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The vibrational spectra of the NHtretching modes of the anilirduran complex and its cation in a supersonic

jet have been measured by infrared depletion spectroscopic methods. Two absorption bands have been observed
at 3409 and 3497 cm in the spectrum of the neutral anilinréuran complex, which is red-shifted from the
corresponding bands of aniline monomer by 12 and 11*craspectively. The main intermolecular interaction

of the complex has been found to be a weak hydrogen bond between the NH bond of aniline and the lone
pair of the oxygen atom of furan. As for the anilinfiran cation complex, two strong absorption bands have

been observed at 3315 and 3446 ¢in the infrared spectrum. In this case, the main intermolecular interaction

has been found to be the Nirdtype hydrogen bond between one of the NH bonds andrtbkectron of the

aromatic ring of furan. The difference between the interactions of the neutral and the cation complexes has
been discussed.

Introduction (v1 > v,). The correlation between the vibrational modes for
the NH-o type interaction will be discussed later.

The hydrogen bond plays important roles in various systems, When the NH bond interacts with the lone pair of the acceptor

and there are plenty of research works on the hydrogen bondmolecule, the NH stretching vibration shows a large red shift

in bulk phases, especially by infrared spectroscbRecent
progress in the cluster science has made it possible to study thethat strongly depends on the types and the strength of the

nature of the hydrogen bond by observing the infrared spectrum intermolecular interaction. This effect appears as a correlation
of the cluster in a supersonic jet in which the number of between the frequency shift and the basicity of the acceptor

interacting molecules is well-definéd® Among the new molecule such as the proton affinity oKp value. This

; : . ._.correlation is especially significant in the aniline complex cation.
spectroscopic methods, infrared depletion spectroscopy, wh|ch_|_he red shift of the stretching mode of the free NH bofdy,
utilizes the IR-UV double resonance and REMPI-TOF mass . . : -
spectrometry, enables us to measure the infrared spectrum 0§hows a linear correlanon_wnh the value of the prot?;w affinity
the hydrogen-bonded clusters with relatively high sensitivity Of the acceptor molecule in the range 3@DO kJ/mof.
and mass selectivit{® On the other hand, the infrared spectrum of the aniline

Aniline has been used as a model molecule to study the COMPIExes whose main interaction is the MHype hydrogen

hydrogen bond interaction through the NH bond by infrared bon.d is quite djfferent from that of the NHltype interaction.
depletion spectroscopy since it is the simplest amine with an Until now, the infrared spectra of three neutral complexes and
aromatic ring and it is easy to measure its REMPI spectrum, WO complex cations of the Ni#-type interaction have been
There are two kinds of hydrogen bonds that have been observed®Ported:>*°In the case of the neutral complex, the Ngtoup

in the aniline complexes. One is the hydrogen bond with a lone interacts with the aromatic ring, and the frequency shifts of the
pair (o-electron)?12 and the other is that with an aromatic ring NH2 stretching vibrations do not depend on the acceptor
(r-electron)!2-15 There is also a significant difference between Molecule. In the case of the cation complex, one NH bond
the infrared spectra of the two. Hereafter, the former case will interacts with the aromatic ring, and the observed shifts were

be referred to as NH-type and the latter NHe type. Ava ~ 40 cnt and Avs ~ 80 cnm*.1® In both cases, the red
Since aniline has two equivalent NH bonds, there are two shifts do not seem to depend on the nature of the acceptor
NH stretching modes, the N$ymmetric stretchinggym) and molecule.

the NH, antisymmetric stretchingvgnisy) modes. When one Furan is a simple heterocyclic aromatic ring molecule and

of the NH bonds interacts with an acceptor, the local symmetry has the isoelectronic structure with pyrrole whose aniline

disappears and they should be called the stretching mode ofcomplex has already been investigated by the infrared depletion
the interacting NH bondifi—nong and that of the free NH bond ~ spectroscopy. Since the atomic orbital of the lone pair of the

(Vi—fre9. ON the other hand, van der Waals (vdW) or Nid oxygen atom is only partially mixed with the-orbital of the

type complexes have local symmetry around the,Njrbup ring, the aromaticity of furan is not as strong as pyrrole, and
and the notation should be the same as in the monomer. In thisthe oxygen atom can act as the acceptor. For this reason, it is
paper, the red shift will be defined asvs = vsym — v2 and difficult to say whether the main interaction is the NiHtype

AVA = Vantisym — V1, Wherevsym and vanisymare the frequency  or the NHo type in the aniline-furan complex. In the present

of the NH, symmetric and antisymmetric stretching modes of work, the vibrational spectra of the NHtretching vibrations

the aniline monomer, respectively, and and v, are the of aniline—furan complex and anilinefuran complex cation
frequencies of the NH stretching modes of the aniline complex have been measured using the infrared depletion spectroscopic
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Spectra of the Aniline Furan Complex

technique, and the structure and the nature of the intermolecular

interaction of these complexes has been discussed.

Experimental Section

The infrared spectra of the aniliréuran complexes were
measured using the ion depletion technique, which utilizes the
IR—UV double resonance or infrared predissociation. The details
of the experimental apparatus are given elsewhere.

The aniline-furan complex was prepared in a supersonic
expansion of a mixture of aniline (the vapor pressure at room
temperature), furan (166400 Pa), and He (150 kPa). The higher
partial pressure of furan made the UV excitation spectrum poor.
The gas mixture was injected into a vacuum chamber through
a pulse valve (General Valve, 0.8 mm o0.d.). It operates at 10
Hz, and the opening time was set to 24 The cluster beam
was introduced into an ionization room through a molecular
beam skimmer (1 mm o.d.). The clusters were ionized by
resonant two-photon ionization (REMPI) by an ultraviolet pulse
laser (duration time-5 ns) and detected by a linear TOF mass
spectrometer. The;State of the anilinefuran complex was
used as an intermediate state of the REMPI process. The powe
of the UV laser was reduced to less than 1Qd@pulse by using
a filter in order to minimize the fragmentation of aniline clusters.

The infrared laser was generated by a difference frequency
mixing of the Nd:YAG fundamental and a dye lasei780 nm).

The wavelength of the infrared laser was calibrated by monitor-
ing the wavenumber of the dye laser using a wave meter (Burley
WAA4500). The reliability of the frequency value was estimated
to be better than 1 cm.

The infrared spectra of the anilinéduran complex and the
aniline—furan complex cation were measured using the infrared
depletion spectroscopy. In the case of the neutral complex,
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Figure 1. UV excitation spectrum of the anilircfuran complex in a
supersonic jet.

TABLE 1: Red Shifts of the Band Origin of the S$;—%
Transition and the NH; Stretching Vibrations, Avs and Ava,
of Neutral Aniline Complexes (in cnT?)

molecule Av(S1—S)? Avgb AvpP
Aniline—Furan Complex
CsH.O 277 12 11
vdW Complexes
CH, 79 0 0
"N, 128 1 3
CcoO 348 6 10
NH-7 Type Hydrogen Bond Complexes
aniline-dimer 672 28 42
benzene 436 29 41
pyrrole 345 29 44
NH-o Type Hydrogen Bond Complexes
(CH3),0 666 40 23
NH3 889 68 29
(CzHs)sN 876 94 42

aThe band origin of the aniline monomer is 34 029 émThe
reliability of the experimental value is4 cnr. ® Definitions of the

infrared absorption was measured as the ion depletion induced®d shifts are given in the tex\vs and Av are the shifts from the

by the vibrational excitation or the vibrational predissociation
of the complex with an infrared photon. The complex beam
was irradiated with an infrared laser (Spectra Physics Wex
system, 1.5 mJ/pulse at8n) 50 ns before the UV laser for
the detection of the neutral complex. If the complex absorbs
the infrared photon, it will be excited into the vibrationally
excited state. This depletes the complex in the ground state,
and the REMPI signal will decrease.

The infrared spectrum of the cation complex was measured
by detecting the decrease of the ion current caused by the
infrared predissociation of the complex cation. In this case, the
infrared laser was irradiated 50 ns after the UV laser pulse.

Results and Discussion

UV Excitation Spectrum of Aniline —Furan Complex. The
UV excitation spectrum of the anilindfuran complex was
measured in the region of 29800 nm by monitoring the mass
signal of the aniline-furan cation (Vz= 161). Figure 1 shows
a part of the excitation spectrum of the anikirferan complex.

NH; symmetric and antisymmetric stretching vibrations of the aniline
monomer. The Nhkistretching vibrations of the aniline monomer are
Veym = 3421 antVanisym= 3508 cnT!. And the reliability is+1 cnm 2.

by the infrared hole-burning spectroscopy. Details of the infrared
hole burning spectrum of the anilirduran complex will be
given later.

A broad background was observed in the spectrum. It became
stronger when a higher partial pressure of furan was used, and
its origin seems to be an isomer complex or the fragment of
the higher clusters.

The band origin of the anilinefuran complex is red-shifted
from that of the aniline monomer (34 021 cfhby 277 cn1™.
Table 1 compares the red shift of the band origin with those
observed for the other aniline complexes. It is larger than that
of the vdW complexes, except anilin€0 ! and significantly
smaller than those observed in the aniti@@nine complexes
and NHzr type complexe§:1°

Infrared Depletion Spectrum of the Neutral Aniline—
Furan Complex. Figure 2 shows the infrared depletion spectrum

The partial pressure of furan was about 100 Pa. A band structureof the aniline-furan complex in the region of the Nidtretching

was clearly observed in the region of 33 7B 900 cnil.

vibrations. The wavelength of the UV laser was fixed to the

There are several series of peaks in the spectrum near the ban@—0 band (33 744 cim) of the complex. There are two strong

origin. Two band progressions are clearly seen in the spectrum
with Aw = 16 and 23 cml. The sharp peak observed at 33 744
cm! has been assigned to the-0 band of the anilinefuran

absorption bands observed at 3409 and 3497cihe red
shifts of these bands from the corresponding,Nittetching
vibrations of aniline monomer are 12 and 11¢nfor the 3409

complex, and other peaks have been assigned to the vibrationahnd 3497 cm! bands, respectively. They are compared with
structure of the Sstate of the complex. The assignment of these the red shifts of the related aniline complexes in Table 1. The
peaks to a single anilirefuran complex has also been confirmed frequency red shifts of these bands are larger than those of the



5442 J. Phys. Chem. A, Vol. 103, No. 28, 1999 Nakanaga and Ito

10— T T T T T T T T T T T T T slightly decreased. From this result, the complex that gives the
peaks or the band structure observed in the region of-295
296.5 nm has the infrared absorption bands at 3409 and 3497
cmL. This result suggests that the observed band structure in
Figure 1 should be assigned to a single conformer of the
complex.

There are two characteristic features in the red shift of the
aniline—furan complex that differ from the other aniline
complexes reported before as in Table 1:

(1) The frequency red shift is much smaller than those
00 & o e observed in the other hydrogen-bonded complexes, although
3350 3400 3450 3500 3550 they are larger than those observed for the vdW complé&xes.
wavenumbers (2) The red shifiAvs s slightly larger tham\va. Avsis much
Figure 2. Infrared depletion spectrum of the anilinfuran complex larger thanAva in the case of a typical Nh-type hydrogen-
measured using the resonance UV laser corresponding to-thédand bonded complex, and much smaller in the case of ANH-
of the excitation spectrum. hydrogen-bonded and vdW complexes.
— e —————————————) When we compare the observed frequency shiftAwgf and
ajve=3400cm’ . | E Avs with the other complexes, anilinduran seems to be
bbb E classified to the NHs type hydrogen-bonded complex for the
following reasons. In the case of the vdW compléx, is
usually larger tham\vs, and also there is a linear correlation
: betweenAva, Avs, and the shift ofAv(S—S) in the UV
3 excitation spectrum. The frequency shift of the anitifieran
P T S complex does not satisfy either of them, and is also too large.
b)vir=3497cm’’ i E In the case of the NKe hydrogen bond complex, the magnitudes
Pl : P are much larger than that of the anilinfiran complex, and
also Ava is much larger thamAvs. For these reasons, the
aniline—furan complex cannot be classified into the vdwW
complex or the NHz hydrogen bond complex. Since the oxygen
atom of furan has two lone pairs, there might be the possibility
that two NH bonds interact with two lone pairs symmetrically.
However, if it is true, the angle dflHNH of the NH, group
would become smaller by the interaction, and the splitting of
sym and antisym stretching vibrations will decrease. As a result,
the frequency shift oAva should be much larger than that of
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Figure 3. Infrared hole burning spectra of the anilirfiran complex.
Spectra shown by the solid line and broken line were measured with
and without an infrared laser, respectively. The wavelength of the

infrared laser was fixed to (a) 3409 cinand (b) 3497 cmt. Avs like the NH-77 type interaction. This conflicts with the
present observation.

vdW clustersi® but smaller than those of the N&ltype and The feature of the frequency shift of the Klistretching

NH-z type hydrogen bond complex&sts vibrations of the anilinefuran complex can be explained by

When the infrared spectrum was measured, the partial the way that the main interaction is the weak hydrogen bond
pressure of furan was set to 400 Pa to get a good S/N ratio inpetween one of the NH bonds of aniline and the lone pair of
the infrared SpeCtrUm. This made the baCkgrOUnd Signa' in the the oxygen atom of furan. The shifts of the symmetric and
EXCI'[atIOH SpeCtrum Stronger than that Observed in F|gure 1. ThEanUsymmet”C Vibrations can be exp|a|ned as f0||OWS
feature of the background of the excitation spectrum when the
infrared spectrum was measured can be seen in Figure 3. Thg/i
background signal was about one-third of the observed signal,
and in this case, we should be careful whether the observed
infrared spectrum is disturbed by the background signal or not.
To clarify this, an infrared spectrum was measured with the
UV laser frequency fixed to a wavelength that is different but where o is the original energy level of the NH stretching
close to the 8-0 band of the anilinefuran complex. It gave  Vibration with W, being the coupling term. The energy levels
two infrared bands at exactly the same positions as were of the symmetric and the antisymmetric stretching vibrations
observed in Figure 2, although the intensity of these bands wasare calculated to besym = €0 — W and eantisym = €0 + W,
weak and the bandwidth was wider than that measured usingrespectively. By substituting the observed values of the aniline
the 0-0 band. From this fact, it is concluded that the band monomer, we obtailg ~ 3465 cnm! andW, &~ 43 cntl.

positions of the infrared bands are not affected by the back-  |f one of the NH bonds|@Cstate) interacts with an acceptor,

The Hamiltonian matrix of the two equivalent NH stretching
brations can be approximately expressed as

AH|10= ¢, R2IH20= ¢, [H|20= W,

ground signal. _ _ ~ the Hamiltonian will be modified as

Parts a and b of Figure 3 show the infrared hole burning
spectra that were measured by irradiating the infrared laser MIHI1C= v. — AE DIHI2C= v — AE
whose wavelength was fixed to 3409 and 3497 &mespec- A Yo ! M Yo 2
tively. It is apparent from the figure that the band structure of [AH|20= W,

the excitation spectrum almost disappeared when the infrared
laser was irradiated, and the intensity of the background alsowhereAE; is the energy shift by the hydrogen bond ahl;
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Figure 4. Schematic diagram of the perturbation of the Nittetching

vibration by a hydrogen bond through one of the NH bond.

is the indirect effect of the interaction. Assuming tie; <
AE; < Wy = W = W, we obtain the perturbed energy levels,

AE, AE,?

Yom= Yo~ W™ 5T By
AE, AE;?
Vantisym=— Yo +W-— 9 + 3W

and the frequency red shifts,

_AE, AE/

AE, AE,
2 W

2 8w

and

Avg Av, =

This is the reasoAvy_pongis slightly larger tham\vy—gee When
the interaction is weak. Although the second condititk, <

W, is not well satisfied in the present case, we can easily solve

the secular equation directly. The red shifts of 10 and 13%cm
were obtained forvsym and vanisym respectively, when the
parameterdE, = 23 cnt !t andW = 43 cnt! were used. Figure
4 shows the correlation of the NHstretching vibrations of

aniline on the formation of the hydrogen bond. In this case, the
energy was calculated by solving the secular equation. The

specific spectral feature of the anilinturan complex seems
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Struct.-1 NH--O Struct.-2 NH--n Struct.-3 NH--n
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Figure 5. Several calculated structures of anilirffaran complexes.
The basis set of MP2/6-31G** was used in the calculation. Structure
1 gives the best estimation of the frequency shift of ;Nittetching
vibrations.

o H

TABLE 2: Observed and Calculated Red Shifts of the NH
Stretching Vibrations of the Neutral Aniline —Furan
Complexé

calcd frequency shfft

NH-O NH2-.7'L’ NHz-ﬂ
obsd Figure 5,  Figure 5,  Figure 5,
v Av struct 1 struct 2 struct 3
AEC 2010 1680 1870
Avpd 3409 12 10.8 14.2 12.0
Avd 3497 11 8.7 221 20.1

aUnit is cnrl. P MP2/6-31G** basis set was used. No correction
was done for the calculated frequency shiftAE = Eaniline + Esuran —
Ecompiex NO correction for the calculated interaction energy was made.
d See text for the definition of the red shifts Ao and Avg.
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Figure 6. Infrared depletion spectrum of the aniliniran complex
cation.

to be the result of the weak interaction through one of the NH Awvs is slightly larger than that oAva, and the magnitudes are

bonds.

also close to the experimental value. On the other hand, the

The above conclusion was also confirmed by the MO calculated shifts for the NfHz type complexes do not agree

calculation. The frequency shifts of the Mistretching modes
of the NH-o and the NH# type aniline-furan complexes have

with the experiment at alAva is calculated to be 2 times larger
thanAwvs, and the magnitude of the shifts are too large compared

been calculated by the Gaussian 94 calculation program. In thewith the experiment. These results support the investigation of
calculation, the basis set of MP2/6-31G** was used to obtain the experimental results that the anilifiaran complex should
the optimized structures and the vibrational frequencies of the be an NHe type hydrogen-bonded complex.

NH, stretching modes. This basis set is known to give a good The main interaction of the anilirgfuran complex has been

estimate of the frequency shifts of the Mstretching vibrations

determined to be the Nld-type hydrogen bond, as discussed

of the other aniline complexes. However, since the reliability above. This result is different from that of the anilingyrrole
of the relative energy of the calculation is not good enough, complex. In the case of the anilir@yrrole complex, the atomic

we will discuss only the features of the red shifts of the,NH

orbital of the nitrogen atom is an%type and is delocalized in

stretching frequencies because it reflects the information aboutthe & orbital of the aromatic ring, and no basicity can be

the local structure around the Migroup of the complex.

expected for the lone pair of the nitrogen atom. In the case of

Figure 5 and Table 2 summarize the calculated red shifts of furan, since the atomic orbital of the oxygen atom should be

the NH; stretching vibrations of the anilingfuran complexes

an sg type, and the lone pair of the oxygen atom only partially

for several isomers. There are two kinds of stable isomers for interacts with ther-orbital of the ring, it can act as an acceptor

the aniline-furan complex. One is the Nid-type complex
(structure 1) and the other is the B4 type complexes
(structures 2 and 3). As seen in the table, only the-tHype

for the H atom of NH bond.

Infrared Depletion Spectrum of the Aniline—Furan Com-
plex Cation. Figure 6 shows the infrared depletion spectrum

complex (structure 1) gives a good estimate of the frequency of the aniline-furan complex cation. There are two absorption

shift of the NH; stretching vibrations. The calculated value of

bands at 3315 and 3446 cfy which can be assigned to the
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Figure 7. Plot of the frequency shiftAv, of the aniline cation clusters.
See text for the definition oAva. References: Ar, By CHs, CO2®
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Figure 8. Calculated structure of the anilinéuran cation cluster. The
basis set of UHF/6-31G** was used in the calculation.

Structure-2 NH--O
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NH stretching vibrations of aniline. A small spike found in the

Nakanaga and Ito

TABLE 3: Observed and Calculated Frequency Shifts of the
NH, Stretching Vibrations of the Aniline —Furan Complex
Cation?

calcd frequency shifts

obsd

NH-7 NH-O
v Av Figure 4a Figure 4b
AE¢ 2960 3860
Avpd 3446 42 33.7 44.3
Avd 3315 81 75.8 157.9

aUnit is cnml. P UHF/6-31G** basis set was used. No correction
was done for the calculated frequency ShiftAE = Eaniline—cation +
Eruran — Ecuster NO correction for the calculated interaction energy was
made. See text for the definition of the red shifts afva and Ave.

experimental vibrational frequencies much better than that for
the NH-o type one.

The bandwidth of the 3315 cm band was found to be as
large as 50 cm!. Since the cation complex is not as cold as
the neutral complex, due to the excess energy on ionization,
the bandwidth tends to be larger than that of the neutral complex.
This can be estimated from the bandwidth of the 34467%m
band, and the original bandwidth may be about 30 nfhis
is comparable to that observed in the bandwidth of the NH
stretching band of the interacting NH bond of the neutral
aniline—=NH3 and aniline-triethylamine complexes whose red
shifts are also 68 and 94 crh

Different Interaction Types of the Neutral and Cation
Complexes.The main interaction in the neutral anilinéuran
complex has been found to be the NHype hydrogen bond,
while that of the complex cation is of the Nkltype. Furan
has two acceptor sites, the lone pair of the oxygen atom and
the aromatic ring. In the case of the neutral complex, the weaker
interaction between the CH bond of furan and the lone pair of

3446 cnt! band is an artifact due to the absorption by the water the N atom of aniline seem to determine the structure. On the
vapor in the air. The frequency red shift of these bands from other hand, the interaction between the CH bond of aniline and
those of the corresponding bands of aniline cation monomer the lone pair of the oxygen atom of furan determine the stable
are 81 and 42 cmi for the 3315 and 3446 cm bands, structure of the complex cation. From these facts, the stabiliza-
respectively. The spectral feature resembles those of the aniline tion energy of the NHs type and NHz type interactions seem

benzene complex catitbhand the aniline-pyrrole complex
cation?!® In the case of the NHrtype complex cation, the red

shift, Avs, became so large that the stretching mode of the

to be about the same, and a relatively weak interaction
determines the structure of the complex.
It is interesting to note that this complex shows the opposite

interacting NH bond was unable to be observed by the authors’ tendency to that of the aniline dimé¥in the case of the aniline
experimental setup. This fact strongly suggests that the aniline dimer, the NHz type and the NHs type hydrogen bond were

furan complex cation should also be a member of the ANH-
type hydrogen-bonded complex.

Figure 7 shows a plot of the proton affinity ard’a of the

related aniline complex cations. As seen in the figure, a good
correlation between the proton affinity and the red shift was

obtained for the NHz type complex cations. On the other hand,
the red shifts of the NHe type complex cations deviated from
the correlation curve obtained for the NiHtype ones. The red
shift of the aniline-furan complex apparently deviated from
this correlation curve and is close to that of the NHype
aniline complex cation. This fact also suggests that the anriline
furan complex cation should be an Nktype complex.

observed for the neutral and cation complexes, respectively. The
difference between these two systems is due to the number of
hydrogen bonds available for the complex formation. There are
two NHy-r type hydrogen bonds in the neutral dimer, and the
sum of the interaction energy exceeds the interaction energy of
a single NHe type hydrogen bond. In the case of the dimer
cation, only the aniline cation acts as the proton donor because
the aniline cation is planer and its acidity is much stronger than
that of neutral aniline. In this case the interaction energy of the
NH-o type interaction seems to be larger than that of thesNH-
type interaction from the experimental fact.

Red Shift of NH Stretching Modes of the NHsr Type
Complexes.The aniline-furan complex cation has been found

The frequency shifts were estimated gsing the Gaussian 94to be the third example of the NH-type hydrogen-bonded
calculation program. The frequency shifts of the two stable complex. It is interesting that all of the complex cations of this

isomers, NHx type and NHe type hydrogen-bonded complex

class (aniline-furan, aniline-pyrrole, and aniline-benzene)

cations, were calculated with the UHF/6-31G** basis set. This give the same frequency red shift &s ~ 80 cnTt and Ava
basis set gave a relatively good estimate for the red shifts of ~ 40 cnt. In the case of the NH~type complex cation, the

the NH, stretching vibrations of the aniline complex cations,

frequency shift oAva shows a linear correlation with the proton

although the energy is unreliable. Figure 8 and Table 3 affinity of the acceptor molecule (Figure 7). Since the proton
summarize the results of the calculation. It is apparent that the affinity of furan is different from that of benzene and pyrrole,

calculation assuming the NHk-type complex reproduces the

there should be a significant difference in the frequency shifts
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if a similar rule is expected for the Nkt-type complex cations.  Calculations in this paper were done using an IBM SP2 system
The nature of the NHe type complexes seems to be quite at the National Institute of Materials and Chemical Research.
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