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NH stretching vibrations of jet-cooled aniline and its various derivatives were observed in the neutral and
cationic ground states. Infraredltraviolet double-resonance spectroscopy was utilized for the observation

in the neutral ground state, and autoionization-detected infrared spectroscopy was used in the measurement
of the cationic ground state. Low-frequency shifts of the NH frequencies were seen upon ionization, though
the magnitude of the shifts was much smaller than those of the OH stretching vibrations observed for phenol
derivatives. NH vibrational frequencies of meta and para isomers of aniline derivatives showed a positive
correlation with the Hammett parameters of the substituents in the neutral ground state, while a negative
correlation was found for the cationic ground state. Intramolecular hydrogen bond formation was found for
o-cyanoaniline in both the neutral and cationic ground states based on the infrared spectra of deuterated
isotopomers as well as theoretical calculations, showing that the hydrogen bond strength is remarkably enhanced
upon ionization.

I. Introduction cation would greatly contribute toward understanding this

] characteristic behavior of the amino group upon ionization,
In a series of our recent papers, we have reported athoygh it has not yet been done.

development of a new technique called autoionization-detected Recently, NH stretching vibrations in hydrogen-bonded
infrared (ADIR) spectroscopy, which enables us to carry out ¢sier cations involving aniline have extensively been studied
infrared (IR) spectroscopy of isolated bare molecular cations  g|ycidate microsolvation structures concerned with the amino
in molecular beam;® We applied this technique to various groupl5-26 These cluster studies have reported enhancement
phenol derivative cations and determined OH stretching vibra- 5¢ ihe hydrogen bond strength upon ionization of the aniline
tional frequencies of these cations. In thq case of phenol, themoiety. This enhancement is similar to that of the hydrogen-
OH frequency showed a low-frequency shift of 123 ¢rapon bonded phenol cluster cation, indicating similar behavior in
ionization, which is interpreted in terms of the mixing of the acidity of the proton donor site (the amino and hydroxyl
quinoid charactet-* As for ortho (0)-substituted phenols, it was groups)?’-30 On the other hand, no example has been reported
found that intramolecular hydrogen bond strength between the oy intramolecular hydrogen bond in aniline derivative cations.
hydroxyl and neighboring proton accepting groups is remarkably T interpret IR spectra of the cluster cations and also to study
enhanced upon ionizatich® The o-cresol p-methylphenol)  jntramolecular hydrogen bonds in cations, information on the
cation is the most remarkable example, exhibiting an uncon- NH stretching vibrations in bare molecular cations has been
ventional intramolecular hydrogen bond in which the methyl gtrongly required.

group plays a role of the proton acceptor, while such an vjiprational frequencies of cations have often been obtained
intramolecular hydrogen bond has never been found in its neutralby conventional time-of-flight and zero-kinetic energy (ZEKE)

state, as is well-knowh? For meta (m)- and para (p)-substituted  yotoelectron spectroscopyet24 but the NH stretching vibra-
phenols, on the other hand, it was found that their OH frequency (ions have never been observed because of their very low
shifts in their cationic ground state strongly depend on the jniensity in electronic transitions and of band congestion at the

substituents, while all of their neutrals do not exhibit such a high vibrational energy region. Nakanaga et al. applied IR
clear dependenceSince the m- and p-substituents have no gpectroscopy to the aniline cation by using the “messenger”
p053|b|I_|ty _of formmg intramolecular hydrogen bonds even in techniqués In this technique, the anilineAr cluster cation was
the cationic state, it has been suggested that there must bgyrepared by resonance-enhanced multiphoton ionization (REM-
characteristic electronic interactions between the hydroxyl group py) of the corresponding neutral cluster, and the IR absorption
and substituted functions through the covalent bonds in the gue to the NH stretching vibrations was detected by monitoring
cationic aromatic ring. vibrational predissociation of the cluster cation. They observed
Despite such a recent development in the study of OH the NH stretch bands at 3395 and 3488&im the aniline-Ar
stretching vibrations in aromatic cations by using the newly cluster cation. Because the NH stretching bands of bare neutral
developed IR techniques, NH stretching vibrations in bare aniline are seen at 3422 and 3508 ¢pnthe low-frequency shifts
aromatic cations have scarcely been obset¥tds well-known of the NH vibration upon the ionization are estimated to be
that the amino group in aniline has a nonplanar structure in the —27 and —20 cnt?, respectivelyt> The validity of such a
neutral ground state ¢§ but it turns out to be quasi-planar in  messenger technique, however, is quite dependent on the
the cationic ground state gp'~1* The determination of the = magnitude of perturbations due to the Ar atom attachment,
precise NH stretching vibrational frequencies in the aniline which may not be negligibly smatl?5:35-37 |n fact, Solcaand
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Dopfer produced anilineAr cluster cations by using a pick-

up type ion source and demonstrated the presence of a more

stable isomer cluster cation which exhibits much larger low-
frequency shifts of the NH vibratior8. In this respect,
unambiguous observation of the vibrational frequencies of the
bare aniline cation without any perturbations due to solvation
is highly desired to provide a definitive conclusion on the NH
frequency shifts upon ionization.

Gerhards and co-workers observed the NH stretching vibra-
tion in the indole cations in a molecular beam by using their
original IR technique called IR/PIRP.2%-38They found a low-
frequency shift of the NH vibration by 71 crh upon ioniza-
tion.10 This is the unique example so far for the NH stretching
vibration in isolated aromatic cations.

In the present paper, as a series of applications of ADIR
spectroscopy, we report the investigation of NH stretching
vibrations in the cationic ground stated)®f jet-cooled aniline
and its various derivatives. The NH frequencies of the jet-cooled
neutral species are also measured by using infranéicaviolet
(IR—UV) double-resonance spectroscopy for comparison. Sub-
stituent effects on the NH stretching vibrations in m- and
p-substituted anilines (methylaniline, fluoroaniline, cyanoaniline,
and methoxyaniline) are discussed. In the o-substituted aniline
cations (methylaniline, fluoroaniline, and cyanoaniline cations),
intramolecular hydrogen bond formation between the amino

group and the neighboring substituent is probed by the observa-

tion of the NH frequency. Details of the intramolecular hydrogen
bond of o-cyanoaniline are also studied on its deuterated
isotopomers. Density functional theory (DFT) calculations are
carried out to confirm the observed intramolecular hydrogen
bonds in o-substituted anilines.

Il. Experiment

The NH stretching vibrations of jet-cooled aniline and its
derivatives in the neutral ground statg)(&re observed by IR
UV spectroscopy? ! The ADIR spectroscopy is employed for
the observation of the NH stretching vibrations ig. Bl of
these techniques are described elsewhere in détéllOnly a
brief description is given herein.

A. IR —UV Double-Resonance Spectroscopy forgSAn UV
laser pulse of which wavelength is fixed at the origin band of
the §—S transition of the molecule is introduced, and the
REMPI signal is monitored as a measure of the population in
So. An IR laser pulse is introduced prior to the UV laser pulse,

and its wavelength is scanned. When the IR laser frequency is

resonant with the NH stretching vibration(s) of the molecule in
Sy, the reduction of the vibrational ground-state population
occurs, and the depletion of the REMPI signal intensity is
observed.

B. ADIR Spectroscopy for Molecular Cations in Dy. ADIR
spectroscopy is an application of the concept of photoinduced
Rydberg ionization (PIRI) spectroscopy, which has been used
to observe electronic transitions of molecular catit#fSVery
high Rydberg statesi(= 80—100) of the molecule converging
on the adiabatic ionization energy level € 0) are prepared
by two-color double-resonance excitation via the-S, transi-
tion. The structure of the ion core of the Rydberg molecule can
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Figure 1. NH stretching vibrational region of IR spectra of (a) aniline

and (b-1) monosubstituted anilines in the neutral ground stat. (S
The IR-UV double-resonance technique is used to measure the spectra.

by the autoionization, an IR spectrum of the ion core, which
can be regarded as a spectrum of the bare cation, is observed.
A pulsed electronic field is used to extract the ions into a time-
of-flight mass spectrometer.

The samples were heated to 3400 K to obtain enough
vapor pressure, and their vapor was seeded in He or Ar of 4
atm stagnation pressure. The gaseous mixture is expanded into
a vacuum chamber through a pulsed valve. A typical background
pressure of the chamber was<61076 and 8x 1077 Torr with
and without the valve operation, respectively. The jet expansion
was skimmed by a skimmer of 2 mm diameter, and the resultant
molecular beam was introduced into the interaction region. A
time-of-flight mass spectrometer was used for the mass separa-
tion of ions.

In the measurement of deuterated isotopomers, a sample
deuterated in its amino group was prepared by vacuum
distillation of the sample dissolved in deuterated water.

Ill. Results

A. S1— Electronic Spectra.Both of the IR-UV and ADIR
spectroscopic techniques utilize the-S, electronic transition
to measure IR spectra in thg &d D states, respectively. The
electronic spectra of jet-cooled aniline and its derivatives have
been extensively studied->° The §—S; origin band positions
have been determined as follows: aniline, 34 029-tm
o-methylaniline, 34 316 cmt; mmethylaniline, 33 813 crt,;
p-methylaniline, 33 086 cmt; o-fluoroaniline, 34 583 cmt;

be regarded as the same as that of the bare molecular ion. Amm-fluoroaniline, 34 614 cm'; p-fluoroaniline, 32 652 cmt;

IR laser pulse is introduced with a few nanoseconds delay after
the excitation of the Rydberg states, and its wavelength is
scanned. When the IR laser excites the vibration of the ion core,
the total & electronic and vibrational) energy of the Rydberg

states exceeds the first ionization threshold, and vibrational
autoionization occurs. By monitoring the ion current generated

o-cyanoaniline, 31270 cm}; m-cyanoaniline, 31 716 crd;
p-cyanoaniline, 33 481 cm; o-methoxyaniline, 33 874 cm;
and p-methoxyaniline, 31 581 cr.

B. IR Spectra in . Figure 1 shows IR spectra irp 8f the
NH stretching vibrational region for (a) aniline, (bymethyl-
aniline, (c)m-methylaniline, (d)p-methylaniline, (e)o-fluoro-
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aniline, (f) mfluoroaniline, (g)p-fluoroaniline, (h)o-cyanoani-
line, (i) mcyanoaniline, (jjp-cyanoaniline, (kp-methoxyaniline,
and (I) p-methoxyaniline. The IRUV double-resonance spec-
troscopic technique is utilized to measure the spectra, and the
UV laser wavelength is fixed at theSS, origin band of the
sample. Two NH stretching vibrations of the amino group are
readily identified in all the IR spectra, in which the lower
frequency band is attributed to the symmetric NH streteh (
and the higher is to the antisymmetric NH stretah).( For
example, the’s andv, bands of aniline in §occur at 3421 and
3508 cnt?, respectively. The NH frequencies of jet-cooled
aniline have been reported by Nakanaga e¥alnd the present
results agree well with them. An IR spectrumpafyanoaniline

in a jet has also been observed by Sakota &t alnd is
reproduced well in our measurement.

(a) aniline (Sp)

(b) aniline

(c) o-methylaniline

(d) m-methylaniline

(e) p-methylaniline

(f) o-fluoroaniline

(g) m-fluoroaniline

The vs and v, bands of aniline derivatives exhibit low- or
high-frequency shifts with respect to those of aniline, depending
on the substituent; the NH stretches in all of methylanilines and
methoxyanilines are low-frequency-shifted, while those in all
cyanoanilines are shifted to the high-frequency side. As for

fluoroanilines, the o- and m-isomers show high-frequency shifts
though the p-isomer shows a low-frequency shift. The magnitude

of the NH frequency shifts is quite smak82 cnt?) in all the
aniline derivatives observed.

In the case of o-substituted aniline derivatives, intramolecular
hydrogen bond formation is expected between the amino group
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and the neighboring substituent. As seen in Figure 1, however, Figure 2. NH stretching vibrational region of IR spectra of (b) aniline

the vs andv, bands of the o-isomers are very close to those of
the m- and p-isomers of the same substituent, representing n

and (c-i) monosubstituted anilines in the cationic ground statg.(D
The ADIR spectroscopic technique is used to measure the spectra.

OSpectrum a is the IR spectrum of aniline i 8produced for

clear indication of intramolecular hydrogen bond, such an comparison.

extraordinarily large low-frequency shift of the NH bands, which

was observed in the case of the OH bands of phenol deriva-

tives#6 Detailed examination on intramolecular hydrogen bonds
will be described in section IV.C together with the presentation
of IR spectra of deuterated isotopomers.

C. IR Spectra in Do. The NH stretching vibrational region
of aniline and its derivatives in is shown in Figure 2. The

the other hand, the; andv, bands of the-methylaniline cation
shift to the high-frequency side similar to those of the m- and
p-isomer cations. Such a remarkably large NH frequency shift
in the o-cyanoaniline cation is regarded as a clear indication of
the intramolecular hydrogen bond of the amino group with the
neighboring cyano group. Further discussion based on the

ADIR spectroscopy is applied to measure the IR spectra of the deuterated isotopomers will be described in section IV.C.

cations. Despite the IR spectra in, SADIR spectra ofp-
cyanoaniline and-methoxyaniline in [3 were not obtained,
because the FranelCondon factor to the vibrational ground
level in their i is so small that enough number of the molecules
cannot be pumped to their high Rydberg states.

Similar to the spectra ingStwo bands in all the IR spectra
in Dg are easily assigned i@ andv;; those of the aniline cation
are seen at 3393 and 3486 thnrespectively, and the corre-

D. DFT Calculations of Vibrational Spectra. To obtain
structural information on aniline and its derivatives in&hd
Do, DFT calculations are carried out, and their reliability is
examined by the comparison between the observed and calcu-
lated IR spectra of the NH stretching vibration. The energy
optimized structures of aniline, methylaniline, fluoroaniline, and
cyanoaniline in $and D are calculated at the B3LYP/6-31G-
(d, p) level®! and their IR spectra in the NH stretch region are

sponding bands of the m- and p-substituted aniline cations aresimulated on the basis of the energy-optimized structures with
very close to those of the aniline cation. With respect to the the harmonic approximation. All the calculations are carried
NH frequency shifts due to the substituent in the cations, it is Out by using the Gaussian 98 program packégégure 3 shows
noticed that the directions of the shifts are opposite to those in the comparison between the observed and simulated IR spectra.

S. The NH frequencies of them and p-methylanilines,
p-fluoroaniline, andp-methoxyaniline cations show the high-
frequency shifts, while those of the-fluoroaniline andm-
cyanoaniline cations shifted to the low-frequency side. It is also
worth noting that the magnitude of the shifts i Bue to the
substitution is rather smaller than those in S

Among the o-substituted aniline cations, where intramolecular

hydrogen bond formation is expected, theand v, bands of
theo-cyanoaniline cation show remarkable NH frequency shifts
from those of the aniline cation. The magnitude of the shifts is
—53 and—35 cn1? for vs and v, respectively, and they are
much larger than those of thercyanoaniline cation. The
o-fluoroaniline cation also shows a low-frequency shift, but the
magnitude is much smaller than thecyanoaniline cation. On

In the simulated spectra, the scaling factors of 0.957 and 0.953
are applied to all the calculated NH stretching frequencies in
S and Dy, respectively. These scaling factors are determined
for the calculated NH frequencies of aniline to be fitted to the
observed ones. The simulated IR spectra reproduce well the
observed spectra, especially the tendency of the NH frequency
shifts depending on the substituents in bajlagd Dy. Therefore,

we conclude that this level of calculations gives us quantitatively
reliable structural information.

IV. Discussion

A. NH Stretching Vibrations in the Aniline Cation. The
vs andv, bands of aniline in Pappear at 3393 and 3486 cin
respectively. Boths andv, show the low-frequency shifts upon
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R — Figure 4. Plot of the NH stretching vibrational frequencies of m- and

p-substituted anilines in (Svs Hammett's o parameters of the

v v WMM
I I (h) o-cyanoaniline substituents: W) symmetric NH stretching vibrationa() antisymmetric

NH stretching vibration. The parameters are taken from ref 56. Note
A \ the presence of positive correlation between the NH frequencies and

I (i) m-cyanoaniline | the o parameter (see text).

(i) p-cyanoaniline in the --bonded cluster cation, in which Ar is located on the
I l aromatic ring. On the basis of the present result, it is concluded
3400 3500 3300 3400 3500 that the perturbation from the Ar atom to the NH group is
wavenumber (cm-1) wavenumber (cm-1) essentially negligible in suchabonded structure. On the other
Figure 3. Comparison between the observed and simulated IR spectrahand, the pick-up type ion source prepares cluster ions
of (a) aniline and (b)) substituted anilines in (left)Sand (right) B. predominantly in the most stable structé?é®3"The hydrogen-

The simulated spectra are represented as bar graphs under the observdzbnded structure, in which Ar is bound to the H atom of the
ones. The calculat_ion level for the spectral _simulation is B3LYP/6- amino group, is estimated as the most stable form of the cluster.
819(3(3d,p). In tlhedsmulllatﬁd Splecltfa, otlhe scahnghfact?rs of 0.957 agd The much larger NH frequency shifts from the bare cation are

953 are applied to all the calculated NH stretching frequencies in S ooy evidence for the production of the hydrogen-bonded
and Dy, respectively. . >

structure. Such a presence of structural isomers in Ar cluster

ionization, and the shifts are28 and—22 cnt?, respectively. ca}tions. demonstrates that_ the “messenger” teqhnique to deter-
These frequency shifts are somewhat surprisingly small in Mine vibrational frequencies of.mole.cular cations has to be
respect of the significant structural change (the nonplanar careful_ly used for spectroscopic evidence in the structure
structure to the planar structure) of the amino group upon the analysis»3>37
ionization1-14 This behavior of the NH group is in contrast to B. Substitution Effects on the NH Stretching Vibrations
that of the hydroxyl group in phenol, whose OH stretching in the m- and p-Substituted Anilines. Thevs andv, bands of
vibrational frequency shows a low-frequency shift of 123ém  substituted anilines show characteristic frequency shifts from
upon ionizatiort# Both of the amino and hydroxyl groups are those of aniline both in Sand Dv. In the case of the m- and
strongly conjugated with the aromaticbonds in aniline or in p-substitution, intramolecular hydrogen bond formation is not
phenol. In the case of phenol, the low-frequency shift of the geometrically possible. The NH frequency shifts due to the m-
OH frequency associated with ionization is explained in terms and p-substitution are, then, attributed to electronic effects by
of the mixing of the quinoid character, in which the electrons the substitution through the valence bond. Such a substitution

in the O—H bond are transferred to form the=® bond?:53 effect on the stretching frequency has been also observed for
Such small shifts of the NH stretches upon ionization suggest the OH stretching vibrations of jet-cooled phenol derivatives.
the conjugation of the amino group is not so extensivejm®  In the case of the OH stretch, the frequency shift due to the
was found for the hydroxyl group. substituent is quite small in the neutrak10 cnt?l) but is

Thewvs andv, frequencies of the bare aniline cation have been remarkably enhanced upon the ionization (up to 709mNo
estimated by those of the aniliné\r cation. Nakanaga et al. ~ such drastic enhancement of the frequency shift is found for
reported that the anilineAr cluster cation produced by REMPI  the NH stretch, but the moderate frequency shift8% cnt?)
of the neutral cluster shows thg andv, bands at 3394.5 and  occur in both $and D.

3488 cnT1l, respectivel\t> On the other hand, Sol@d Dopfer As for aniline derivatives in & a positive correlation between
prepared the cluster ions by using a pick-up type ion source the NH frequency shift and the Hammettigparameter of the

and observed NH bands at 3381 and 3477 kmespectively?® substituent has been reported on the basis of IR spectroscopy
The NH frequency shifts from the bare aniline cation are only in CCl, solutions®*3% The present jet-cooled IR spectra also
1.5 and 2 cmt in the former case but are12 and—9 cnttin support the previous result in the bulk study. A plot of the NH
the latter case. The difference of the NH frequencies is attributed frequencies of jet-cooled substituted anilines ip \& the

to the difference of the cluster structures which depends on theHammetto values of the substituents is shown in Figure 4. In
preparation method8.The REMPI production method results  this plot, theo values are taken from ref 56, and the NH
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hydrogen bond formation between the amino group and the
neighboring substituent is expected. Prior to examination of the
observed IR spectra of the NH stretching vibrations, here we
first discuss spectral indications for intramolecular hydrogen
bond formation of the amino group.

In the aniline cation, the symmetrie and antisymmetric
(va) NH stretching modes are expressed as a linear combination
of the two NH local oscillators, which are degenerated in the
zero-order approximation. The two local oscillators are equiva-
lent so that the energy splitting between the two modes would
be quite symmetric with respect to the degenerated zero-order
energy. On the other hand, in o-substituted anilines, in which
an intramolecular hydrogen bond is expected, one of the two
NH local oscillators interacts with the proton-accepting group
through intramolecular hydrogen bond formation, so that the

0.2 0.0 0.2 0.4 0.6 frequency reduction takes place only for the interacting local
Hammett's o parameter oscillator. Thus, the degeneracy is lifted, and the energy of the
Figure 5. Plot of the NH stretching vibrational frequencies of m- and ~ Other oscillator is left unchanged. Finally, the coupling between
p-substituted anilines iy, vs Hammett'so parameters of the  the two nonequivalent oscillators leads to a minor splitting, and
substituents: W) symmetric NH stretching vibrationa( antisymmetric we also call the resulting modes the symmetric and antisym-
NH stretching vibration. N'ote the presence ohegatie correlation metric NH vibrations, although the contributions of the two NH
between the NH frequencies and ihgarameter (see texy). local oscillators are not evenly weighted; the symmetric NH
stretch contains more the hydrogen-bonded NH component,
while the free NH contributes more to the antisymmetric NH
stretch. An important feature of the intramolecular hydrogen
bond formation in substituted anilines is that the magnitude of
the frequency reduction is no longer to be equal for the
symmetric and antisymmetric NH stretches; the symmetric
stretch shows a larger low-frequency shift than the antisym-
metric NH stretch.

In this study, we examined the NH stretching vibrations in
S of four o-substituted anilines, as seen in Figure 1; however,
no one shows a distinct low-frequency shift of the NH bands
with respect to the band positions of aniline. Moreover, the
o-isomers tend to show rather slightly higher NH frequencies
than the corresponding m- and p-isomers. The results suggest
that the intramolecular hydrogen bond is not formed or is
extremely weak in these aniline derivatives i Bhe perturba-
tion on the NH vibrations from the o-substituents is so small
that the frequency shift is totally canceled by more remarkable
d substituent effects through the valence bonds. These results on

the aniline derivatives are in sharp contrast to neutral o-

NH stretching vibrational frequency (cm-1)

frequencies of o-substituted anilines are excluded to avoid the
perturbation due to the intramolecular hydrogen bond. A positive
correlation is clearly seen for both the NH symmetric and
antisymmetric stretching vibrations; the stronger electron-
withdrawing group causes the larger high-frequency shift while
the stronger electron-donating group induces the larger low-
frequency shift. On the other hand, the substitution effect in
the cations is in sharp contrast to that in the neutrals. Figure 5
shows a plot of the NH frequency in the cations vs the Hammett
o of the substituent. The o-substituted anilines are excluded also
in this plot. In the case of the cations, the plot indicates a clear
negatie correlation for both the NH symmetric and antisym-
metric vibrations; the stronger electron-withdrawing group
causes the larger low-frequency shift while the stronger electron-
donating group induces the larger high-frequency shift.

A simple explanation can be given for the negative correlation
in the cations. When aniline is ionized, the positive charge in
the aromatic ring attracts the valence electrons in theHN
bonds into the ring, resulting in the reduction of the force fiel
of the N—H bond, i.e., the low-frequency shifts of the NH . . . . .
frequency. The substitution by an electron-withdrawing group substituted phenolfs:"°® The OH stretching vibrations in
increases the positive charge on the ring and enhances th{)—fluorophenol,o-methoxyphenol, and-cyanophenol show the

weakening of the NH bond, while the electron-donating group W-fr(_aquency shifts of 26, 60, and 71 cfy (espectively, due
decreases the positive charge and reduces the low-frequenc o the intramolecular hydrogen bond formation. The much lower

shift upon the ionization. In the valence bond picture, such a proton-plonating apility of the amino group than the hydroxyl
transfer of the electron density from the—N bond to the group is responsible for the absence of the apparent low-

aromatic ring (increase of the positive charge on the amino frequency shift in o-substituted anilines in. The nonplanar

group) can be interpreted as an increase of tHe(@pinoid) structure of the a_lmino group i rovides a poor spatial overlap
character of the amino group between the amino proton and the electron cloud of the acceptor,

On the other hand, the positive correlation i Shich has and it also inhibits a firm formation of an intramolecular
already reported in the bulk study, has also been attributed to hydrogen bond.
enhancement of the 3pharacter with increase of the positive ~ Though onlyo-methylaniline shows very small low-frequency
charge on the amino grodpss However, the present study shifts in & among the o-substituted anilines, it would be
clearly demonstrates that increase of the positive charge in theattributed to the electronic effect through the aromatic ring; the
amino group, and the resultingpybridization should cause ~ Proton acceptability of the methyl group is extremely low so
a low-frequency shift of the NH vibration, as seen in the cations. that no hydrogen bond formation i B expected:® The larger
The conventional explanation for the positive correlationgn S low-frequency shifts in the m- and p-isomers support this
is highly questionable when we refer the NH frequencies in the Interpretation.
cations. At the present stage, it is difficult to give a simple  As for the o-isomers in i) we observed the NH stretches in
explanation to the substitution effect .S o-methyl, o-fluoro, ando-cyanoaniline. Both of thes and v,

C. Intramolecular Hydrogen Bond in o-Substituted bands of theo-cyanoaniline cation show remarkable low-
Anilines. In the case of o-substituted anilines, intramolecular frequency shifts with respect to the corresponding bands of the
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NHD- '

» 3359

T T T Il T 1 T
3450 3500 3550 3400 3500
Wavenumber (cm-1) Wavenumber (cm-1)

Figure 7. IR spectra of the deuterated isotopomers-afyanoaniline

are much smaller than those of tbhecyanoaniline cation, it
shows the similar feature that the frequency reduction is larger
for vs (Avs = —11 cnml) than forv, (Ava = —4 cnm). In the
case of theo-methylaniline cation, the NH frequencies are
slightly high-frequency shifted than those of the aniline cation,
and no clgar indication of the intramolecular hydrogen bond in () S and (b) O, The bar graphs under the observed specira are
formation is seen. simulated IR spectra at B3LYP/6-31G(d,p). In the simulated spectra,

Though the large NH frequency shifts of thecyanoaniline the scaling factors of 0.957 and 0.953 are applied to all the calculated
cation strongly suggest the intramolecular hydrogen bond NH stretching frequencies ino@nd Iy, respectively. Vertical arrows
formation, electronic effects due to the substitution through the seen in the spectra of the NDH-isotopomer indicate the averaged
chemical bonds also can contribute to the shifts; a strong reauency of the symmetria:§ and antisymmetrici¢) NH stretching
electron-withdrawing cyano group may cause the similar low- vibrations of aniline.

frequency shifts in B as discussed in section IV.B. To find  cation shows a low-frequency shift of 9 cfrfrom the average
which factor is more important for the NH frequency reduction, frequency of thevs and v, bands of the aniline cation (3440
we carried out the observation of deuterated isotopomers of theem-1), and this shift is attributed to the substitution effect
o-cyanoaniline cation. Shown in Figure 6 is the origin band through the aromatic ring. An interesting feature is that the NH
region for the $-S transition of deuterated isotopomers of stretch bands of the NHD- and NDH-isotopomers of
o-cyanoaniline. Because of the partial deuteration of the amino cyanoaniline exhibit different frequencies even i ®ie NH

group, four bands corresponding to the NHNDH-, NHD-, stretch band of the NHD-isotopomer is found at 3472 &m
and ND-isotopomers appear in the spectrum. Here NBg+- while that of the NDH-isotopomer appears at 3505 &nThis
isotopomer represents that the H atom is sitting at the transmeans that the intramolecular hydrogen bond is actually formed
position with respect to the cyano group, while tNeiD- even in $, and the low-frequency shift due to the hydrogen

isotopomer means that the H atom is at the cis position to the hond is so small that it is hidden by the high-frequency shift
cyano group. These assignments of the isotopomer bands arejue to the electronic effect. The shifts due to the hydrogen bond
based on the IR spectra as described below. and substitution effect are evaluated to-b&3 and-+41 cn?,

IR spectra of the isotopomers of cyanoaniline gna@d Dy respectively, by the same estimation method of the shift as the
are shown in Figure 7. When one of the H atoms in the amino cation. The NH frequency shift due to the intramolecular
group is deuterated, the coupling between the NH and ND local hydrogen bond becomes about twice upon ionization, indicating
oscillators is known to be practically negligible because of a a remarkable enhancement of the hydrogen bond strength in
large frequency difference between these two oscill&fbss, Do. This enhancement of the hydrogen bond strength is mainly
that the observed NH frequency can be regarded as theattributed to the increase of the positive charge on the amino
frequency of the local oscillator itself. Therefore, the NH group. The similar enhancement of the hydrogen bond strength
frequency of the NDH-isotopomer reflects only the electronic has been observed in various o-substituted phénéfsin the
effect of the cyano substitution through the aromatic ring, and case ofo-cyanoaniline, the structural change of the amino group
that of the NHD isotopomer is affected by both the electronic from the nonplanar to the planar form also contributes to the
effect and the intramolecular hydrogen bond. Because the enhancement because the latter form provides a better spatial
electronic effect through the aromatic ring should be common overlap between the amino proton and thelectron cloud of
in the NHD- and NDH-isotopomers, the difference between the the cyano group.

NH frequencies of the NHD- and NDH-isotopomers represents  Theoretical calculations also support the distinction between
the contribution due to the intramolecular hydrogen bond the hydrogen bonding and the electronic substitution effect
formation. obtained from the experimental results on the deuterated

The NH stretch bands of the NHD- and NDH-isotopomers isotopomers. The simulated IR spectra of the isotopomers at
of the o-cyanoaniline cation are found at 3359 and 343t¥m  B3LYP/6-31G(d,p) are also shown in Figure 7 together with
respectively. The NH frequency difference of 72dncan be the observed ones. The scaling factors of 0.957 and 0.953 are
regarded as the frequency shift due to the intramolecular applied for the calculated frequencies ge®d Dy. These scaling
hydrogen bond. The NH frequency of the NDH-isotopomer factors are determined for the best fit in aniline, as described in
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(a) SO (b) Do (a) o-cyanoaniline (b) m-cyanoaniline
3428| | = NH2-  |3376 3491 ra 10080  rp101.01 ra101.00 fp 101.01
S N B (101.46) (101.80) (101.46) P (101.47)
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e I SR T, e IR
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2
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Figure 8. Simulated IR spectra of the NH stretching vibrations in
deuterated isotopomers af-cyanoaniline in (a) Sand (b) . The
calculation level is B3LYP/6-31G(d,p). The scaling factors of 0.957
and 0.953 are applied to all the NH stretching frequenciesiard
Do, respectively. (c) o-fluoroaniline (d) m-fluoroaniline
section III.D. The NH frequency differences between the NHD-  r5 101.03 rh 101.07 ra 101.04 rh 101.04
(101.37) (101.48) (101.37) (101.41)

and NDH-isotopomers are clearly reproduced by the calculations
for both the $ and D states. For comparison, the same level
of calculations are also carried out for deuterated isotopomers 11507 _y\}
of mcyanoaniline, where intramolecular hydrogen bond forma- )
tion is not feasible due to the geometrical restriction, and we
confirm that the NHD- and NDH-isotopomersmfcyanoaniline
show no NH frequency difference, as seen in Figure 8. These
calculations clearly demonstrate that the NH frequency differ-
ence between the NHD- and NDH-isotopomersoafyano-
aniline is attributed to the intramolecular hydrogen bond.

. As seen in Figures 3 and 7, the .BSLYP/6—3lG(d,p) Ca.ICUIa_ Figure 9. Key structural parameters of energy optimized structures at
tions reproduce well the characteristic low-frequency shifts of 3| yp/6-31G(d,p) for (a)o-cyanoaniline, (b)m-cyanoaniline, (c)

the NH stretches in-cyanoaniline, indicating that the energy-  o-fluoroaniline, and (d)m-fluoroaniline in $ and Q. Values in the
optimized structure at this calculation level is reliable enough parentheses are parameters inlnits of the bond distances and angles

to discuss the intramolecular hydrogen bond. In Figure 9a,b areare pm and degree, respectively.
displayed key geometrical parameters of the energy-optimized
structures foo- andm-cyanoaniline in $and Oy (the parameters  state that the OH stretching frequencyostyanophenol (3586
in Dg are seen in parenthes&8)n both the o- and m-isomers, cm1) is lower than that ofo-methoxyphenol (3599 cm),
the nonplanar amino group iy &nd the planar structure ingD ~ whose substituent is a typical proton acceptor having lone pair
are also reproduced, and the-N bond length is extended in  electrons*>” The low-frequency shifts of the OH vibration of
both the species upon ionization. The intramolecular hydrogen these molecules from that of phenol (3657 ¢jrcan be mainly
bond formation should result in the longerN bond distance. attributed to the intramolecular hydrogen bond. Therefore, it is
In the § o-isomer, the “cis” N-H bond length i) is 0.21 pm concluded thab-cyanophenol forms a stronger intramolecular
longer than the “trans” NH bond length (). The asymmetry hydrogen bond tham-methoxyphenol, indicating the strong
of the N—H bond lengths becomes more significant upon proton acceptability of the cyano group rather than the methoxy
ionization; the cis N-H length is 0.34 pm longer than the trans group.
N—H. This shows a sharp contrast to the case of the m-isomer, The NH stretching vibrations of-fluoroaniline show the
where the cis and trans-N\H lengths are almost identical,(— similar behavior to those af-cyanoaniline upon ionization,
r, = 0.01 pm) in both §and Oy, and it supports that the  though the magnitude of the frequency shifts is much smaller
intramolecular hydrogen bond does exist in the o-isomer. The for o-fluoroaniline. Such characteristic NH frequency shifts
CNH angles [Ja anddb in Figure 9a,b) also show an indication strongly suggest the presence of the intramolecular hydrogen
of the intramolecular hydrogen bond. In accordance with the bond with the neighboring fluorine atom. The optimized
increase of the intramolecular hydrogen bond strength upon structure ofo-fluoroaniline at B3LYP/6-31G(d,p) is illustrated
ionization, Ob becomes much smaller thdma in Dy. This in Figure 9c, and it clearly shows asymmetry between théiIN
suggests that the cyano group attracts more strongly the cis Hbond lengths; the cis NH length is longer than the transNH
atom in the cation. The distance between the cis proton and thelength. Though the asymmetry is quite small ig, & is
cyano group I() is remarkably reduced upon ionization. This remarkably enhanced upon ionization. This is consistent with
is mainly attributed to the structural change of the amino group the observed IR spectra, where the spectrumgirst®ws no
from the nonplanar to the planar form. This change also clear evidence of the intramolecular hydrogen bond, while the
contributes to the enhancement of the intramolecular hydrogenremarkable low-frequency shifts occur ir.0For comparison,
bond strength upon ionization. the optimized structure af-fluoroaniline is also presented in

In the intramolecular hydrogen bond ofcyanoaniline, the ~ Figure 9d. The two N-H bond lengths are quite similar in both
m-electrons of the cyano group accept the proton of the amino So and Dy, indicating that the lengths of the cis and transHl
group. Such a-hydrogen bond is generally much weaker than bonds should be practically identical with no effect of intramo-
conventionab-hydrogen bonds, and it is somewhat unexpected lecular hydrogen bond formation.
that the remarkable intramolecular hydrogen bond is formed in  In our previous IR study of cresol (methylphenol), we found
cyanoaniline. It has been, however, found for the neutral ground that an unconventional intramolecular hydrogen bond between

re 232.20 q

\ (229.98) Ya Zb
s 115.23 —““\J"‘— 115.43
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113.97
(120.45)
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the methyl and hydroxyl groups is created upon ionizatibn. (5) Fuijii, A.; Fujimaki, E.; Ebata, T.; Mikami, NChem. Phys. Lett.
The OH stretching vibrations of o-, m-, and p-isomers of cresol 199?6)30'31_?n?2ki .. Fuii. A: Ebata. T.: Mikami. N0, Chem. Phy<2000
in S show no significant difference in frequency. However, 115137, I B UL A o T -y

only the OH band of the o-isomer cation exhibits a distinct low- (7) Fujimaki, E.; Matsumoto, Y.; Fujii, A.; Ebata, T.; Mikami, N.
frequency shift of 25 cm' from those of other isomer cations, ~ Phys. Chem. £00Q 104, 7227.

representing the presence of the intramolecular hydrogen bond., (g) Fujii, A.; Mikami, N. J. Electron Spectrosc. Relat. Phend00Q
These results indicate that the methyl group acts as an acceptor () Fujii, A.; Patwari, N. G.; Ebata, T.; Mikami, NInt. J. Mass
of the hydroxyl proton in the intramolecular hydrogen bond of Spectrom2002 220, 289.

the o-methylphenol cation. The similar OH frequency shift _ (10) Unterberg, C.; Jansen, A.; Gerhards,MChem. Phy200Q 113
characteristic only in the o-isomer cation was _also .found in (m Lister, D. J.: Tyler, L. K.; Hog, J. H.; Larsen, M. \Wl. Mol. Struct.
ethylphenof Though the nature of this unconventional intramo- 1974 23, 153.

lecular hydrogen bond, i.e., the proton acceptability of the alkyl ~ (12) Sinclair, W. E.; Pratt, D. WJ. Chem. Phys1996 105 7942.
group in the aromatic cations, is still under a controversial | l(jli’) C’;/r|1ee$rl1(’ %h{zglgglérgtza'ﬁi l’V"SO“rW-? Viswanathan, K. S.; Reilly,
i ,9,61-63 § i i Ry ' ! '

!Ssue’? mtera,u_:tlon bgtwgen th,e amino and me,thyl groups (14) Piest, H.; von Helden, G.; Meijer, @. Chem. Phys1999 110,
in the o-methylaniline cation is quite interesting with respect 2010.

to the understanding of the unconventional hydrogen bond found Ph(15)LNaligggg§éI-;4 Iﬁ, F.; Miyawaki, J.; Sugawara, K.; TakecChem.
; ; ; ys. Lett. .

in the alkyl_p_henol (_:atlons. However, the NH stretches in t_he (16) Schmid, R, P.: Chowdhury, P. K.: Miyawaki, J.: Ito, F.: Sugawara,
o-methylaniline cation show only small high-frequency shift = ¢ -"Nakanaga, T.; Takeo, H.; Jones, Bhem. Phys1997 218 291.
compared with the NH stretches in the aniline cation, and no  (17) Nakanaga, T.; Sugawara, K.; Kawamata, K.; ltoCRem. Phys.
clear evidence for such an intramolecular hydrogen bond is Lett. 1997 267, 491. .

found. The proton-donating ability of the amino group is much 30518) Nakanaga, T.; Kawamata, K.; Ito, Ehem. Phys. Letl997, 279,
Iovyer than that in the hyd'roxyl group, and the Iqw-frequency (19) Chowdhury, P. K.; Sugawara, K.; Nakanaga, T.; TakecChem.
shift due to the unconventional hydrogen bond might be totally Phys. Lett1998 285 77.

hidden by the larger high-frequency shift caused by the (20) Gerhards, M.; Unterberg, @ppl. Phys. A200], 72, 273.

- - . - (21) Sakota, K.; Yamamoto, N.; Ohashi, K.; Sekiya, H.; Saeki, M;
electronic substitution effect through the aromatic ring, even if Ishiuchi, S.: Sakai, M.. Fuji, MChem. Phys. LetR001, 341, 70.

it is also formed in theo-methylaniline cation. (22) K. Ohashi, K.; Inokuchi, Y.; Nishi, N.; Sekiya, KChem. Phys.
Lett. 2002 357, 223.
V. Concluding Remarks (23) Honkawa, Y.; Inokuchi, Y.; Ohashi, K.; Nishi, N.; Sekiya, Ehem.

Phys. Lett2002 358 419.
In this work, we applied IR spectroscopy to jet-cooled aniline _ (24) Inokuchi, Y.; Ohashi, K.; Honkawa, Y.; Sekiya, H.; Nishi, Shem.

and substituted anilines and determined their precise NH Ph{zsé)l_g[glzéoaolﬁ.?gglopzfgf.O.Eur. J. Phys. D2002 20, 469.

stretching frequencies in bothy 8nd Dy. The NH frequency of (26) Solca N.; Dopfer, O.J. Phys. Chem. 2002 106, 7261.
the aniline derivative in &shows a positive correlation with (27) Sawamura, T.; Fujii, A.; Sato, S.; Ebata, T.; Mikami, N.Phys.

the Hammetis parameter of the substituent. Upon ionization, Chem.1996 100, 8131. oo
. (28) Fuijii, A.; Ebata, T.: Mikami, NJ. Phys. Chem. 2002 106, 8554.
the NH frequency of the amino group shows the low-frequency (29) Fujii, A Ebata, T.. Mikami, NJ. Phys. Chem. 2002 106, 10124.

shift whose magnitude depends on the substituent, representing (30) Kieinermanns, K.; Janzen, C.; Spangenberg, D.; Gerhards, M.
a negative correlation with the parameter. Phys. Chem. A999 103 5232. _

The NH frequency shifts iro-cyano- ando-fluoroaniline (31) Takahashi, M.; Ozeki, H.; Kimura, K. Chem. Phys1992 96,
indicate the intramolecular hydrogen bond formation with the (33 Lin, J. L.: Tzeng, W. BPhys. Chem. Phys. Che@00Q 2, 3759.
neighboring proton-accepting group. A remarkable enhancement (33) Lin, J. L.; Tzeng, W. BJ. Chem. Phys2001, 115, 743.
of the intramolecular hydrogen bond strength upon ionization _ (34) Lin, J. L.; Lin, K. C.; Tzeng, W. BJ. Phys. Chem. 2002 106,
was found. Especially in the case ofcyanoaniline, the IR (35) Yeh, L. I.; Okumura, M. Myers, J. D.; Price, J. M.; Lee, Y.T.
spectra of the deuterated isotopomers gave us a clear evidenCehem. Phys1989 91, 7319.
for the hydrogen bond formation. The DFT calculations (36) Fuijii, A.; Fujimaki, E.; Ebata, T.; Mikami, NJ. Chem. Phy200Q
reproduced well the observed NH frequency shifts, and the 112 6275.
energy-optimized structures support the presence of the in- (o) SolcaN. Dopfer, O.J. Phys. Chem. 2001 105 5637.

. - (38) Gerhards, M.; Schiwek, M.; Unterberg, C.; KleinermannsCKem.
tramolecular hydrogen bond in these isomers. In both the phys. Lett.1998 297, 515.

o-cyanoaniline ando-fluoroaniline cations, the NH bond (39) Zwier, T. S.Annu. Re. Phys. Chem1996 47, 205.
extension due to the intramolecular hydrogen bond is extremely __(40) Ebata, T.; Fujii, A.; Mikami, NInt. Rev. Phys. Chem1998 17,
small, and its magnitude is estimated to be-0D13 pm in the (41) Brutschy, B.Chem. Re. 200Q 100, 3891.

DFT calculations. The present experimental results demonstrate (42) Taylor, D. P.; Goode, J. G.; LeClaire, J. E.; Johnson, F1.\ghem.

the high potential of IR spectroscopy to probe extremely weak Phys.1995 103 6293.
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