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IR induced cis^trans isomerization of 2-naphthol: Catalytic role
of hydrogen-bond in the photoinduced isomerization

Takayuki Ebata,a) Kyouko Kouyama, and Naohiko Mikami
Department of Chemistry, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan

~Received 27 May 2003; accepted 11 June 2003!

An infrared laser inducedcis↔trans isomerization has been investigated for 2-naphthol and its
hydrogen~H!-bonded cluster with NH3 in the S1 electronic state by UV–IR double resonance
excitation in a supersonic jet. A specific isomer was pumped to a X–H~X5O, C or N! stretching
vibration in S1 by a sequential UV–IR two-photon excitation, and the resultant product species were
analyzed by dispersing their fluorescence. It was found that the IR excitation induces the
isomerization for the H-bonded cluster with the excitation less than 3000 cm21, while no
isomerization was found to occur for bare 2NpOH even with an input energy of 3610 cm21. The
substantial reduction of the isomerization barrier height represents evidence of the catalytic nature
of H-bonding in the conformational isomerization. It was also found that the isomerization
efficiency is very high at low IR frequency and exhibits a marked IR frequency dependence.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1596831#
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The existence and discrimination of the rotational is
mers of 2-naphthol~2NpOH! was first demonstrated by It
and co-workers using electronic spectroscopy combined w
a supersonic free jet technique.1 The rotamers,cis andtrans,
originate from the difference in conformation of the O
group with respect to the naphthalene ring. Later, Pratt
co-workers distinguished the two isomers by measuring h
resolution electronic spectra.2 It is reported that thecis-
isomer is 140 cm21 more stable than thetrans-isomer in S0 ,
while in S1 the trans-isomer becomes 180 cm21 more stable
than thecis-isomer.3 Though the barrier height of the isome
ization along the torsional coordinate of the OH group
2NpOH has not been reported in either state, it is though
be very similar to that of phenol, 1200 cm21 in S0 ,4 and
4710 cm21 in S1 , respectively.5 The dynamics and mecha
nism of the conformational isomerization has recently be
paid much attention because of the fundamental importa
in chemistry, as well as in biochemistry, especially for u
derstanding the three dimensional structure of flexible b
relevant molecules.6

In this Communication, we report a study on laser
sisted cis↔trans isomerization of 2NpOH and its
hydrogen~H!-bonded cluster with NH3 in S1 by using
UV–IR double resonance spectroscopy. A specific isome
its cluster in a jet is pumped to a X–H stretching vibration
S1 by a sequential UV–IR two-photon excitation, where
refers to O, C, or N atom. The isomerization will occur wh
the X–H stretching energy flows into the torsional vibrati
of the OH group, exceeding the barrier height of the isom
ization. We investigated the process putting our emphasi
the following issues: The first is whethercis↔trans isomer-
ization actually occurs in the energy region examined in
present work. The second is whether this reaction exhi
any selectivity. In such a case, what is a major factor for
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selectivity? The third is how the barrier height and the d
namics of the isomerization are affected by H-bonding to
OH group. We will verify those issues under a challengi
attempt for the laser control of the isomerization.

The experimental setup of UV–IR double resonan
spectroscopy has been described in our previous paper7–9

Jet-cooled 2NpOH and its cluster with NH3 were produced
by the supersonic expansion of 2NpOH/NH3 gaseous mix-
ture, seeded in helium carrier gas. A specific species in the
was pumped to the zero-point level in S1 with a UV light,
followed by an IR excitation to the X–H stretching vibratio
The vibrationally-excited molecules or clusters in S1 will
immediately relax by intramolecular or intracluster vibr
tional energy redistribution~IVR! and emit broad fluores
cence in the wide frequency region. If isomerization occu
the generated isomer emits fluorescence in different
quency region from the initial species because each iso
has own electronic transition frequency. Thus we can d
criminate IVR or isomerization by dispersing the emissi
by using a monochromator. The X–H stretching energies
in general, larger than the H-bonding energy, and the vib
tionally excited clusters may predissociate and gene
2NpOH fragments in S1 . Since most of the input energy i
consumed for the dissociation of the H-bond, the genera
2NpOH will be internally cool and emit sharp fluorescen
in the band origin region, which can also be discriminat
The IR spectra of 2NpOH and its cluster in S1 are obtained
by scanning the IR frequency while monitoring either t
emission from the IVR generated levels9 or the photofrag-
ment emission.8

The UV light was a second harmonic of Nd:YAG las
pumped dye laser. Tunable IR laser light in the 3mm region
was obtained by difference frequency generation between
second harmonic of another Nd:YAG laser and the Nd:YA
laser pumped dye laser output by using a LiNbO3 crystal.
The delay time between the UV and IR pulses was set to
7 © 2003 American Institute of Physics
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nanoseconds. The laser beams were coaxially introduced
a vacuum chamber, crossing the free jet. Anf 5250 mm
monochromator was used to disperse the fluorescence. T
cal slit width was 100mm.

The electronic transitions of 2NpOH and its H-bond
clusters have been reported by several groups.1,10–13 The
band origin ofcis- and trans-isomer of bare 2NpOH is lo-
cated at 30 903 and 30 585 cm21, respectively, and that of th
1:1 H-bonded cluster with NH3 is located at 30 318 and
29 964 cm21, respectively. Figure 1~A! shows the IR spectra
of barecis-2NpOH andcis-2NpOH-NH3 in S1 , which were
obtained by fixing the UV frequencies to the band origins
each species and monitoring either the relaxed or the f
ment emission. The OH stretch of barecis-2NpOH appears
at 3609 cm21. In cis-2NpOH-NH3, we see two sharp peak
at 3400–3500 cm21 and a broadband at 2800–3300 cm21

with its center frequency at 3050 cm21. From a comparison
of the IR spectrum in S1 with the reported spectrum in S0 ,13

we assign the sharp bands to the NH stretching vibration
NH3, and the broadband to the H-bonded OH stretching
bration of 2NpOH. A large reduction of the OH stretch fr
quency~560 cm21! is due to a strong H-bonding betwee

FIG. 1. ~A! IR spectra of barecis-2NpOH andcis-2-NpOH-NH3 in the S1

state.~B! ~a!–~e! Dispersed fluorescence~DF! spectra ofcis-2-NpOH-NH3

obtained by UV–IR excitation with various IR frequencies. The UV fr
quency is fixed to the 0,0 band. The arrows indicate the position of st
See the text.~f! DF spectrum ofcis-2-NpOH-NH3 from the zero-point level
without the IR light. This spectrum is overlaid on the spectra~a!–~e!. ~g!, ~h!
DF spectra of barecis-2NpOH and trans-2NpOH from their zero-point
levels.
Downloaded 01 Jul 2007 to 133.41.149.135. Redistribution subject to AIP
to

pi-

f
g-

of
i-

2NpOH in S1 ~Ref. 14! and a strong base, NH3.
We examined the IR laser induced isomerization for b

bare 2NpOH and 2NpOH-NH3 in S1 . As a result, we found
that the isomerization occurs only in the cluster but not in
bare molecule in the examined energy region of 2900–3
cm21. We first present the result of 2NpOH-NH3 and then
discuss the result of bare molecule. Since the IR spectrum
2NpOH-NH3 is extremely broad as seen in Fig. 1~A!, we
were able to pump the cluster to various energies by tun
the IR laser frequency along the broad IR band. In Fig. 1~B!,
traces ~a!–~e! represent the dispersed fluorescence~DF!
spectra ofcis-2NpOH-NH3 observed after the UV–IR exci
tation with various IR frequencies, being compared with t
DF spectrum obtained without IR excitation, trace~f!. In the
DF spectra with low IR frequency excitations, traces~c!–~e!,
a broad emission is seen at 30 300–30 920 cm21. The broad-
ness indicates that the emitting species is internally very
so that we assign the broad emission as the fluorescence
the levels generated by IVR of the cluster. In the broad em
sion spectrum, traces~c!–~e!, we notice that there is a step
like feature at 30 920 and 30 600 cm21, which are marked by
arrows. We will discuss the step-structure later. In the
spectrum with 3260 cm21 excitation, trace~b!, a sharp band
~band T! emerges at 30 580 cm21, which is overlapped with
the broad emission having a step at 30 920 cm21. In the case
of the 3435 cm21 excitation, trace~a!, another sharp band
~band C! emerges at 30 900 cm21. It should be noticed tha
the broad emission is not seen in trace~a!.

The new bands T and C, are undoubtedly assigned to
band origins of baretrans- andcis-2NpOH, respectively, by
the comparison with the S1– S0 excitation spectrum. Actu-
ally, the DF spectra of barecis- andtrans-2NpOH from their
band origins, traces~g! and~h!, clearly show a good coinci-
dence of the bands T and C to the band origins oftrans- and
cis-2NpOH, respectively. Thus, we conclude that these s
cies are generated by predissociation of the vibrationally
citedcis-2NpOH-NH3 in S1 . The important point from this
observation is that thetrans-2NpOH fragment is generate
from cis-2NpOH-NH3, that is,the cis→trans isomerization
is occurring in cis-2NpOH-NH3 . Furthermore, in the 3260
cm21 excitation, only thetrans-2NpOH fragment is gener
ated as seen in trace~b!, indicating that the isomerization
proceeds with almost 100% efficiency at this energy.

In order to make these characteristics clear, we obser
relative yields of the two fragments as a function of t
IR frequency. Figure 2~a! shows the trans-2NpOH
fragment yield spectrum by the UV–IR excitation o
cis-2NpOH-NH3, representing that the appearance ene
of the trans-2NpOH fragment from 2NpOH-NH3 is 3090
~610! cm21. We carried out similar measurement for th
cis-2NpOH fragment. However, the IR absorption intens
was weak at the appearance energy of this fragment and
could not obtaincis-2NpOH yield spectrum with a good S/N
ratio. Instead, we determined the appearance energy o
cis-2NpOH fragment by measuring the relative ratio of t
two fragments as a function of the IR frequency as shown
Figs. 2~b! and 2~c!. From Fig. 2~c!, the appearance energy o
the cis-2NpOH fragment was determined to be 3280~610!
cm21.

s.
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As mentioned above, we found that the IR induc
isomerization does not occur for bare 2NpOH in the exa
ined energy region of 3000–3609 cm21. The high energy
limit, 3609 cm21, is the OH stretch vibrational frequency o
bare 2NpOH, the highest frequency fundamental. The
spectrum after the IR excitation showed only a broad fea
due to IVR of the excited species but emission attributable
the isomerized species was not observed. Therefore,
isomerization barrier height of bare 2NpOH in S1 is larger
than 3609 cm21. The actual barrier height is thought to b
larger than this energy because in phenol, having a sim
geometrical and electronic structure with 2NpOH, the bar
height of the torsional motion of the OH group is reported
be 4710 cm21 in S1 .5 Since the isomerization occurs at 309
cm21 in cis-2NpOH-NH3, we conclude that the barrie
height is substantially reduced upon the H-bonding w
NH3. That is,the H-bonded NH3 is acting as a catalyst o
the conformational isomerization.

Though it would be difficult to specify the reason for th
substantial reduction of the barrier height upon t
H-bonding, we can predict two origins: one is the fact th
2NpOH turns to be a strong acid in S1 . It is known that the

FIG. 2. ~a! IR spectrum ofcis-2NpOH-NH3 , andtrans-2NpOH photofrag-
ment yield spectrum fromcis-2NpOH-NH3 in S1 . The arrow indicates the
appearance energy~3090 cm21! of trans-2NpOH. ~b! DF spectra of
cis-2NpOH-NH3 obtained by the UV–IR excitation with various IR fre
quencies. The spectra are normalized to the fluorescence intensity oftrans-
2NpOH photofragment.~c! Ratio ofcis/trans2NpOH photofragment yields
vs the IR frequency. The arrow indicates the appearance energy~3280 cm21!
of cis-2NpOH fragment.
Downloaded 01 Jul 2007 to 133.41.149.135. Redistribution subject to AIP
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acidity of 2NpOH drastically increases from S0 (pKa59.8)
to S1 (pKa52.4),14 leading to the excited state proton tran
fer ~ESPT! reaction in condensed phase. Though the ES
reaction is not reported in the 1:1 cluster, it is quite possi
that the OH bond is largely lengthened in the H-bonded cl
ter in S1 . As the O–H bond stretches, the Coulombic con
bution to the H-bonding will increase in the cluster, whic
may lead to a loss of the bond directionality and a reduct
of the barrier height along the torsional coordinate of t
OH group. The other origin is the interaction of the near
ps* state. The importance of this state on the photochem
try of aromatic hydrocarbons has been recently proposed
Sobolewskiet al.15–17 This state is predicted to be locate
nearby S1 and may cause the excited state hydrogen tran
reaction ~ESHT! in the clusters.18,19 In case of aniline, in
fact, we have experimentally proved the existence of t
state.9 A theoretical support is highly demanded for the i
formation of the transition state structure and the bar
height.

So far, we did not discuss the possibility of the isom
ization below the H-bond dissociation energy. It will be ve
important to reveal whether the isomerization is accom
nied with the H-bond dissociation. As we mentioned befo
we found step-like features at 30 920 and 30 600 cm21 in the
DF spectra when the IR excitation energy was lower than
dissociation limit. The difference 320 cm21 between the two
steps is very close to the difference of the electronic tran
tion frequencies of thecis- andtrans-2NpOH-NH3 clusters.
Thus, the steps at 30 920 and 30 600 cm21 are thought to be
high frequency limits of the emission from the redistribut
levels of cis- and trans-2NpOH-NH3, respectively, gener-
ated by IVR and/or isomerization of the IR excite
cis-2NpOH-NH3. Therefore, we conclude that the isome
ization occurs without accompanying the H-bond dissoc
tion, and the upper limit of the isomerization barrier height
determined to be 2891 cm21.

Another noticeable feature is that the production e
ciency of the isomerized fragment is very high at low
excitation energy region. As was described before, we
tained the threshold energies of the productions oftrans- and
cis-2NpOH fragments fromcis-2NpOH-NH3 to be 3090
and 3280 cm21, respectively. This means that only thetrans-
2NpOH fragment is produced fromcis-2NpOH-NH3 at
3090–3280 cm21. This high selectivity at the low IR fre-
quency excitation can be explained from heat of formation
each species. Figure 3 shows the energy diagram of 2Np
and 2NpOH-NH3 in S0 and S1 . The H-bond energy of
cis-2NpOH-NH3 in S1 can be set to 3280 cm21 from the
appearance energy ofcis-2NpOH fragment as shown in Fig
2~c!. Accordingly, the binding energy in S0 is obtained to be
2695 ~610! cm21 from the binding energies in S1 and elec-
tronic transition frequencies of barecis-2NpOH and
cis-2NpOH-NH3. By assuming the H-bond energy is th
same between thecis- and thetrans-forms in S0 , we obtain
the H-bond energy oftrans-2NpOH-NH3 in S1 to be 3316
~610! cm21, from the S1– S0 transition frequencies. It
should be mentioned that the obtained H-bonding energy
2NpOH-NH3 in S0 is in good agreement with that o
1NpOH-NH3 ~2680 cm21! reported by Bu¨rgi et al.20
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 3. Energy diagram of the cis- and
trans-2NpOH-NH3 clusters in S0 and S1 . Two reac-
tion schemes, ~1! and ~2!, starting from the
cis-2NpOH-NH3 cluster are shown: Scheme~1! corre-
sponds to the case with the IR energy lower than t
‘‘ cis-2NpOH1NH3’’ dissociation limit. Scheme~2!
corresponds to the IR excitation above th
‘‘ cis-2NpOH1NH3’’ dissociation limit.
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Based on the energy levels in Fig. 3, we discuss
competitive channels for the isomerization and the disso
tion. In S1 of 2NpOH-NH3, trans-isomer is 214 cm21 more
stable than that ofcis-isomer. When thecis-2NpOH-NH3

cluster is excited to the vibrational levels below 3280 cm21

~case 1 in Fig. 3!, the energy is not large enough to break t
H-bond in thecis-form. However, if thecis-form cluster
isomerizes to thetrans-form, it can dissociate intotrans-
2NpOH ~in S1) and NH3, because the total energy of 349
~521413280! cm21 is higher than the dissociation energ
of trans-2NpOH-NH3. Thus, only the cis→trans
isomerization/dissociation channel is possible at 3090–3
cm21. On the contrary, whencis-2NpOH-NH3 is excited
above 3280 cm21 ~case 2!, the dissociation channel of th
cis-2NpOH-NH3 becomes open and the two channels w
compete, and we will observe the emission of both thecis-
andtrans-2NpOH fragments. To verify the energy constra
reaction mechanism, we carried out the similar study for
trans-2NpOH-NH3 cluster. In the examined IR frequenc
region of 3330–3435 cm21, we identified only thetrans-
2NpOH production channel, which is in good agreem
with the energy diagram of Fig. 3. Even the highest energy
3435 cm21 is 59 cm21 lower than thecis-2NpOH production
channel. The experiment for higher IR excitation could n
be performed because of the weak absorption
trans-2NpOH-NH3 compared to that ofcis-2NpOH-NH3.

In conclusion, IR laser assistedcis–trans isomerization
has been applied to the H-bonded cluster of 2NpOH in1 ,
using UV–IR double resonance spectroscopic method.
found that the H-bonding to the OH group substantially
duces barrier height of the conformational isomerization. T
isomerization starting from thecis-form H-bonded cluster
showed a characteristic energy dependence. At low inte
energies thecis→trans isomerization followed by the
H-bond dissociation is dominant, resulting in the high yie
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of the isomerized phtotofragment. With the energy increas
the predissociation channel within thecis-form cluster com-
petes with the isomerization. Further studies on other clus
with wider energy range are now in progress for the deta
understanding of the dynamics of the isomerization and
predissociation.
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