 isotopic substitution effect for thes
in-plane ring modes is predicted byab initio calculation to
give approximately;97/100 ratios for vibrational frequen
cies of 2AP–ND2

1 with respect to those of 2AP–NH2
1, Table

I. This prediction is quite consistent with our experimen
observations.

3. MATI spectra via the 636 and 713 cm À1 (S1) bands

It is not unambiguous to assign not only the 636 and 7
cm21 bands in theS1 state but also many MATI bands ass
ciated with those bands. However, there are some interes
spectral features~Fig. 8! that can give some clues for ban
assignments. First, all of MATI peak positions associa
with 636 cm21 (S1) are identical to those associated wi
713 cm21 (S1). Second, however, intensity patterns of MAT
peaks in the 636 cm21 MATI spectrum are quite differen
from those in the 713 cm21 MATI spectrum. That is, strong
peaks in the MATI spectrum via 636 cm21 are relatively
weak in the MATI spectrum taken via 713 cm21, and vice
versa. Third, most of strongly observed MATI peaks a
quite blueshifted from theS1 vibrational frequencies. The
experimental fact that peaks positions are same in b
MATI spectra in Fig. 8 suggests that the 636 and 713 cm21

bands in theS1 state may originate from the same mod
However, distinct intensity patterns in two different MAT
spectra indicate that the 636 and 713 cm21 bands may have
characteristics of mixed modes. For instance, ifjth andkth
modes are mixed to giveaC j1bCk or aC j2bCk states,
corresponding Franck–Condon factors associated with u
states would result in interference spectral intensity patte
because of the quantum mechanical effect. That is, s
MATI peaks via theaC j1bCk intermediate state may b
relatively strong where those via theaC j2bCk state are
weak, and vice versa. Though this is the simplest version
the plausible scenario, it explains the interference pattern
intensities observed in this work.

FIG. 8. MATI spectra taken via~a! 636 and~b! 713 cm21 S1-state bands of
2AP–ND2.
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The most probable mode to be coupled with invers
mode is the ND2 torsional mode. Both inversion and to
sional modes are out-of-plane modes, and they are expe
to be strongly coupled to each other especially since b
modes are mainly associated with the amino group mo
motion.30 According to ab initio calculation as above, the
C~2!–ND2 bond in the ionic state is expected to be shorten
compared to that in theS1 state, giving the higher potentia
barrier for ND2 torsion in the ionic state compared to that
theS1 state. Therefore, the torsional vibrational frequency
expected to be blueshifted in the ionic state compared to
in the S1 state, which is consistent with the experimen
observation. The strongest MATI peaks are observed at io
vibrational energies of 897 and 981 cm21 in the MATI spec-
trum taken via the 636 cm21 (S1) band, indicating that vi-
brational frequencies associated with the most similar mo
to that of the 636 cm21 band are quite blueshifted upon ion
ization. Similarly, the peaks at 861, 1019, and 1105 cm21 are
strongly observed in the MATI spectrum via the 713 cm21

(S1) band. Assignments for MATI peaks associated with 6
and 713 cm21 bands are not quite certain at this time. How
ever, it is most likely that those bands are associated with
mixed character of inversion and amino-group torsi
modes. Theoretical calculation of the potential energy s
faces along these modes would be desirable to unders
these interesting spectral features.

D. 2AP–NHD¿ and 2AP–NDH ¿
„D0…

The S1–S0 excitation spectrum of the 2AP–NHD an
2AP–NDH mixture is shown in Fig. 9~a!. Since masses o
two isomers are identical, it is nontrivial to separate them
spectroscopically. Thus the hole-burning spectroscopic te
nique is employed to identify vibrational bands belonging
each isomer. Two distinctS1–S0 origins located at 33 474
and 33 460 cm21 are assigned to those of 2AP–NHD an
2AP–NDH, respectively. Though it seems to be nontrivial
determine which origins are exactly responsible for wh
isomers, there are several evidences that will be discus
later for the above assignment. It should be emphasi
again that we refer to 2AP–NHD or 2AP–NDH as the is
mer of which H or D is hydrogen-bonded to the N~1! atom of

FIG. 9. ~a! The R2PI spectrum of the mixture of 2AP–NHD and 2AP
NDH. Hole-burning spectra corresponding toS1–S0 excitation spectra of
~b! 2AP–NDH and~c! 2AP–NHD.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the pyridine ring, respectively. The pump laser fixed eithe
33 474 or 33 460 cm21 depopulates 2AP–NHD or 2AP–
NDH, respectively, to give hole-burning spectra represen
S1 vibrational spectra of 2AP–NDH or 2AP–NHD in Figs
9~b! or 9~c!, respectively. Vibrational energies associat
with ring-skeletal modes are almost the same for two i
mers. The 10b2 modes of theS1 state are found at 243 an
237 cm21 for 2AP–NHD and 2AP–NDH, respectively. In
teresting spectral features are found for bands due to in
sion modes of two isomers. Similar to the case of 2AP–N2,
the 921 cm21 band which is responsible for the inversio
mode is found in the 2AP–NHD spectrum. Meanwhile,
the spectrum of 2AP–NDH, two bands associated with
inversion mode are found at 646 and 719 cm21, as similarly
observed in the spectrum of 2AP–ND2. These observation
are quite consistent with the normal mode calculation for
inversion mode~vide supra!. That is, since the inversion
mode mainly involves the motion of H~D! which is
hydrogen-bonded to N~1! of pyridine ring, corresponding in
version vibrational frequencies of 2AP–NHD and 2AP
NDH are almost identical to those of 2AP–NH2 and
2AP–ND2, respectively. This is one of the main reasons w
the 33 474 or 33 460 cm21 bands are assigned to origins
2AP–NHD or 2AP–NDH, respectively.

1. MATI spectra via the S 1–S0 origin and 10b 2 (S1)
bands

MATI spectra of 2AP–NHD and 2AP–NDH taken vi
the S1–S0 origin bands show the strongest peaks at the s
ond ionization energies of 31 911 and 31 910 cm21, respec-
tively, giving adiabatic ionization energies of 65 38564 and
65 37064 cm21 for 2AP–NHD and 2AP–NDH, respec
tively, Figs. 10 and 11. This difference of ionization energ
can be explained by the difference of zero-point vibratio

FIG. 10. ~a! The R2PI spectrum of the 2AP–NHD and 2AP–NHD mixtur
~b! MATI spectra of 2AP–NHD taken via the origin, 10b2, 6a, 1, and 12

(S1) modes as intermediate states.
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energies of two isomers. Interestingly, the zero-point ene
difference of two isomers in their cationic states is calcula
to be&1 cm21, while that in the ground states of 2AP–NH
and 2AP–NDH is calculated to be 11 cm21.24 The zero-point
energy of 2AP–NHD is calculated to be less than that
2AP–NDH, giving the higher ionization energy for 2AP
NHD. This is also consistent with the above isomeric assi
ment. Low-frequency MATI peaks are weakly observed
352 ~351!, 598 ~598!, and 705~702! cm21, corresponding to
1511, 6b11, and 1512 modes, respectively, of 2AP–NHD1

(2AP–NDH1). Scaledab initio frequencies for 151 and
6b1 modes of 2AP–NHD1 (2AP–NDH1) are 358~358!
and 587~588! cm21, which are quite consistent with th
experiment. In MATI spectra via 10b2 modes, the relatively
strong band is observed at 308~304! cm21 due to the 10b12

mode of 2AP–NHD ~2AP–NDH!. Experimentally deter-
mined fundamental frequencies are compared with theab
initio calculation in Table I.

2. MATI spectra via the 6a, 1, and 18b (S 1) bands

In Fig. 10, MATI spectra taken via 6a and 1 (S1) bands
of 2AP–NHD are shown all together. The MATI band
strongly observed at the ionic vibrational energy of 5
cm21, which is ascribed to the 6a1 mode in the MATI spec-
trum via the 6a (S1) band at 514 cm21. The 6b1 mode is also
observed at 598 cm21 in the same spectrum. The 810 cm21

band is found to be most strong in the MATI spectrum tak
via the 1 mode in theS1 state, and ascribed to the fundame
tal of 11 mode. Similarly, in Fig. 11, the 6a1 and 6b1 modes
of 2AP–NDH1 are observed at 539 and 598 cm21, respec-
tively, in the MATI spectrum taken via the 6a (S1) mode at
523 cm21. The 18b1 mode of 2AP–NDH1 is found to have
the vibrational energy of 1079 cm21 in the MATI spectrum
taken via the 1041 cm21 S1 band.

FIG. 11. ~a! The R2PI spectrum of the 2AP–NHD and 2AP–NDH mixtur
~b! MATI spectra of 2AP–NDH taken via the origin, 10b2, 6a, 18b (S1)
modes as intermediate states.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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3. MATI spectra via the 921 cm À1 (S1) band for
2AP–NHD and those via the 646 and 719 cm À1

(S1) bands for 2AP –NDH

The MATI spectrum taken by the 921 cm21 band in the
S1–S0 spectrum of 2AP–NHD gives several bands, one
which may correspond to the inversion mode
2AP–NHD1, Fig. 10. No doubletlike feature, which ha
been observed in the MATI spectrum of 2AP–NH2 for the
inversion mode, is observed in the MATI spectrum of 2AP
NHD. This indicates that the 921 cm21 band of 2AP–NHD
(S1) is not associated with more than one vibrational mo
verifying again that the doubletlike feature observed in
2AP–NH2 MATI spectrum is not due to splitting caused b
an inversion barrier~vide supra!. It is not unambiguous a
this time though to assign the inversion mode
2AP–NHD1 just from the MATI spectrum in Fig. 10. Tha
is, even though it is most plausible for the 1071 cm21 band
to be due to the I12 mode, the strongest MATI peak is ob
served at the vibrational energy of 1277 cm21. The more
detailed spectroscopic work would be desirable for the m
reliable inversion mode assignment.

Similar to the case of 2AP–ND2, MATI peaks associated
with 646 and 719 cm21 bands of 2AP–NDH are identical in
terms of their spectral positions while showing interferen
patterns in their intensities. However, it is quite notewort
that MATI spectral patterns of 2AP–NDH1 are so different
from those of 2AP–ND2

1, even though theS1 state vibra-
tional spectra of those molecules are almost identical. C
pared to the 2AP–ND2

1 spectra, MATI spectra via 646 an
719 cm21 (S1) bands of 2AP–NDH are found to be muc
simpler. The strongest peak is observed at the vibratio
energy of 924 cm21 in the MATI spectrum via the 646 cm21

(S1) band, while MATI peaks at 870 and 980 cm21 show
relatively weak intensities, as shown in Fig. 12. On the ot
hand, in the MATI spectrum taken via the 719 cm21 (S1)
band, MATI peaks are most strongly found at 870 and 9
cm21. Meanwhile, the 924 cm21 MATI band is only weakly
observed in the 719 cm21 (S1) MATI spectrum. Since the
inversion mode of 2AP–NDH is mainly associated in t
out-of-plane motion of the amino D atom, the inversion fr
quency of 2AP–NDH1 is not expected to be largely shifte
from that of 2AP–ND2

1. Therefore, the main reason wh
MATI spectra of 2AP–NDH1 and 2AP–ND2

1 are so differ-

FIG. 12. MATI spectra of 2AP–NDH taken via the~a! 646 and~b! 719
cm21 (S1) bands.
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ent to each other would be due to the frequency differenc
the amino-group torsional modes of two ions, which a
coupled to their own inversion modes. Actually, it is true th
the amino-group torsional frequency of 2AP–NDH1 should
be blueshifted from that of 2AP–ND2

1. Detailed and more
reliable assignments for MATI peaks associated with 6
and 719 cm21 bands of 2AP–NDH1 should wait accurate
theoretical calculation of the multidimensional potential e
ergy surfaces along inversion and torsional motion of
amino group moiety of the title molecule.

IV. SUMMARY AND CONCLUSIONS

In this work, the R2PI and MATI spectra of jet-coole
2-aminopyridines (2AP–NH2, 2AP–ND2, 2AP–NHD, and
2AP–NDH! are reported. TheS1–S0 excitation spectra pro-
vide accurateS1 state vibrational frequencies of these mo
ecules for optically active modes including ring-skeletal a
amino-group inversion modes. Two structural isomers, 2A
NHD and 2AP–NDH, are spectrally well separated in th
S1 states using the hole-burning spectroscopy, giving ac
rate excited state vibrational frequencies belonging to e
isomer. Ionization energies, from MATI spectra, are precis
determined to be 8.1086, 8.1027, 8.1067, and 8.1048 eV
2AP–NH2, 2AP–ND2, 2AP–NHD, and 2AP–NDH, respec
tively. Many ionic vibrational bands of those compounds a
investigated by MATI spectra taken via various vibration
modes inS1 states. Mode assignments are appropriately d
by the comparison of the experiment with theab initio cal-
culation. The amino-group inversion mode in theS1 state is
found to be responsible for the 911 or 921 cm21 band for
2AP–NH2 or 2AP–NHD, respectively. Meanwhile, it is
found to be split into two bands at 636~646! and 713~719!
cm21 for 2AP–ND2 ~2AP–NDH!. Interferencelike intensity
patterns between MATI spectra taken via those two s
bands are observed for both 2AP–ND2 and 2AP–NDH, sug-
gesting that the inversion mode is strongly coupled with
other mode, which is most probably the amino-group t
sional mode. Accurate theoretical calculation of potential
ergy surfaces along inversion and torsional modes of
amino-group moiety would be necessary for the better und
standing of mode couplings and associated intriguing MA
spectra. Mode-resolved spectra for the 911 cm21 band of
2AP–NH2 (S1) are obtained by monitoring MATI signals a
a function of theS1–S0 excitation energy while theD0–S1

second ionization energy is fixed. This new excitati
scheme would be quite valuable for resolving the spectr
into different modes without using high-resolution lase
Many biological molecules form inter- or intramolecular h
drogen bonds and undergo charge transfers. In such se
2-aminopyridines could be important model compounds
studying structures and functions of biological systems. U
derstanding vibrational motions of these molecules in exc
and cationic states, therefore, would eventually contribute
thorough understanding of biological systems in detail.

Note added in proof.After submission of this paper, i
was noticed that the MATI spectrum for one of the fo
molecules studied in this work was independently repor
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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very recently.31 Energetics are consistent with those in th
work.

ACKNOWLEDGMENTS

This work was financially supported by the Korean R
search Foundation~KRF-2001-015-DP0242! and the Brain
Korea 21 program. Helpful discussion with Dr. Byungjo
Kim is also acknowledged. The authors also thank Dr. W.
Tzeng for references.

1E. W. Schlag,ZEKE Spectroscopy~Cambridge University Press, Cam
bridge, 1998!, and references therein.

2K. Müller-Dethlefs and E. W. Schlag, Annu. Rev. Phys. Chem.42, 109
~1991!.

3K. Müller-Dethlefs, M. Sander, and E. W. Schlag, Chem. Phys. Lett.112,
291 ~1984!.

4I. Fischer, R. Lindner, and K. Mu¨ller-Dethlefs, J. Chem. Soc., Farada
Trans.90, 2425~1994!.

5L. Zhu and P. Johnson, J. Chem. Phys.94, 5769~1991!.
6H. Krause and H. J. Neusser, J. Chem. Phys.97, 5923~1992!.
7S. T. Park, S. K. Kim, and M. S. Kim, Nature~London! 415, 306 ~2002!.
8S. T. Park, S. K. Kim, and M. S. Kim, J. Chem. Phys.114, 5568~2001!.
9J. W. Hepburn, Chem. Soc. Rev.25, 281 ~1996!.

10K. Kimura, J. Electron Spectrosc. Relat. Phenom.100, 273 ~1999!.
11D. Lee, S. J. Baek, K.-W. Choi, Y. S. Choi, and S. K. Kim, Bull. Korea

Chem. Soc.23, 277 ~2002!.
Downloaded 03 Sep 2003 to 143.248.34.202. Redistribution subject to A
-

.

12H. Ozeki, C. R. Cockett, K. Okuyama, M. Takahashi, and K. Kimura,
Phys. Chem.99, 8608~1995!.

13H. Krause and H. J. Neusser, Chem. Phys. Lett.213, 603 ~1993!.
14O. Dopfer and K. Mu¨ller-Dethlefs, J. Chem. Phys.101, 8508~1994!.
15C. Lakshminarayan, J. M. Smith, and J. L. Knee, Chem. Phys. Lett.182,

656 ~1991!.
16K. T. Lu, G. C. Eiden, and J. C. Weisshaar, J. Phys. Chem.96, 9742

~1992!.
17J. M. Hollas, H. Musa, and T. Ridley, J. Mol. Spectrosc.104, 89 ~1984!.
18J. M. Hollas, H. Musa, and T. Ridley, J. Mol. Spectrosc.104, 107 ~1984!.
19J. W. Hager and S. C. Wallace, J. Phys. Chem.89, 3833~1985!.
20J. W. Hager, G. W. Leach, D. R. Demmer, and S. C. Wallace, J. P

Chem.91, 3750~1987!.
21B. Kim, N. Thantu, and P. M. Weber, J. Chem. Phys.97, 5384~1992!.
22B. Kim, C. P. Schick, and P. M. Weber, J. Chem. Phys.103, 6903~1995!.
23G. Varsanyi,Assignments for Vibrational Spectra of Seven Hundred B

zene Derivatives~Wiley, New York, 1974!.
24M. J. Frisch, G. W. Trucks, H. B. Schlegelet al., GAUSSIAN 98, Revision

A.6 Gaussian, Inc., Pittsburgh, PA, 1998.
25R. A. Kydd, Spectrochim. Acta, Part A35, 409 ~1979!.
26R. A. Kydd and I. M. Mills, J. Mol. Spectrosc.42, 320 ~1972!.
27M. Takahashi, H. Ozeki, and K. Kimura, J. Chem. Phys.96, 6399~1992!.
28X. Zhang, J. M. Smith, and J. L. Knee, J. Chem. Phys.97, 2843~1992!.
29X. Song, M. Yang, E. R. Davidson, and J. P. Reilly, J. Chem. Phys.99,

3224 ~1993!.
30W. J. McCarthy, L. Lapinski, M. J. Nowak, and L. Adamowicz, J. Che

Phys.108, 10116~1998!.
31J. L. Lin, R. H. Wu, and W. B. Tzeng, Chem. Phys. Lett.353, 55 ~2002!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp


