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Abstract

Resonant two-photon ionization, fluorescence and fluorescence-detected excitation spectra of 1-naphthol - (NH ),
clusters are reported and interpreted with emphasis on determining the smallest clusters for which excited-state proton
transfer (ESPT) can occur. Consistent with the earliest studies but in contrast to more recent work, the ESPT threshold is
found a n=4, not n= 3. The confusion is shown to have arisen from weak, broad fluorescence of n= 1-3 clusters
extending to ~ 400 nm. Excitation spectra of genuine ESPT emission at longer wavelengths gives no indication of
contributions from n < 4. © 1998 Elsevier Science B.V. All rights reserved.

1. Introduction

The excited-state proton transfer (ESPT) reaction
of 1-naphthol has been one of the most important
examples of its type for many years. Forster [1] and
Weller [2] first recognized that the blue fluorescence
from an aqueous solution of 1-naphthol is due to the
naphtholate anion rather than neutral naphthol and
that the hydroxyl proton is donated to the solvent in
an excited-state reaction. Such excited-state acids
have since become useful for photoinduced pH-jump
experiments and many are now known.

As a result of the enormous general importance of
proton transfer reactions in water, 1-naphthol has
repeatedly served as a model compound in this sol-
vent [1-6] and in water clusters [7-12]. In addition
to the detailed spectroscopic information available in
a cold molecular beam, cluster studies have the
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unique advantage of observing solute properties as a
function of the number of solvent molecules. In the
case of water clusters, for example, ESPT is first
observed at ~ 25 water molecules [8,9]. Clusters are
quite cold, therefore the internal dynamics can also
be slowed to time scales that are relatively accessible
[10,11] and these dynamics varied with cluster inter-
nal energy [11]. In water clusters, the ESPT dynam-
ics were found to be largely controlled by solvent
relaxation, which is a critical feature of the recently
proposed ESPT mechanism [7]. This involves vibra-
tionally-induced S, /S, coupling in naphthol, which
induces solvent relaxation and is then itself amplified
by the solvent response.

In pure common solvents, 1-naphthol ESPT is
only observed in water. However, adding small
amounts of nitrogen bases to other solvents can lead
to ESPT as well [13,14]. A substantial acceptor
proton affinity (PA) is required for the ESPT reac-
tion to become favorable, since excited 1-naphthol is
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not a strong acid (pK_. = 0 in water). On the other
hand, if the acceptor PA is too large, the naphthol
may react in the ground state. Studies of 1-naphthol
ESPT to most nitrogen bases are therefore restricted
to mixed solutions or to clusters.

Cheshnovsky and Leutwyler performed the first
experiments on 1-naphthol - (NH,),, clusters [15,16].
Asin solution and water clusters, the appearance of a
strong, broad emission with a large red shift (7000
cm™ 1) was diagnostic for ESPT. The naphtholate
band is centered at 22000 cm™?! (455 nm), and is
~ 3500 cm™?! in width. Using resonant two-photon
ionization and mass spectrometric detection, it was
possible to measure the absorption spectra of the
clusters individually. This knowledge enabled selec-
tive excitation of each cluster size, as well. For small
clusters, n=1-3, strong narrow line emission was
observed, similar to that of free naphthol. For n= 4,
only the red-shifted ESPT emission was found. This
result is consistent with the n=4 ESPT threshold
found for the closely related phenol - (NH ), system
[17] and 2-naphthol - (NH ), [18].

For the stronger base piperidine, the ESPT thresh-
old was observed at n=2 [8]. Analysis of these
results led to the conclusion that a base or solvent
cluster proton affinity of 243 kca /mol is necessary
to induce ESPT [8,9], if the cluster is small. The
energetic cost of charge separation in the naphthol
can be compensated by solvation of the proton, so
the reaction occurs when the base cluster PA sur-
passes a well-defined threshold. The same picture
does not hold for weaker bases with a substantially
greater minimum reactive cluster size, since solva
tion of the naphtholate moiety then plays a larger
role.

In the course of a subsequent study on water and
ammonia clusters of 1-naphthol, Kim et al. (KLB)
measured two-color R2PI spectra of n= 3 ammonia
clusters, with the result that one peak became more
prominent at low ionization energy [19]. Since multi-
ple conformations of hydrogen bonded clusters are
common, it was suggested that this peak corre-
sponded to a conformer of n = 3 with unusual prop-
erties. KLB also measured fluorescence-detected ex-
citation spectra of 1-naphthol—ammonia clusters, us-
ing cutoff filters for wavelength selectivity. Even for
filters passing only wavelengths longer than 26000
cm™ ! (380 nm), absorption bands could be observed

that corresponded to the special n = 3 conformer. In
view of the possibility that n= 3 clusters undergo
ESPT in an argon matrix [20], they took this as
evidence for ESPT in this conformer, even though
the filter cutoff was substantially higher in energy
than the ESPT emission found in Refs. [8,15,16].
The claim of ESPT at this cluster size contradicted
the threshold thermodynamic model of Refs. [8] and
[9], and was discussed in terms of semi-empirically
calculated cluster geometries.

Following the KLB work, pump—probe two-pho-
ton ionization transients of 1-naphthol—ammonia
clusters were reported [21-24]. For n=10, 1 and 2,
weak fast transients were observed on top of the
radiative decay. Remarkably, for n = 3 the fast com-
ponent was dominant, but became small again for
n=4and 5. The fast transients were slower for ND,
than NH clusters. It was suggested that ESPT was
the reason for the large fast n=3 component, in
agreement with the spectroscopic conclusions of
KLB.

Pump—probe results for the related phenol—am-
monia clusters were reported by Syage and Stead-
man, who found fast transients only for n> 5 clus-
ters [25,26] rather than n>4 [17]. In this case,
however, the clusters fragment to a much greater
extent than with 1-naphthol, and it was suggested
that this makes assignment of a threshold uncertain
[27]. This and other aspects of pump—probe mea-
surements on proton transfer clusters have been re-
cently reviewed [28].

The KLB proposal of an ESPT active 1-naphthol
-(NH3),; conformer would add disconcerting com-
plexity to the otherwise straightforward thermody-
namic explanation for 1-naphthol ESPT to strong
bases. The threshold for ESPT in this test system
must be correctly identified if we are to develop a
clear understanding of the ESPT phenomenon. The
present work was undertaken because of the impor-
tance of the question and the need to reconcile
differing interpretations of the data. For example, no
n= 3 ESPT emission was found in Refs. [8,15,16],
in spite of a search for it. Also, as noted in Refs. [22]
and [23] there are some puzzling aspects of the
time-resolved results. The fast transient for n= 4,
where ESPT is agreed to be quantitative, is small;
yet the transient for n= 3, where only a minority
ESPT component was postulated, is large. Reexami-
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nation of the spectroscopy of small 1-naphthol -
(NH,), clusters shows that the KLB interpretation
was a result of insufficient selectivity for ESPT
emission and that no ESPT activity can be ascribed
to any n= 3 conformer on spectroscopic grounds.

2. Experimental

The experimental method was similar to that re-
ported in earlier studies on this molecule [7-12], we
present only a brief summary. 1-naphthol was en-
trained in a stream of neon carrier gas at a partial
pressure of < 3 mbar, the total stagnation pressure
was 1-1.5 bar. This mixture was passed through a
pulsed valve into a vacuum, the expansion cooled
molecules were then interrogated with nanosecond
pulses from a frequency-doubled pulsed dye laser
(Lambda Physik FL-2002), using DCM dye. The
ammonia complexes were generated by adding 1%
anhydrous NH , vapor to the gas stream.

The one-color resonant two-photon ionization
(R2PI) spectra were obtained by crossing the
skimmed molecular beam with the unfocussed, dou-
bled dye-laser pulses, inside the acceleration region
of a1m linear time-of-flight mass spectrometer. The
acceleration voltage used was 5 kV and the ions
were detected with a micro-sphere plate (EI-Mul
Technologies, Israel). The laser was scanned while
observing the relevant mass peak with a transient
digitizer.

The fluorescence was dispersed with a SPEX
0.5m grating monochromator (500M) and detected
with either a photomultiplier (Hamamatsu R3896) or
CCD array (Princeton Instruments, 2500 X 600 pix-
els).

3. Results
3.1. Resonant two-photon ionization spectra

The upper three traces of Fig. 1 show the one-color
resonant two-photon ionization (R2PI) spectra of the
n = 1-3 clusters of 1-naphthol - (NH,), inthe S, «
S dectronic origin region. These correspond well
with those measured earlier [15,16,19]. In our molec-
ular beam, one conformer is dominant for n=1,
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n=3 R2PT
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Fig. 1. One-color resonant 2-photon ionization (R2PI) and fluores-
cence-detected excitation spectra of 1-naphthol -(NH ), clusters.
The R2PI spectra have been scaled relative to one another for
clarity. The center wavelengths of the excitation spectra are
indicated, the bandpass was 2.4 nm. At 400 nm observation
wavelength absorption features from all cluster sizes n=1, 2 and
3 are visible. At 420 nm observation wavelength, no such struc-
ture remains and the excitation spectrum reflects only the feature-
less n> 4 absorption.

absorbing at 31218 cm™!. For n=2, there are at
least two conformers, with electronic origins at 31184
and 31103 cm™ 1. The loss of 1 ammonia molecule is
not uncommon in one-color R2PI and no n=1
signal appears at 31103 cm ™, therefore the possibil-
ity exists that this band is due to n=3, which
fragments into the n= 2 channel. It was found that
the dominant contribution is in fact from n=2, as
shown by: changing expansion conditions to discrim-
inate strongly against n = 3 clusters (al other n=3
bands could be reduced to < 10% of the n=2
signals) and by performing 2-color R2PI at 2500
cm~! lower ionization energy, which did not lead to
significant change in the n=3 vs. n=2 relative
intensities.

The n= 3 electronic origin region is congested
and severa conformers are likely, but different ori-
gin bands cannot be distinguished from the low-en-
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ergy vibrational or sequence band structure in the
absence of more information. Some n= 3 clusters
fragment into the n = 2 channel, but the lower abun-
dance of the larger cluster means that the resulting
structure in the n= 2 spectrum is weak. The n=4
cluster has a broad absorption [15,16], so its spec-
trum shows no structure on the scale presented here.

3.2. Fluorescence spectra

Shown in Fig. 2 are the fluorescence spectra of
1-naphthol - (NH,), clusters when exciting at 31184
cm™ 1, or on one of the n = 2 conformers. The lower
trace was taken with the array detector at moderately
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Fig. 2. Fluorescence spectra of the 1-naphthol -(NHj), cluster,
excited at 31184 cm™1, or the rightmost strong absorption of the
n= 2 spectrum in Fig. 1. The upper spectra were taken with wide
dlits and high sensitivity, the lower one shows the correct intensi-
ties of the strong narrow bands. In al spectra the broad underlying
emission is clear, extending to ~ 25000 cm~% or ~ 400 nm.
Under the conditions used to measure spectrum (a) small amounts
of the n= 4 were present and excited (3% of the n=2 signd in
the mass spectrum), leading to the ESPT emission at 22000 cm ™.
The conditions used for spectrum (b) were changed to strongly
reduce the n=4 population, only the ESPT emission is elimi-
nated. The arrows are at the observation wavelengths of the
excitation spectrain Fig. 1.

high resolution. The rightmost peak is at the excita-
tion wavelength and it includes some scattered laser
light. Otherwise the spectral intensities are correct.
The vibrational structure is similar to that of free
1-naphthol, as was previously observed [15,16]. It
should be noted that between the sharp lines, the
signal does not return to the baseline, there is a
weak, broad underlying emission. This is consistent
with the results of Refs. [15,16], athough it was not
explicitly noted there. Also as in those works, similar
results were obtained for both the n=1 and 3
clusters.

The upper two spectra of Fig. 2 were taken at
high sensitivity but with low resolution. The mea
surement system was partially saturated at the in-
tense sharp bands, their intensities are no longer
entirely representative. However, the extent of the
broad underlying emission is now apparent, reaching
to 25000 cm™! (400 nm). The two spectra were
taken under slightly different conditions, correspond-
ing to the temporal position of the laser pulse with
respect to the gas pulse. At longer delays after the
start of the gas pulse, small amounts of n= 4 (3% of
the n=2 signal) are seen in the mass spectrum.
These lead to the emission band at low energy in the
upper trace, as a result of weak n = 4 absorption at
the excitation frequency. Moving the laser forward in
the gas pulse by 50 s results in nearly undetectable
amounts of n> 4 in the mass spectrum. The ESPT
emission at 22000 cm™! correspondingly vanishes,
as seen in the middle trace of Fig. 2. The broad
background extending to 25000 cm™1, on the other
hand, does not decrease, and even increases since
more of the smaller clusters are present.

3.3. Excitation spectra

Opening the monochromator dlits to their maxi-
mum value (3 mm) and setting the center wavelength
to 25000 cm ™! (400 nm), the laser was again scanned
over the region of Fig. 1. This was intended to
correspond to the most red-shifted observation condi-
tions of fig. 5 of KLB. The result labelled as the 400
nm excitation spectrum in Fig. 1. All the narrow
absorption bands of the n=1, 2 and 3 clusters are
visible in thistrace. The relative intensities do change
vs. the R2Pl scans, so there are apparently some
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slight differences in the intensities or widths of broad
emissions from the different conformers. Most
prominent in this spectrum, asin fig. 5 of KLB, isa
band at 31103 cm™! (measured at 31105 cm™! by
KLB). While this corresponds to a band of the n =3
R2PI spectrum, it is also accidentally degenerate
with the strongest n = 2 signal.

Moving the monochromator center wavelength 20
nm further to the red, to enter the known ESPT band,
the lowest trace of Fig. 1 is obtained. The offset
from the base of the figure represents the true inten-
sity. Obviously there is in this case no structure
corresponding to any of the R2PI spectra. This spec-
trum corresponds to a segment of the n = 4 absorp-
tion.

4. Discussion

From the lower tracesin Fig. 1, it is clear that the
structure observed in fig. 5 of KLB at wavelengths
longer than 380 nm was due to the tail of the broad
non-ESPT emission shown in Fig. 2. This cutoff
wavelength is not sufficient to eliminate non-ESPT
emission. That only the 31103 cm™? absorption was
identified in long-wavelength emission is an artifact
of the weakness of the other emissions. Close inspec-
tion of KLB’s fig. 5 indeed reveas other structure
besides the 31103 cm~! band. The strength of the
31103 cm™! emission is not a reflection of the
emission spectrum of the special n= 3 conformer,
but is rather due to the abundance of the n=2
conformer which emits at the same wavelength. The
31103 cm™?! conformer of n= 3 remains unusual in
that its ionization potential is somewhat lower than
that of other conformers, but this now appears to
have no bearing on its ESPT properties.

A possible reason for the broad emission of the
n = 1-3 clusters is mixing of the first two electronic
excited states. This leads to some S,-like emission
superimposed on the ‘typical’ S, spectrum. Vibra-
tionally induced S, /S, mixing has been observed in
free 1-naphthol (7) and the 1-naphthol - water com-
plex [29]. A broad long-wavelength emission from
the 7-azaindole - water complex has also been ob-
served and attributed to S /S, mixing, athough
ESPT does not occur [30]. Solvent or cluster induced
inversion of these states is the mechanism by which

1-naphthol ESPT becomes possible, so as the num-
ber of ammonia molecules approaches the ESPT
threshold the S, could approach the S, and became
more strongly mixed with it. This picture is sup-
ported by the 400 nm excitation spectrum in Fig. 1.
The n = 3 features are disproportionately strong vs.
n=1 or 2, despite the greater abundance of the
smaller clusters in the molecular beam. The same is
truefor n=2vs. n=1.

The results presented here are also important for
interpretation of the pump-—probe transients mea
sured for 1-naphthol - (NH ), clusters[21-24]. While
the results remain fascinating, the large amplitude
transient for n=3 can no longer be assigned to
ESPT on the basis of spectroscopic results. As noted
in the introduction, this is somewhat reassuring,
since other aspects of the those studies were hard to
reconcile with the spectroscopy. Instead of n=3
ESPT, these data may reflect dynamics of higher
clusters (possibly but not necessarily ESPT) and
fragmentation after ionization. The n=4 ion state
excess energy in Refs. [21-24] was 3500—4500 cm ™2
under the conditions where n= 3 transients were
seen. Thisis in the same excess energy range where
n=1 and 2 fragmentation is observed for 1-color
R2PI. This conclusion has been recently supported
by preliminary pump—probe results using a variety
of wavelengths [31]. Under conditions where n=3
transients were observed, they appeared to be
assignable to decay from larger clusters.

5. Conclusions

Resonant two-photon ionization, fluorescence and
excitation spectra of 1-naphthol - (NH ), clusters are
reported for n=1, 2, 3 and 4. A previously unno-
ticed broad, weak emission from n=1, 2 and 3
clusters was found to extend to ~ 25000 cm™* (400
nm). Comparison of R2PI spectra and the excitation
spectra observed at 400 nm show that n= 1, 2 and 3
definitely emit at 400 nm. Excitation spectra taken at
a wavelength of 420 nm show no such contribution.
Since ESPT emission begins only beyond 400 nm,
we conclude that no n=3 conformers undergo
ESPT. The threshold cluster size for 1-naphthol -
(NH3),, ESPT is therefore n= 4, in agreement with
the earliest studies on this system and the thermody-
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namic model for ESPT in these clusters. The broad
emission from the smaller clusters is tentatively as-
signed to S,-like fluorescence as a result of elec-
tronic state mixing, which increases with cluster size.
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