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The IR spectrum otis-1-naphthol,trans-1-naphthol, and 1-naphth@H,0), (n = 1—3) clusters has been

measured by the IR dip spectroscopy in a supersonic jet. The spectra show clear vibrational structures of the

monomers and the clusters in the energy region from 3000 to 3808 c®bserved vibrational transitions

are assigned to the OH stretching vibrations of 1-naphthol and waters in the clusters. The size dependence
of the IR bands and the cluster geometries are analyzed by using the ab initio MO method at the MP2/6-31G
level. From the comparison between the observed and calculated IR spectra, we have concluded that the

1-naphthol acts as the proton donor and a cyclic hydrogen-bond network is formedin-tB@nd 3 clusters.

I. Introduction ground-state except for the 1-naphthgH,0), cluster!! Its

Solvated phenol and naphthols have attracted many Workersstructure has been determined by rotational coherence spec-

because of their proton-transfer reaction in the excited electronicg?]s;%pgéhgﬁvgaexgr’sgse];:?;%C?Eg'scz?i?ngafmg;%n r:zsgrted.
statel=® This photoinduced proton transfer was first observed ’ P "

in the fluorescence spectrum in aqueous solution and has beerﬂiwesg:a'&i(:goﬁaipggei f;‘%rrl[hsscr)?gir:;erlcﬂrﬁ:f:tl e:jt:cs)r:]j.sses
discussed in connection with the increase in acidity after the ! P

electronic excitation. Among these molecules, 1-naphthol showsg:reucstﬂfggos_f_ﬁﬁ;c (f)grsearvggiteesr ?Jrl]wéz‘restt;isdlisn Of(;p?hgalglﬂgfrd
the most drastic change: itipdecreases to 0.5 from 9.1 in ) ' 9

going from $ to .2 Therefore, it is expected that 1-naphthol structures, it is essential to compare observed and calculated

is one of the most ideal molecules to study photoinduced proton-Spﬁ]Ct;ﬂfs ork. we investigate the structures of agUEOUS
transfer reactions, and various approaches have been repérted. IS WOrK, we investigat uctu queou
Recently, the microscopic nature of the solution has been 1-naphthol clusters inghy vibrational spectroscopy combined

studied actively by using laser spectroscopy to study selute yvith ab initio MO calculations. The kgy vibrations to character-
solvent cluster&-11 For aqueous 1-naphthol, Leutwyler's group 2 the structures are the OH stretching modes. Their frequen-

: . P cies sensitively reflect the hydrogen bond in aqueous clusters.
has applied mass-selected multiphoton ionization (MPI) spec- . SO :
troscopy to 1-naphthefH;O)n (n = 1—50) clusters and deter- We observe the OH stretching vibrations by IR dip spectroscopy,

mined the origins of the S-S transition’¢ The dispersed which measures IR transitions for a specific cluster by the IR
fluorescence spectrum, ionization threshold spectrum, and UV double resonance process. Simultaneously, ab initio MO

pcoseconddecay ave o b measured o tese Satéms._ (SISO 2 1 coreted vl are poled o oo cter
The most significant result in this work is the size dependence P P ,

of the proton transfer reaction. The reaction proceeds only in grzgrretr?grc%?gzggatl)eat\évsieQr::qt(;b;ﬁ(rjvfr?eagt(rjucc?:ﬁg!:tgfdt||qF\(;
the clusters including more than 30 water molecules. Though P ' 9

this fact has been discussed in terms of the stabilization of the 1-naphthol(Hz0), (n = 0-3) are discussed.

polar electronic stat_, by the hydratior?,a definite explanation M
. . Methods

has not been established yet.

To understand the mechanism of the size-dependent proton- A. Experimental Method. The IR spectra of theis- and
transfer reaction, the cluster structure ip, $e., the initial trans-1-naphthol monomers and 1-napht{elbO), (n = 1—-3)
conformation of the reaction, is indispensable information. The clusters are measured by IR dip spectroscopy. This method
geometry in g is as important as that in;Sbhecause the  and other IR depletion techniques have been applied to the
electronically excited clusters are prepared by a vertical optical vibrational spectroscopy of jet-cooled molecules, clusters, and
transition. Nevertheless, the conformation of the clusters is notion clusters2=28 The principle of the IR dip spectroscopy is
well-known, not only in the reactive;Sstate but also in the ~ shown in Figure 1. The IR laserg) irradiates the sample in
a supersonic jet scanning in the energy region from 3000 to
22;4T0EwhoT c%rrgscgpndenqe should be addressed. Fe81-564-54- 3800 cnt, while a UV laser {¢uy) ionizes the molecule in the

- E-mail.. miuji@ims.ac.jp. ground vibrational state by the resonant-enhanced two-photon

+ Waseda University/PRES TO-ST. ionization via the gstate. When the frequency of the IR laser

*Tokyo Metropolitan University. > = e i _
8 Institute for Molecular Science. matches the transition to a certain vibrational level, the ion

S1089-5639(98)01500-X CCC: $15.00 © 1998 American Chemical Society
Published on Web 07/15/1998




6228 J. Phys. Chem. A, Vol. 102, No. 31, 1998 Yoshino et al.

lon Current

|
oy
EY

1P, %

VUV

g
BNy uo|

Jueung uol gy

Fluorescence

8y

H
¥
Iy
i

<
=)
L

v

usuaju| T

®)

Aysuew B
B0UB0SBIONIH S|

oousosaIony S

So

N
3
S
[ &
]
3

lon Current or
Fluorescence |

3000 3200
Figure 1. Principle of IR dip spectroscopy.
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Figure 2. IR dip spectra of (ajrans-1-naphthol and (b§is-1-naphthol.

current decreases because of the loss of population from the
ground vibrational state. As a result, the vibrational transition optimized by using an energy gradient technique for the second-
is detected as a depletion of the ion current (ion-detected IR g der many-body perturbation method (MP2yith the usual
dip spectroscopy). The same spectrum can be obtained wherygzen core approximation. The basis set used was the standard
the fluorescence intensity fromy & monitored instead of the  5.31G pasis sé#:32 Vibrational analysis using the analytical
ion current (fluorescence-detected IR dip spectroscopy). second-derivative matrix was carried out to characterize the

lon-detected IR dip spectroscopy has an advantage bypatyre of the stationary points. If the optimized structure has
dete_ctlng the mass-selec_ted ion with a mass fllte_r. Therefore, gne or more imaginary frequencies, we further optimized the
the ion current was monitored to obtain the IR dip spectra of strycture until the true local minimum structure was obtained,
trans-1-naphthol monomer and 1-naphtt{el,O), (n = 1, 2) where all the vibrational frequencies are real. The IR intensities
clusters. However, ion-detected IR spectroscopy is difficult to for the vibrations are evaluated for all minimum structures. The
apply when the ionization efficiency is low. For this reason, gtg] hydration enthalpiestad K were computed with the

the_fluorescence from;Svas monitored to obtain the spectrum  z|culated harmonic frequencies without scaling. The program
of cis-1-naphthol monomer. Also, the spectrum of the 1-naphthol \;sed was Gaussian 2.

(H20)s cluster was measured by monitoring the fluorescence
from S because of the weak mass-selected ion signal due to

L ) L L T Ill. Results and Discussion
the collisional dissociation of the cluster after ionization in our

experimental setup. . . A. IR Dip Spectra of Monomers. Prior to the study of the
A detailed description of the experimental setup for ion- clusters, the IR spectrum of the 1-naphthol monomer should
detected IR dip spectroscopy is presented elsewfieBaiefly, be discussed briefly. Two rotational isomers are possible for

the second harmonic of the RAYAG laser (Continuum  1-naphthol:
Surelite 1) and the output of a dye laser (Lumonics HD-500)
pumped by the second harmonic of the YAG laser were H H

differentially mixed in a LINbQ crystal to generate tunable IR.
The UV radiation was generated with a KDP crystal (Inrad, e
Autotracker II) by the frequency-doubling of a second dye laser OQ OO
Lumonics HD-500) pumped by the third harmonic of another .
S(AG laser (Lumon?cz Yl\sl)-lzo)é). Both the IR laser and the Trans-1-naphthol  Cis-1-naphihol
UV laser were coaxially introduced into a vacuum chamber ) ) o
(Toyama/Hakuto) and crossed a supersonic jet. The IR |aserFr_or_n the high-resolution flgoresce_r_lce ex0|tat|o_n spectrum, the
irradiated the sample prior to the UV laser by 50 ns. The timing ©rigin of the S—S electronic transition was assigned for each
between the two lasers was adjusted by a digital delay generatoSPecies: However, the stretching vibrations of the OH group,
(Stanford Research DG-535). The molecules or clusters ionizedWhich distinguish the isomer from the other, have not been
by the UV laser were detected by a channel multiplier (Murata ©oserved.
Ceratron) through a quadrupole mass filter (Extrel). The signal ~ Figure 2a shows the ion-detected IR dip spectrurtrafs-
was amplified by a preamplifier (EG&G PARC model 115) and 1-naphthol monomer obtained when the UV laser was fixed to
was integrated by a digital boxcar (EG&G PARC model 4420/ its S origin (31 457 cm?).”8 The zero level (zero) and the
4422). The integrated signal was recorded by a personalion signal without (IR off) are indicated by solid lines besides
computer (NEC PC 9801) as a function of IR laser frequency. the spectrum. The baseline of the spectrum varies because of
The experimental configuration for the fluorescence-detected the variation of the UV laser power. The ion current clearly
IR dip spectroscopy is the same as for the ion-detected IR dip decreases when the IR laser reaches 3655cnfrrom its
spectroscopy expect for the fluorescence detection system. Thdrequency, the dip is assigned to the OH stretching vibration
fluorescence from the sample was collected by a lens and(vor) of trans-1-naphthol. Other vibrational transitions such
detected by a photomultiplier (Hamamatsu 1P28) through filters as CH stretching modes were not observed. Figure 2b shows
(Toshiba UV-35 and Corning 7-54). the fluorescence-detected IR dip spectrumcisl-naphthol
Naphthol vapor at 353 K was seeded in He gas at 2 atm, monomer obtained when the UV laser was fixed to iteiggin
which contained water vapor at 26878 K. The mixture was (31181 cm%).3* The spectrum shows a single dip at 3663
then expanded into the vacuum chamber through a pulsed nozzl€m™*, which corresponds teow of the cis isomer.
operated at 20 Hz. Naphthol was purchased from Tokyo Kasei Both the trans and the cis isomers show similar IR dip spectra,
and was used after purification. with only a single IR transition appearing in the region from
B. Calculation. Molecular structures dfrans-1-naphthol, 3000 to 3800 cmt. However, the vibrational frequency o6y
cis-1-naphthol, andrans-1-naphthol(H,0), (n = 1—3) were in the trans isomer is different from that of the cis by 8@ém
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TABLE 1: Observed and Calculated OH Stretching Frequencies (cm?) of 1-Naphthol Monomers and 1-Naphthot(H,0), (n =
1-3) Clusters and Water Monomer

observed frequencies calculated frequencies
water moiety water moiety
1-naphthol H-bonded non-H-bonded 1-naphthol H-bonded non-H-bonded
VoH OH stretch OH stretch VOH OH stretch OH stretch

cis-1-naphthol 3663 3651
trans-1-naphthol 3655 3640
1-naphthol(H.0) 3507 3746 3434 3687 3852
1-naphthol(H.0), 3370 3499 3720 3215 3429 3809

3559 3535 3814
1-naphthol(H.0); 3205 3347 3715 2976 3186 3809

3429 3725 3296 3811

3468 3404 3817
H.0? 3657 3756 3657 383%

aEnergy ofJ = 0, K = 0 level. Reference 36.0H symmetric stretching mode. ¢ OH antisymmetric stretching mode.

(a)

(b)

(©

L non-H-bonded
e H-bonded OH str. I OH str.
- [
.//
(d)
u
L1 |H-bonded OH str. non-H-bonded
OH str.
|III||IIIII|III|III|IIII]‘IIII|I|||II1F
3000 3200 3400 1 3600 3800

IR wavenumber/cm”

Figure 3. IR dip spectra of (ajrans-1-naphthol, (b) 1-naphthgdH;0);, (c) 1-naphtholH,0),, and (d) 1-naphthe{H.O)s.

The difference in vibrational frequency reconfirms the existence donor in the cluster. Since the frequency of the OH stretching
of the two rotational isomers in a supersonic jet. vibration of the proton donor is known to decrease in solution
B. IR Dip Spectra of Clusters. As we have demonstrated and hydrogen-bonded clustéfs!®35the band at 3507 cnt is
in the previous section, IR dip spectroscopy can measure theassigned toon. The band at 3746 cnd is close tovs in a free
vibrational transitions of a specific species by choosing the water moleculé and is therefore assigned tg of the water
frequency of the UV laser. In this section, we show the IR dip moiety in the cluster. It should be noted thais not observed
spectra of clusters consisting of the trans isomer and waterin the spectrum, as its oscillator strength is less tarat the
molecules. The IR dip spectra of 1-naphtfidbO), (n = 1—3) vz mode in a free water molecuté.
are shown in parts-bd of Figure 3, respectively. The IR dip Parts ¢ and d of Figure 3 show the IR dip spectra of
spectrum of therans-1-naphthol monomer is also shown in  1-naphthol(H,O), and 1-naphthe(H,O)s;, respectively. The
Figure 3a for comparison. All the spectra are obtained by fixing 1-naphthol(H,O) cluster shows four bands, while 1-naphthol
the UV laser to the Sorigin of each species, which are 31 314, (H,0)3 shows six strong bands in the region from 3200 to 3700
31373, and 31 321 cm for 1-naphthoi(H20), (n = 1-3), cm~1. Because of their frequencies, the bands should also be
respectively.® assigned to OH stretching vibrations. The band at the lowest
The IR dip spectrum of 1-naphth{H,0); cluster shows two frequency (3370 and 3205 crhfor n = 2 and 3, respectively)
dips at 3507 and 3746 crh (see Figure 3b). From their is tentatively assigned taoy in each cluster. The bands lying
frequencies, they are assignable to the OH stretching vibrationsin the region higher thamoy of the monomer (3720 cm for
in the cluster. There are three OH stretching vibrational modes n = 2; 3715 and 3725 cmi for n = 3) are assigned to a
in this cluster: the OH stretching vibration of the 1-naphthol stretching vibration of the free OH bond of the water moieties
(von) and the symmetric and the antisymmetric vibrations of in the clusters (non-H-bonded OH stretch). Consequently, the
the water {1 andvs, respectively). Here, we tentatively assign bands betweenoy and the non-H-bonded OH stretch (at 3499
the observed bands by assuming that the 1-naphthol is a protorand 3559 cm! for n = 2; at 3347, 3429, and 3468 crhfor
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(Ga) n=0, C, (Ob) n=0, C4 (la) n=1, Cy (tb) n=1, C,
AH, =-9.3 AH, =-58

O
(lla) n=2, C,; Side View (Ilb) n=2, C, Side View (llc) n=2, C; Side View
AHy =-225 AH, =-21.0 AH, =-12.4

1.910 4~ %a,"
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o
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(Ila) n=3, C, Side View (ib) n=3, C, Side View
AH, =-39.0 AH, =-30.5
1.646
1.009 N
W,

(Ilie) n=3, C, Side View (Ild) n=3, C, Side View
AH, =-33.4 AH, =-33.4

Figure 4. Optimized structures of 1-naphth@fi,O), (n = 0—3) at MP2/6-31G level. Naphthol OH and hydrogen bond distances are given in
angstroms. Molecular symmetries and calculated total hydration enthatiek éAHo) are also presented in kcal/mol.

n = 3) are assigned to a stretching vibration of hydrogen-bonded

OH group of the water moieties in the clusters (H-bonded OH  © - WWWWWMMM
stretch). In addition, a weak feature at 3066érs observed @ J

in the spectrum of 1-naphth@H.O);s cluster. From its fre- ‘
quency, it is tentatively assigned to the CH stretching vibration
of the 1-naphthol in the cluster. Frequencies of the observed
OH vibrations in the clusters are listed in Table 1.

C. Assignment of the Bands and Structures ofrans-1-
Naphthol-(H20), (n = 1—3). In this section, we examine the
assignment of the bands in the IR dip spectra and discuss the 20 aat , ‘ ‘
structures ofrans-1-naphthol(H20), (n = 1—3) clusters based R 5000 3200 3400 3600 3800

on ab initio MO calculations. The optimized geometries of the n e

. = Figure 5. Calculated IR spectra of 1-naphtk$1.0), for the optimized
trans- and cis-1-naphthol andrans-1-naphthoi(H20), (n = structures (a)a and (b)Ib. The structuresa andlb are illustrated to

0—3) are shown i_n Figure 4. Th&ans-l-naphthpl Oa)_is more the side of the calculated spectra. The observed IR dip spectrum is
stable than the cis isomeDb) by 2.1 kcal/mol including zero- also shown on top.

point vibrational corrections. The calculategy are 3640

(trans) and 3651 (cis) cm, both of which are in good hydrogen bond, and both 1-naphthol and water molecules have

agreement with the experimental results. free OH groups in this complex. The calculated total hydration
For then = 1 cluster, we have found two isomerka and enthalpy &40 K for la is —9.3 kcal/mol, while that foib is

Ib. In structurela, the 1-naphthol is a proton donor and there —5.8 kcal/mol. Thus, the former is expected to be more

remain two free OH groups in the water part. On the other abundant than the latter in the supersonic jet.

hand, the 1-naphthol is a proton acceptorlin The water The calculated IR spectra féa andlb are shown in Figure

molecule is bound to the 1-naphthol molecule by a single 5, together with the observed spectrum. The harmonic frequen-

Vs
VOH

\\[V!‘W\\\!\ V\!H!WWY[V

3000 3200 3400 3600 3800
IR wavenumberiom T
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cies of they; andv; bands for the isolated water molecule were
computed to be 3657 and 3833 threspectively. In the Wt'\
spectrum forla, there are one strong and two weak bands at M\HWJ

3434, 3687, and 3852 cth Their relative IR intensities are @ » & k ot
1.00, 0.01, and 0.09, respectively. The calculated normal mode o8 von

corresponding to the band at 3434 ¢nis mostly the OH I l ot Lbonded
stretching of the 1-naphthol, and those for the two higher bands E ‘”*“’
are mainly the symmetric (3687 crf) and asymmetric (3852 o AR ERRRARAR R RN AN R \i
cm™Y) stretching vibrations of the OH bonds in the water. Thus, 8000 0 menmbern o0
we can regard these bandsvas, v1, andvs bands in this order. ®

The vony band is red-shifted due to the proton donation of the

OH group in the hydrogen bond. On the other hand, the At Wm‘,[}”_m‘um —
frequencies of;, andvs have remained almost unchanged from 3000 a200 sa00 3800 3600
those of the free water, and is much weaker thans. These
facts indicate that the vibrational nature of the water is not so
affected in the complex. In addition, the water bands are much
weaker than theqy band. In the spectrum fdb, we also see
three bands whose relative intensities are 1.00, 0.35, and 0.87,
respectively. Their normal modes are the vibrations of the Figure 6. Calculated spectra of 1-naphthl,O) for the optimized
hydrogen-bonded water OH (3602 tH the naphthol OH structures (a)la, (b) b, and (c)lic. The structuredla—lic are
(3646 cntl), and the free water OH (3787 c). The von illustrated to the side of the calculated spectra. The observed IR dip
band is located between the water bands, and its red shift byspectrum is also shown on top.

the hydration is only 6 e, since the naphthol OH bond is explains neither the positions nor the splitting of the bands.

free from the hydrogen bond ib. It is interesting to note
that the water bands are calculated to be more intense than thél’herefore, we should rule out the structults andlic. The

i .. talculated normal modes of the three low banddiforare the
von band, and we expect three bands of comparable intensity ~., "~ . -
. . ~. ” vibrations of the hydrogen-bonded OH bonds in the cycle, and

for this complex. By comparing the two calculated spectra with S ) -

. . the vibration of the naphthol OH is almost a dominant
the experimental one, we can easily note that the observed -

. . contributor to the lowest one. So we can call the band at 3215
spectrum is better reproduced kaythan bylb, especially from

. ' cm™! the von and the other two at 3429 and 3535 Tnihe
the number_of ban.ds,. though is gnobserved with the present H-bonded OH stretch. On the other hand, the normal modes
signal-to-noise ratio in the IR dip spectrum. The calculated

frequency ofvoy underestimates the experiment only by 2% for the two higher bands at 3809 and 3814 érare vibrations

iat ith the f t H t i t of th
and that ofr3 overshoots by 3%. Therefore, we have concluded associated wi e free water OH group extending out of the

that the observed trum can be attributed to the structur ring. These are the non-H-bonded OH stretch bands. It is worth
at the observed spectrum can be atlributed to the structu eemphasizing that these modes are no longer the pure symmetric
where 1-naphthol is a proton donor, and we have confirmed

. . . .~ and asymmetric OH stretching vibrations of each water “mol-
the tentative assignment of the observed bands in the Previous,.ie” but the vibrations of the “cluster”. For example, the
section. o vibrational motions of the H-bonded OH stretch are the
The optimized structures for thre= 2 clusters aréla —lic deformation of the hydrogen-bonded ring structure in a sense.
in Figure 4. In structurdla, the 1-naphthol acts notonly asa Quantitatively speaking, the calculation underestimates the
proton-donor but also as a proton acceptor. Indeed, eachfrequencies ofron and the H-bonded OH stretch at most by
component molecule in this cluster donates one OH group to a5, while it overshoots those of non-H-bonded OH stretch by
hydrogen bond while accepting an OH group from another, around 3%. Theoy band is further shifted to the red from
resulting in a six-membered ring formed by the hydrogen-bond = 1 by ~220 cnt?, while the decreases of the frequencies of
network. We can call this a “cyclic” structure. On the other the non-H-bonded OH stretch from the pure wateare only
hand, the complexdtb andlic are “chain” structures in which ~40 cntl. As a summary, we have concluded that the
a water dimer is bound to the 1-naphthol by one of the oxygen 1-naphthol(H,0), cluster has the “cyclic” form and have
atoms through a single hydrogen bond. The 1-naphthol confirmed the tentative assignments of the observed bands in
molecule is the proton donor ifib, while it is the proton  the previous section. This cyclic structure is also consistent
acceptor inlic. The calculated total hydration enthalpies are with the result from rotational coherence spectroscdpy.

ron-H-bonded
Ol str.

(a) OH str.

IR wavenumber/cm™

© §
§ 1

AR BERRNR RN AR RN RN

( \ J
3000 3200 3400 , 3600 3800

IR wavenumber/cm™

—22.5,—21.0, and—12.4 kcal/mol fromlla to lic, respectively. For then = 3 cluster, the number of potential minimum

The “cyclic” form is more stable than the “chain” isomers.  configuration is expected to be large. However, since we have
The theoretical IR spectra of thia —Ilc structures are shown |earned that the number of observed bands fre8800 to

in Figure 6 together with the observed IR dip spectruntrians ~3600 cnT?! can be probably related to the number of hydrogen-

1-naphthol(H20).. We note that the calculated spectralfiar bonded OH groups of water, we have narrowed our focus mainly

agrees with the experimental results much better than othersto the “cyclic” structures with three water OH bonds in the
Experimentally, we have observed four dips at 3370, 3499, 3559, hydrogen bond network. The optimized geometries of the cyclic
and 3720 cm!. The calculated frequencies of the OH vibrations forms arellla —llic in Figure 4. Their calculated total binding

for lla are 3215, 3429, 3535, 3809, and 3814 énbut we see enthalpies are-39.0,—30.5, and—33.4 kcal/mol fromllla to

the two highest bands are overlapping in the spectrum. Thelllc, respectively. In the structuriéla , all component mol-
structurellb shows two strong and three weak bands. The ecules donate OH groups to hydrogen bonds and there is an
relative intensities of the third and fourth bands are quite eight-membered ring. On the other hand, the compléies
different from those of the observed spectrum. On the other andllic can be regarded as the structures where the third water
hand, the calculated lowest frequency among the OH vibrations molecule is bound to the cyclita in the outer shell. The newly

for lic is much larger than the observed one. This structure formed hydrogen bond from = 2 ton = 3 is included in the
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'Wh\l,,/wu\ The calculated frequency oby is lower than the observed by
m fw 7%, while the other theoretical OH frequencies differ from the
VoH y H-bonded | o 1 bonded experimental value at most by 5%. We note that the difference
" bt ot between the observed and calculated frequenciesogfin
Vo T T ikbonded 1-naphthol(H,0), increases as grows, which is similar to those
: in phenot(H,0),.3" The voy of the 1-naphtho(H,0); is
' H H St calculated to be lower than the CH vibrations; seven bands with
T T T T intensities less than 0.01 are calculated at 323261 cnt? for
3000 3200 R was:r?‘?mber/mr1 3600 3800 i ) ) ) _ )
CH vibrations. It is certainly a large underestimation of the
® von frequency. From the energy relationship among isomers
and their vibrational spectral features, we have concluded that
i H the 1-naphthe(H20); is the cyclic structurellla ) having the
AR L e S A KA eight-membered ring. All observed and calculated frequencies
3000 3200 3400 3600 3800 of the OH vibrations and their assignments are summarized in

IR wavenumber/fcm™
Table 1.

IV. Conclusion and Future Work

Aana 'H\””“ L e s The IR spectra of the 1-naphth@i,O), (n = 0—3) clusters
3000 5200 300 oo’ 000 3800 have been observed by IR dip spectroscopy for the first time.

IR wavenumber/cm™

All the spectra show clear vibrational structures because of the
@ hydrogen-bonded OH stretching modes in the clusters. The
observed IR spectra are compared with the theoretical spectra

| ﬂ i of the various stable conformations predicted by ab initio MO
RN RRRAR RN Raa R wwwf;w T calculations. From the comparison, the vibrational assignments
Jo0e 0 weenmbernd 3800 and the geometrical structures of the clusters in the ground state

Figure 7. Calculated spectra of 1-naphth@®l,O); for the optimized are determined; only the most stable structures for each
structures (ajlla, (b) b, (c) llic , and (d)llid . The structuredila — reproduce the correct spectral patterns.

lid are illustrated to the side of the calculated spectra. The observed \We can classify the observed bands of 1-naphkHeD), into

IR dip spectrum is also shown on top. three groups, especially for > 2. The first group is for the
o o o von band, which always appears at the lowest frequency among
ring in Illa, while it is out of the ring inlllb andllic. In the OH bands. This band is red-shifted by 3385 cn1! for
addition, we have obtained the “chain” structuiléd for each successive water, and the decrease in frequency corre-
comparison. Itis less stable thifa by 5.6 kcal/mol. Though  sponds roughly to the elongation of the naphthol OH bond (see
we have tried to find the structure where a water trimer is bound Figure 4 and Table 1). The second is the non-H-bonded OH

to the 1-naphthol, the geometry optimization finally converged stretch group for the bands of the free OH vibrations, whose

to the structurella or llid . frequencies are over 3700 cfn The shift of the bands in this
The calculated IR spectra for the four structures are shown group with stepwise hydration is much smaller than that of the
in Figure 7. This figure indicates clearly that the structiliee von band, since they are “free” from the hydrogen bonds. The

is the best candidate among the isomers examined for thethird is the H-bonded OH stretch group for> 2, bracketed
observed IR dip spectrum for= 3. Onlyllla shows the four between theoy and the non-H-bonded OH stretch groups. Since
strong and one weak bands near the observed dips. In additionthe hydration structure where 1-naphthol acts not only as the
the absence of the bands betweeB500 and~3700 cnt! is proton donor but also as the proton acceptor is more stable than
also well reproduced only by this complex. As expected from others with the sama, the 1-naphthe(H»0), species tend to
the structure, the frequencies of the free OH vibrations are have cyclic forms to maximize the number of hydrogen bonds.
calculated to be almost degenerate (3809, 3811, and 381% cm This trend continues at least tih = 3. Therefore, the
and their intensities are 0.03, 0.06 and 0.08 relative to the lowestappearance of the bands in this group indicates the formation
band. Since only two dips have been observed around 3720the cyclic ring structure, and the number of the bands is
cm~1, we might expect the first two bands to overlap. However, coincident with the hydrogen-bonded OH in the ring. The
we cannot analyze these bands further because of the resolutiospectral feature summarized above is similar to that of phenol
of the spectrum and the difficulty of discussing such small (H20), in which the cyclic hydrogen-bonded conformation is
differences in the frequencies and IR intensities at the presentconcluded fom = 2 and 331532 |t should also be noted that
level of calculation. The remaining four bands correspond to the “cyclic” conformation is found in other OH-hydrogen-
the vibrations of the hydrogen-bonded OH groups in the ring. bonded clusters, such as pure water clust&tsaqueous Cs

The vibration of the naphthol OH bond is coupled with those clusters?® and phenol trimeré?

of the other water OH bonds in the cycle to some extent From the geometry in & the structure in the excited state
particularly in the two lowest bands, but it is the largest can be estimated roughly. In the-S5, electronic spectrum of
contributor to the normal mode of the lowest band. So the the clusters, the transition intensity concentrates in thaigin
lowest band (2976 cni) can be regarded as the naphthol OH and intermolecular vibrations are not prominéhtThe intensity
vibration modified by hydration, and the three middle bands distribution suggests that the electronically excited clusters have
are the vibrations of the hydrogen-bonded water OH groups structures similar to those ing.S Therefore, the 1-naphthol
forming the ring structure. Therefore, we can assign the (H»O),3cluster is expected to hold the cyclic conformation also
observed strong band at 3205 chto voy , the next three bands  in the § state. It is consistent with the small reactivity of the
to the H-bonded OH stretch, and the last two bands to a non- proton transfer in these clusters. The proton transfer is thought
H-bonded OH stretch by following the discussion for= 2. to occur only if the polatL, wz* state is lowered more than
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the optically active Szr* state by the solvatiofi. In the cyclic (15) Watanabe, T.; Ebata, T.; Tanabe, S.; Mikami JNChem. Phys

i * orbi 1996 105, 408.
conformation, ther andz* orbitals are not perturbed strongly (16) Pribble. R. N.: Zwier, T. SScience 1994 265, 75.

pecause.the water molecu.les are located far from the aromatic (17) Pribble, R. N. Zwier. T. SFaraday Discuss1994 97, 229.
ring. This small perturbation does not alter the energy order  (18) Pribble, R. N.; Garrett, A. W.; Haber, K.; Zwier, T. $. Chem.
of the zz* states; therefore, the proton transfer is not expected Phys 1995 103 531.

to take place. The detailed mechanism will become clear if él%forede”c"s’ S.Y.; Jordan, K. D.; Zwier, T.B Phys. Chen 996

the structure of the electronically excited cluster is determined ~ 20y Riehn, Ch.: Lahmann, Ch.; Wassermann, B.; BrutschyCtgm.
directly. For this purpose, vibrational spectroscopy and the Phys. Lett.1992 197, 443.

theoretical calculations should be applied to the clusters in the Bu(nzst)n%‘éznvpﬁ;‘s-i éﬁﬁ'&‘gggigghﬂgﬁsefmaﬂ”’ B.; BrutschyBé.
S, state. The vibrational spectroscopy of reactive clusters, such (22) Djafari, S.; Lembach, G.. Barth, H.-D.: Brutschy,B.Phys. Chem.

as large hydrated naphthol clusters or the naphthol solvated by199¢ 195, 253.
ammonia molecules, will be important in establishing the (23) Djafari, S.; Barth, H.-D.; Buchhold, K.; Brutschy, & Chem. Phys.

; ) ; ; 1997 107, 10573.
mechanism of the proton-transfer reaction. These projects are (24) Huisken. F.: Kaloudis, M. Kulcke, A Laush, C.: Lisy, J. M.

now in progress. Chem. Phys1995 103 5366.
(25) Weinheimer, C. J.; Lisy, J. Mnt. J. Mass. Spectrom. lon. Processes
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