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Structure of the Jet-Cooled 1-Naphthol Dimer Studied by IR Dip Spectroscopy:
Cooperation between ther—ax Interaction and the Hydrogen Bonding
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The structure of a jet-cooled 1-naphthol (1-NpOH) dimer was investigated by using resonant-enhanced two-
photon ionization (R2P1) and ion-detected infrared (IR) dip spectroscopy. A geometrical optimization and a
frequency calculation in (1-NpOklvere also performed at the MP2/cc-pVDZ level. Stable isomers in the
MP2/cc-pVDZ calculation were classified into a structure dominated only hy-threinteraction and structures
formed by cooperation between the-sr interaction and hydrogen bonding. On the basis of a comparison
between the observed and calculated IR spectra, the geometry of (1-Blp@bi)oncluded to be a—x

stacking structure supported by hydrogen bonding.

I. Introduction

Cooperation between the—s interaction (also called the
stacking interaction) and the hydrogen bonding often plays a
key role in the formation of biological systems and organic
crystals. For example, the double-stranded secondary structur
of DNA is held together by ther—s interaction and the
hydrogen bonding between the nearest-neighbor bases o
opposite strands.These interactions induce the coupling of
adenine with thymine and that of guanine with cytosine. To
elucidate the built-up mechanism of the biological system, we

need to obtain information about the cooperation between the

m— interaction and the hydrogen bonding. For this purpose,

investigated the structure of the 1-naphthol dimer (1-NpOH)
by resonant two-photon ionization (R2PI) and ion-detected
infrared (IR) dip spectroscopy. For the analysis of the experi-
mental results, the geometrical optimization and frequency
alculation in (1-NpOH)were performed at the MP2/cc-pvVDZ
evel. From a comparison of the observed IR spectrum with

nthe calculated ones of the optimized isomers, we concluded that

the geometry of (1-NpOH)is the stacking structure supported
by the hydrogen bonding. This conclusion is consistent with
the difference in the geometrical structures and the vibrational
spectra between (1-NpOfand (PhOH,.

many researchers have investigated the structure of clusters ofl- Methods

nucleobases by ab initio MO calculatidn&and spectroscopic
techniqued1% Recently Hobza and co-workers have revealed
by advanced theoretical studies thather stacking interaction

is strong enough to compete with hydrogen bonding in nucleo-
base cluster$® This clearly shows the importance of the-z
stacking/hydrogen-bonding cooperation. To know thes
stacking/hydrogen-bonding cooperation in detail, we are moti-
vated to study the cooperation in a simpler benchmark. A cluster
of aromatic hydroxyl compounds (ArOH), such as phenol and
naphthol, is a simple model for studying the cooperation between

two kinds of interactions, because they have both aromatic rings

available for ther— interaction and hydroxyl groups for the
hydrogen bonding. Studies on the phenol dimer (PhOH)
however, have suggested that the structure is mainly dominate
by the hydrogen bonding, and is not affected by thex
interaction!’17 The cluster of phenol is inadequate to study
the cooperation between the-s interaction and the hydrogen
bonding because of the weak-x interaction.

In clusters of ArOH with its larger aromatic ring, the-x
interaction is assumed to be more crucial. In this study, we
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A. Experimental Methods. Parts of the experimental ap-
paratus are shown in Figure 1. The chamber was designed to
obtain a high pumping speed, which helps to form large clusters.
The (1-NpOHj) cluster was generated by passing 7 atm of neon
gas through an internal heated reservoir of 1-NpOH (1020
°C) in a pulsed nozzle (Even-Lavie valve system, 2560
diameter orificé®) operated at 20 Hz. The source chamber was
evacuated at a speed of 2700 L/s by three turbo pumps (Alkatel
ATP900). The pressure of the chamber increased frenx
108to ~4 x 1078 Torr when the gas was on. The cluster beam
was skimmed into a second vacuum chamber and was ionized
by ultraviolet laser pulses. The ionized cluster was extracted at

0 cm downstream from the valve perpendicularly to the initial
eam direction by applying an electronic field of 2.8 kvcm
The cluster ion was further accelerated up to 7 kV and
introduced into a microchannel plate (BURLE Model 3040MA)
through several ion optics. The high-voltage acceleration in the
TOF mass spectrometer enabled us to effectively detect any
large and heavy clusters.

The setup of the laser system for the R2PI and IR dip
spectroscopy has been described elsewtfefé.Briefly, the
Si—Sy R2PI spectrum was measured by monitoring the intensity
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Figure 1. Parts of the experimental apparatus for the preparation, ionization, and acceleration of the clusters.
of ions of (1-NpOH) as a function of the wavelength of the (a)
laser. In IR dip spectroscopy, the IR laser pulse was irradiated - 0
to the (1-NpOHj prior to irradiation by the ionization laser, of - 0y
which the wavelength was fixed to the origin band of the-Sy -
transition. By monitoring the intensity of the ions of (1-NpGH) _ =
the wavelength of infrared light was scanned. When the =
frequency of the IR light matched the transition to a certain B Nl
vibrational level, the ion current decreased because of a loss of
population from the ground vibrational state. Thus, the IR 7
absorption can be detected by depletion of the ion current. 7] )

‘
1

Regarding this experiment, we would like to note that the 0 —imaastirimansinipays
contamination of a mixed cluster of 1-naphthol dimer with water
(1-NpOH)(H20), must be avoided. The existence of traces of
water in a sample line results in the formation of the (1-Np£H)
(H20), cluster, which can appear as (1-NpQHjons by the
evaporation of water molecules after ionization. The (1-
NpOH)," ions originating from (1-NpOH)H0), make the
Si—Sy R2PI spectrum of (1-NpOH) structureless. Thus,
complete dehydrization is essential for observing the structured
spectrum of the pure (1-NpOHtluster.

B. Calculation. The program used was the GAUSSIAN 03
package? We performed geometrical optimization and a
frequency calculation on (1-NpOkat the MP2/cc-pVDZ level.
The MP2/cc-pVDZ calculation is adequate for a qualitative LI N L L L L AL L L I
estimate of ther—z interaction and the hydrogen bondfftz3-25 31000 31500 32000
The initial structures of (1-NpOH)were prepared by substitut- Vo !/ cm~!

ing OH groups for the 1-position H atoms in the naphthalene _
. - - - Figure 2. S;—S R2PI spectra of (@) 1-NpOH and (b) (1-NpQH)
dimers, as described in our previous pafferhe molecular The origin band is at 31457 crhin part a and at 31207 crhin part

structures of (1-NpOH)were optimized by using an energy-  The jower trace in part b indicates the-S5 R2PI spectrum with
gradient technique for the MP2 method with the usual frozen- |R light in the IR-UV hole-burning process.

core approximation. The stability of the optimized structures
was checked by a harmonic frequency analysis. If the optimized
structure had one or more imaginary frequencies with fixed
symmetry, it was re-optimized with the lower symmetry. The  A. S;—Sy R2PI Spectrum of (1-NpOH). The S—S R2PI
procedure was iterated until the true local minimum structure spectrum in the region from 30550 to 32200 ¢ns shown in

was obtained. In estimating the binding energy of the dimer, Figure 2a for 1-naphthol monomer 1-NpOH and in Figure 2b
BSSE was corrected by using the counterpoise (CP) méthod. for the dimer (1-NpOH). The 1-NpOH molecules have trans
The frequency and its IR intensity were calculated with the and cis isomerd’-2° Figure 2a shows the origin band toéns
Freq=Numerical option. All of the computations were carried 1-NpOH at 31457 cm!. Thecis-1-NpOH isomer, of which the
out on a NEC SX-7 computer at the Research Center for origin was assigned to 31181 cA?’ was negligible under the
Computational Science, Okazaki, Japan. present condition. The vibronic bands in Figure 2a are assigned

I1l. Results and Discussion



Structure of the Jet-Cooled 1-Naphthol Dimer

(@)
b
3
t vy
8
on
(b)
a
=}
o
: g
g8
o
T T T T T T T T T 7
2800 3000 3200 3400 3600
vir/ cm™!

Figure 3. lon-detected IR dip spectra of (a) 1-NpOH and (b)
(1-NpOH). The UV laser was fixed at the origin bands of each species.

to a Ly 7—a* transition2%3 The S—S, R2PI spectrum of (1-
NpOH), maintains the vibronic structure in the spectrum of

1-NpOH and shows a broadening of the bandwidth. The bands

around 31207 cmt show a partially resolved progression with
four evident peaks, which are separated by-8% cntl. The
lowest band at 31207 cm is assigned to the origin band of

(1-NpOH). The progression is assignable to the intermolecular

vibration of (1-NpOH}) in the S state because it is not observed
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TABLE 1: Observed and Calculated Frequencies of the OH
Stretching (cm™?) of (1-NpOH),2

calculated

observed structura structured structuree

3604 3579 3582
3646 3647 3638 3639

2 The frequencies are scaled by the factor calculated in the 1-NpOH
monomer, 0.956.

H-bonded OH moiety
free OH moiety

TABLE 2. Geometrical Parameters and CP-Corrected
Binding Energies D, (kcal/mol) of the Structures a—e

. binding
geometrical parametérs energy
r (r) I R (Xl, X2) X 0 q)b Pe Do

sw—z stacking conformation
3.323 152 53 135 574
3.144 138 0.1 15 533
0.717%) 3.154 0.0 03 4093
1.159 (&)

sw—a stacking and hydrogen-bonded conformation
structured 0.970 0.974 2.093 3.343 9.1 371
structuree 0.970 0.974 2.074 3.263 8.4 525

structurea 0.970
structureb 0.969
structurec 0.969

5.28
5.01

aThe units of the geometrical parameters are Ain, 1o, R X, Xy,
and x, and deg in6 (see Figure 4)° The angle between the two
naphthalene planes. The unitgfis deg. Thep = 0 value means that
one naphthalene plane is parallel with anotlidie torsional angle
of the donor OH group with respect to the naphthalene plane. The unit
of y is deg.

lowered by hydrogen bonding:32 The observed frequencies
of the OH stretching in (1-NpOHare listed in Table 1 together
with the calculated frequencies which will be described later.
C. Stable Isomers of (1-NpOH). We could prepare many
derivatives from the naphthalene dimer as the initial geometry.

in the 1-NpOH monomer. The appearance of the vibrational However, we selected five isomers, which are shown in Figure

structure in the intermolecular mode means that the intermo-

lecular conformation is weakly distorted by photoexcitation.
B. IR Dip Spectrum of (1-NpOH),. The IR dip spectrum
in the region from 2670 to 3750 crhis shown in Figure 3a
for trans1-NpOH and in Figure 3b for (1-NpOK)The UV
laser was fixed at the ;S-S origins (31457 and 31207 cth
for 1-NpOH and (1-NpOH) respectively). To examine the
coexistence of the isomers, we appliedHBV hole-burning
spectroscopy to (1-NpOHKl)This method is a kind of population

4a—e, because the geometrical optimization of (1-Np®iH)

the MP2/cc-pVDZ calculation was very time-consuming work.
The information in Figure 4 is sufficient to discuss the structure
of (1-NpOH). As can be seen in the figure, all conformations
are of ther—ux stacking type. Moreover, in structurdsande,

the 1-NpOH molecules interact with each other through the
O—H---O hydrogen bonding. We also performed the geometrical
optimization of (1-NpOH) at the MP2/6-31G(d) level and
obtained a hydrogen-bonded chain conformation that is free from

labeling spectroscopy to extract those electronic transitions thesz—u interaction. The hydrogen-bonded chain conformation,

contributing to a single species. The detailed principle of IR
UV hole-burning spectroscopy has been described elsewhere.
By fixing the IR laser frequency to 3604 crhwith the highest

however, changed into the structudein the MP2/cc-pVDZ
calculation. Itis largely different from the phenol dimer of which
the geometry is assigned to be a hydrogen-bonded chain

power, we scanned the UV frequency over the energy rangeconformationt’~1” The geometrical parameters and the CP-
for the S— transition. The lower trace in Figure 2b shows corrected binding energies are listed in Table 2. The MP2/cc-
the IR-UV hole-burning spectrum. The sharp vibronic bands pVDZ calculation suggests that the stability of the isomers is
disappeared when the IR laser was introduced. The resultin the order ofa < b < d < e < c. The difference in the binding
indicates that no isomer coexisted under the present condition,energies among the isomers is within 0.8 kcal/mol. The
unless the isomers would have had the same vibrational geometrical parametaris the intermolecular distance between

frequency.

The vibrational bands in 1-NpOH around 3050 dnare
assignable to the CH stretching, while the band at 3655'cm
is attributed to the OH stretchid§2° The IR dip spectrum of
(1-NpOH), showed vibrational bands &t3050, 3604, and 3646

cm~1. On the basis of the assignment in 1-NpOH, we assigned

the bands around 3050 cAto CH stretching and those at 3604
and 3646 cm! to OH stretching. The vibrational bands of the
OH stretching are red-shifted by 51 and 9¢nfrom those in
the 1-NpOH monomer. We assigned the band at 3604 ¢m
the hydrogen-bonded OH moiety and that at 3646 o a

the aromatic rings of the 1-NpOH molecule. Theralues of
structured andc are smaller than those of structueesd, and

e by ~0.2 A. This suggests that the contribution for the
stabilization by ther—s interaction is larger in structurds
andc than in structures, d, ande.

In structuresa—c the OH moieties of the 1-NpOH molecules
are equivalent. The OH bond length of free 1-NpOH monomer
is 0.969 A in the MP2/cc-pVDZ calculation. The OH moieties
in structuresa—c are not assumed to interact with each other,
because there is little difference in the OH bond length between
the free 1-NpOH monomer and structugesc. In structuresd

free OH moiety because the frequency of the OH stretching is ande, the 1-NpOH molecules are classified as a proton donor



1004 J. Phys. Chem. A, Vol. 111, No. 6, 2007 Saeki et al.

Figure 4. Stable isomers of (1-NpOHk)n the MP2/cc-pVDZ calculation. The point group is indicated in parentheses.

and acceptor. The OH bond length at the proton-donorsite,  structured or structuree. It is difficult to distinguish structure

is more elongated than that in the monomer by 0.005 A. d or structuree, because there is little difference in the calculated
D. Structural Determination of (1-NpOH), Based on the frequency of the OH stretching between them.

IR Spectrum. We calculated the vibrational frequencies of only A comparison between the observed and calculated IR spectra

structuresa, d, ande, because the vibrational analysis of (1- elucidates that structura was not observed in the present

NpOHY), is very time-consuming. The optimized geometry in experiment, although it was the most stable in the MP2/cc-pVDZ

Figure 4 suggests that the surroundings of the OH moieties arecalculation. Several studies have suggested that the MP2/cc-

similar among structures—c. Thus, the vibrational spectra of pVDZ calculation is apt to overestimate the binding energy of

structures andc are assumed to be similar to that of structure the w—n interactionr?* We assume that the effect of an

a. Figure 5 shows the calculated IR spectra of structarek overestimation in the case of structwaeés larger than that in

ande. The calculated frequencies are listed in Table 1. Figure structuresd ande, because the 1-NpOH molecules of structure

5 shows a clear disagreement between the observed spectrura are bound only by ther— interaction.

and the calculated one for structuee Only a single OH E. Comparison of the Structures between (1-NpOH)and

stretching band is found in the calculated spectrum in structure (PhOH),. Structuresl ande suggest that the 1-NpOH molecules

a, while the observed IR spectrum shows two OH stretching are bound by cooperation between the s interaction and

bands. On the other hand, the calculated spectra of structures hydrogen bonding. Such cooperation is absent in the (PhOH)

and e well reproduce the observed one. On the basis of a cluster, whose geometry is dominated by only hydrogen

comparison between the observed and calculated spectra, wéonding!'~1” A comparison of the structures suggests that the

exclude structurea—c from the candidates, and conclude that sw—x interaction is more enhanced in (1-NpQHthan in

the geometry of the observed (1-NpQHjluster is either (PhOH). The strength of the hydrogen bonding in (1-Np@H)
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geometrical structures and the vibrational spectra between (1-
NpOH), and (PhOH). A comparison of the geometrical
structure indicates that the—ux interaction plays an important
role only in (1-NpOH), while a comparison of the IR spectra

, fai elucidates that the hydrogen bonding is more crucial in (PROH)
Veu H-bonded ||, than in (1-NpOH). The strongz—x interaction and the

Vou relatively weak hydrogen bonding suggest that (1-NpOtdn

a be depicted as a stacking structure supported by hydrogen
' bonding.
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