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Hydrogen transfer in photoexcited phenol Õammonia clusters by UV–IR–UV
ion dip spectroscopy and ab initio molecular orbital calculations.
I. Electronic transitions
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The electronic spectra of reaction products via photoexcited phenol/ammonia clusters~1:2–5! have
been measured by UV-near-IR–UV ion dip spectroscopy. Compared with the electronic spectra of
hydrogenated ammonia cluster radicals the reaction products have been proven to be (NH3)n21NH4

(n52 – 5), which are generated by excited-state hydrogen transfer in PhOH– (NH3)n . By
comparing the experimental results withab initio molecular orbital calculations at multireference
single and double excitation configuration interaction level, it has been found that the reaction
products (NH3)n21NH4 ~for n53 and 4!, contain some isomers. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1508103#
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I. INTRODUCTION

Phenol/ammonia and naphthol/ammonia clusters h
been investigated as a prototype of excited-state pro
transfer~ESPT! for a long time.1–16 In the former clusters,
however, size-selected electronic transitions were unkno
until 1998 because the clusters dissociate after ionizat
The peaks of both PhOH– (NH3)n

1 (n50,1,...) and
(NH3)n21NH4

1 (n51,...,5) appear in a (111) resonant en-
hanced multiphoton ionization~REMPI! mass spectrum o
the phenol/ammonia clusters. However, the structured e
tronic spectrum cannot be obtained when the mass peak
the parent PhOH– (NH3)n

1 are monitored. In 1998, Kleiner
manns and co-workers found that one can observe the
selected electronic spectrum if the mass peak
(NH3)n21NH4

1 is monitored,17,18 which raised new ques
tions: Why can the size-selected electronic spectrum be
tained only by monitoring the daughter cations? And how
the daughter cations generated?

Jouvet and co-workers proposed an excited-state hy
gen transfer~ESHT! scenario based on the two-color (
118)REMPI mass spectrum with a long delay time betwe
two lasers.19,20 The ion species, (NH3)n21NH4

1 , are ob-
served even when the ionization laser is delayed by 200

a!Electronic mail: hashimoto-kenro@c.metro-u.ac.jp
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from the excitation laser. This indicates that (NH3)n21NH4
1

are produced by the ionization of long-lived species gen
ated from PhOH– (NH3)n in S1 . No observation of
(NH3)n21NH4

1 by the VUV one-photon ionization mas
spectrum has supported this mechanism. From these res
they proposed the interpretation that the long-lived specie
a hydrogenated ammonia cluster radical which is genera
by a hydrogen transfer reaction

PhOH–~NH3!n→PhO1~NH3!n21NH4. ~1!

They also suggested that the fast picosecond decay of e
tronically excited PhOH– (NH3)2 might be due to the dy-
namics of the hydrogen transfer because ESPT canno
expected energetically for this cluster.21

Hydrogen transfer answers the above questions,
seems to be plausible. However, there was no direct
dence. Recently, we have reported on the vibrational spe
of the reaction products from PhOH– (NH3)3,4 using UV–
IR–UV ion dip spectroscopy.22 In the present work, we mea
sured the electronic spectra of the reaction products in
near-IR region. The spectra of the products well coinc
with those of (NH3)n21NH4, which were generated from
pure ammonia clusters by 193 nm photolysis.23,24 From the
coincidence, we have proven that the long-lived species
(NH3)n21NH4. The coexistence of isomers is also discuss
based on theoretical calculations.
7 © 2002 American Institute of Physics
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II. EXPERIMENT

Figure 1 shows the principle of UV-near-IR–UV ion d
spectroscopy to measure the electronic transition of the r
tion products from photoexcited PhOH– (NH3)n in the
near-IR region. A pump UV laser (vUV) was tuned to the
S1–S0 transition of PhOH– (NH3)n (n52 – 5). After a long
delay time~180 ns!, the near-IR laser (vNIR) was irradiated
and scanned from 4400 to 13 600 cm21. Then, the ionization
laser (v ION) was irradiated after 20 ns fromvNIR . If vNIR is
resonant to a certain electronic transition, the cluster is p
dissociated. As a result, the ion signal of (NH3)n21NH4

1 de-
creases. The electronic transition of the reaction prod
which generates (NH3)n21NH4

1 can be observed as a depl
tion of the ion signal.

Figure 2 shows the experimental apparatus schem

FIG. 1. Principle of the UV-near-IR-UV ion dip spectroscopy.
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cally. The vapor of phenol at room temperature was see
in He/NH3 ~0.5%! or Ne/NH3 ~0.5%! premix gas~3 bar!, and
the mixture was expanded into the source chamber~typically
131025 Torr) through a pulsed valve~General Valve Series
9!. The nozzle diameter was 400mm. Through a skimmer
with a diameter of 2 mm, the molecular beam was introduc
to the main chamber~typically 331026 Torr), where three
lasers (vUV1vNIR1v ION) were irradiated. The produced ca
ion was introduced to a linear time-of-flight mass spectro
eter~flight path, 1.4 m! and detected by a microsphere pla
~El-Mul C025DTA!.

The pump laservUV was obtained by a frequency
doubled dye laser~Lumonics HD-500! pumped by the third
harmonic of a YAG laser~Spectra Physics GCR-170!. The
power of vUV was kept very low to avoid two-photon ion
ization only by vUV . The third harmonic of another YAG
laser~Lumonics YM1200!, or a frequency-doubled dye lase
~Continuum ND6000! pumped by the second harmonic
the YAG laser, was used for the ionization laserv ION ~40 mJ!.
Both UV lasers were combined coaxially by a beam co
biner and were focused by a 300 mm focal lens. These Y
lasers, which providedvUV and v ION , were operated at 20
Hz. The output of a dye laser~Lumonics HD-500! pumped
by the second harmonic of the third YAG laser~Continuum
Powerlite 8100! was differentially mixed with 1064 nm in a
LiNbO3 crystal, and was converted to a tunable near-IR la
vNIR from 4400 to 5500 cm21. Near-IR laser light from 5500
to 13 600 cm21 was obtained by an OPO laser~Spectra Phys-
ics MOPO-HF! pumped by the third harmonic of a YAG
FIG. 2. Schematic diagram of the experimental apparatus.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 3. Long-delayed (1
118)REMPI spectra~action spectra!
of PhOH– (NH3)n obtained by moni-
toring (NH3)n21NH4

1 . The horizontal
axes correspond to wave numbers
the excitation laservUV .
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laser~Spectra Physics GCR-Pro 250!. The near-IR laser was
introduced to the main chamber from the opposite side
two UV lasers (vUV1v ION), and focused by a CaF2 300 mm
focal lens. The near-IR laser was operated at 10 Hz.
three lasers were synchronized electronically within 1 ns
curacy. We could thus obtain avUV1vNIR1v ION signal and a
vUV1v ION signal alternatively. Each signal was separat
integrated and stored in a digital boxcar system~EG&G
PARC 4420/4422!25 after amplification by a preamplifie
~NF BX31A!. The integrated signal was recorded by a p
sonal computer as a function of the NIR laser frequency.
calculating the ratio between the two signals, the fluctuati
of the UV laser power and the condition of the pulsed va
were well suppressed. Sample phenol was purchased
Wako Pure Chemical Industries, Ltd. and used after vacu
sublimation.

III. RESULTS AND DISCUSSION

A. Long-delayed „1¿18…REMPI spectra of phenol Õ
ammonia „1:2–5… clusters

To determine the wave number ofvUV which excites the
phenol/ammonia clusters toS1 , we measured the long
delayed two-color (1118)REMPI spectra of PhOH– (NH3)n

(n52 – 5), i.e., the action spectra of the photochemical
action of PhOH– (NH3)n . Kleinermanns and co-worker
have already reported one-color REMPI spectra ofn51 – 4
clusters.17,18 The excitation laservUV was irradiated and
scanned. After 100 ns fromvUV , the ionization laserv ION

was irradiated. The results are presented in Figs. 3~a!–3~d!.
The bands correspond to the vibronic transitions

PhOH– (NH3)n (n52 – 5) in the S1 state. The horizonta
axes show the wave number of the excitation laservUV . The
wavelength ofv ION was fixed to 306.5 nm forn52, and to
355 nm for other sizes. Then52 cluster cannot be ionize
by one photon of 355 nm. This supports the expectation
the reaction product might be a hydrogenated ammonia c
ter radical whose ionization potential~IP! of NH3NH4 is 3.88
eV ~;320 nm!.26 The ionization of then53 – 5 clusters by
Downloaded 22 Oct 2002 to 133.48.166.102. Redistribution subject to A
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355 nm light is also consistent with the IP values
(NH3)n21NH4 (n53 – 5), being 3.31 eV~;375 nm!, 2.97
eV ~;417 nm!, and 2.73 eV~;454 nm!, respectively.26

The spectra in Figs. 3~a!–3~c! show well-resolved low-
frequency bands, which are essentially the same as the
color REMPI spectra by Kleinermanns and co-workers.17,18

On the other hand, the electronic spectrum of ann55 cluster
@Fig. 3~d!#, which is reported for the first time, shows a ve
broad and unstructured band. This suggests a large geom
cal change betweenS0 andS1 , or a vanishing of the reaction
barrier, as discussed in a later section.

B. Electronic spectra of the reaction products

Figure 4 shows the electronic spectra of the photoche
cal reaction products from PhOH– (NH3)n (n52 – 5) by
UV-near-IR-UV ion dip spectroscopy. The excitation laserv1

was fixed to a specific vibronic band inS1 of
PhOH– (NH3)n , which is at 35 544, 35 498, 35 348 cm21 for
n52 – 4, respectively. Forn55, vUV was fixed to the cente
of the broad peak~282.5 nm!. The v ION for the ionization
was 306.5 nm for PhOH– (NH3)2 . For PhOH– (NH3)n of
n53 – 5, the third harmonic of the YAG laser~355 nm! was
used asv ION . The vertical axes of the spectra are prop
tional to the absorption cross section ln@(Ioff /I on)/f#, where
f is the photon fluence andI on and I off are the signal inten-
sities with and without irradiatingvNIR . This expression of
the absorption cross section was also used by Nonoseet al.
for the destruction spectroscopy of (NH3)n21NH4.23,24

The spectra in Fig. 4 differ remarkably from those of t
phenol-(NH3)n , but are very similar to the absorption spe
tra ~the photodepletion spectra! of (NH3)n21NH4 generated
from the photolysis of pure ammonia clusters.23,24 The elec-
tronic transition for then52 product is observed in a highe
region than;10 000 cm21. The extremely broad bands fo
the products from PhOH– (NH3)3,4 are observed at̂ 7200
and^5800 cm21, respectively, while the band for then55
product is located at 5000–7200 cm21 being much narrower
than those forn53 and 4. All of the spectral feature forn
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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52–5 coincide with the electronic spectra of (NH3)n21NH4

with the samen. Therefore, we concluded that the reacti
products from the electronically excited PhOH– (NH3)n (n
52 – 5) are the hydrogenated ammonia cluster radic
(NH3)n21NH4.

Recently, Daigokuet al. examined the geometries, vert
cal transition energies and electronic states of (NH3)n21NH4

with n up to 4 byab initio MP2 and multireference singl
and double excitation CI~MRSDCI! methods with the
6-31111G(d,p) basis sets augmented by extra diffusesp
functions on N atoms.27 According to the calculations, th
most stable structures for eachn have as many hydroge
bonds as possible between the central NH4 and the surround-
ing NH3 molecules. The incremental binding energies
NH3 to NH4 is 26 to 27 kcal/mol with a zero-point vibra-
tional correction~ZPC!. Other isomers become less stable
the number of NH4– NH3 hydrogen bonds decreases.

We have extended the calculation ton55 and examined
a total of seven plausible isomers at the MP2/6-311
1G(d,p) level with the Gaussian-98 program.28 The opti-
mized geometries and the total binding energies~TBEs! with
and without ZPC are also presented in Fig. 5. All of t
structures were confirmed to have real harmonic frequenc
we calculated the harmonic frequencies by numerically
ferentiating the first derivatives along the nuclear coor
nates. The scaled harmonic frequencies were used to inc
ZPC; the scale factor~0.932! was determined by the averag
ratio between the experimental fundamental29 and calculated
harmonic frequencies of a free NH3.

As in the case ofn54, 5a in which NH4 is surrounded
by four NH3 molecules is the most stable, while those co
plexes with fewer NH4– NH3 hydrogen bonds are less stab
Thus, we focused on the two most stable structures and

FIG. 4. Electronic spectra of the reaction products from photo-exc
PhOH– (NH3)n . The horizontal axes correspond to wave numbers ofnNIR .
The vertical axes correspond the absorption cross section by arbitrary u
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fined their relative energies at the same basis sets as in
case of a previous study.27 The results are also shown in Fig
5. The TBEs for5a and 5b are 226.5 and224.0 kcal/mol
with ZPC, respectively; their deviation is almost the same
the energy difference between the most and the second
stable structures forn54.

The low-lying excited states in (NH3)n21NH4 are de-
rived from the triply degenerate 12T2 in free NH4 with Td

symmetry.27 The vertical transition energies~VTEs! to
1 2T2-like states in the clusters are mostly determined by
number of NH3 molecules bound directly to NH4. The VTEs
for the most stable structure for eachn are the lowest among
the isomers with the samen, and decrease asn grows by
about 1.2 eV fromn51 to n55. The band positions of the
second most stable structure forn are close to those of the
most stable form forn21.

Based on the structure and size dependence of the VT
the lowest bands in the electronic spectra of (NH3)n21NH4

at ;1.45 eV (n52), ;0.99–;1.12 eV (n53), ;0.81 eV
(n54), and;0.72 eV (n55) by destruction spectroscop
were ascribed to 12T2(NH4) – 1 2A1(NH4)-like transitions
in the structure, where all NH3 molecules are bound directl
to NH4.27 Moreover, the broad band extending to the high
energy region forn53 and 4 was attributed to the sam
transitions in isomers with fewer NH4– NH3 hydrogen bonds
for these sizes. Therefore, the near-perfect coincidence
tween the previous destruction spectra and the present
near-IR–UV ion dip spectra implies that not only the mo
stable structure, but also the less-stable isomers, were ge
ated by ESHT in PhOH– (NH3)3,4 as well as the 193 nm
photolysis of ammonia clusters. The remarkable narrow
of the observed band fromn54 to n55 may indicate a
single product in spite of the similar relative energies b
tween the most and the second most stable isomers for t
sizes.

Since nothing was known about the VTEs and oscilla
strengths of the high-energy isomer forn55, we computed
them for 5a and 5b by the MRSDCI method, preceded b
complete active space SCF~CASSCF! calculations using the
MOLPRO-2000program package.30 This method is the same a
that used previously;27 the results are summarized in Table
Though the calculations tend to underestimate the abso
VTE values, the transition energies to the2T2-like states in
5b are roughly close to those of the corresponding calcula
value of the most stable structure forn54 ~0.65 eV!. Thus,
it seems premature at present to ascribe the remarkable
rowing of the band forn55 to a single isomer. The isome
5b may contribute to the higher energy tail of then55 band
extending to;7000 cm21. Further effort is necessary to a
gue definitely for the existence of the isomer forn55.

In conclusion, by using UV-near-IR–UV ion dip spec
troscopy, we successfully observed the electronic spectr
the reaction products from photoexcited PhOH– (NH3)n (n
52 – 5). Based on the observed near-IR spectra, we h
proven that the reaction products are (NH3)n21NH4. The
radical dissociation of the OH bond occurs in phen
ammonia clusters despite the acid-base solvated clus
~‘‘forgotten channel’’!. The reaction products (NH3)n21NH4

d

its.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 5. Optimized structures of (NH3)4NH4 . Results obtained at the MP2/6-3111G(d,p) level are in parenthes and others were obtained at the 6-31
1G(d,p) augmented by diffusesp functions (asp50.019) on N atoms~Ref. 27!. Geometrical parameters are given in Å and degrees. Molecular symm
and total binding energies~kcal/mol! with/without ZPC are given under each structure.
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~at least forn53 and 4! contain some isomers: The phot
chemistry of PhOH– (NH3)n produces isomers o
(NH3)n21NH4 for n53 and 4, being similar to the 193 nm
photolysis of pure ammonia clusters.

C. Discussion of the reaction mechanism involving
ESHT

Recently, Sobolewski and Domcke have studied
ground and the low-lying excited singlet (1pp* and1ps* )
states as well as the cationic state (2p) of PhOH– (H2O)1,3

and PhOH–NH3 by ab initio MO calculations.31 They exam-
ined the adiabatic potential energy curves~PECs! along the
PhO–H stretch coordinate under theCs symmetry constraint.
In bare PhOH,S1 is a bound1pp* state near the groun
state equilibrium geometry, while the PEC ofS2 (1ps* ) is
essentially repulsive along the O–H bond correlating to

TABLE I. VTEs ~eV! and oscillator strengths~fs! corresponding to transi-
tions from ground state to three low-lying excited states for two most st
(NH3)4NH4 at the MRSDCI level.

5aa 5b

VTE f VTE f

1 2B1 0.52 0.36 22A8 0.63 0.36
2 2A1 0.52 0.36 12A9 0.66 0.38
1 2B2 0.52 0.37 32A8 0.76 0.34

aReference 27.
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ground state phenoxy radical and hydrogen atom. There
ists a conical intersection between the1pp* and 1ps*
states, giving rise to the dissociation of the PhO–H bo
through theS1←S0 transition. With the additions of solven
molecules (H2O and NH3), electron transfer from the chro
mophore to the solvent occurs in the1ps* state. Thus,
ESHT is considered to take place through the nonadiab
transition from1pp* to 1ps* , and it is a sequential proces
of the electron transfer followed by the proton transfer driv
by the charge separation.

On the basis of their results, the ESHT is expected to
a tunneling process, which is supported by the experimen
the deuteration forn52 cluster.32 The barrier of the ESHT is
determined by the degree of the interaction between
1pp* and 1ps* states. The two-color REMPI spectra o
PhOH– (NH3)224 show clear vibronic structures, while tha
of PhOH– (NH3)5 is structureless~see Fig. 3!. This result
may suggest that the PhOH– (NH3)5 has no, or very small,
barrier for the ESHT reaction because of the large solva
energy of the1ps* states.

We have proven the existence of a hydrogen trans
channel in photoexcited phenol/ammonia clusters with
possibility of isomers in the reaction product (NH3)n21NH4.
It shows that UV-near-IR–UV ion dip spectroscopy is a po
erful tool to reveal photochemical reaction products. On
other hand, only by the electronic spectra obtained by U
near-IR–UV ion dip spectroscopy, it is difficult to discuss t

le
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reason why the isomers are generated and how the rea
proceeds. Further efforts to unveil the geometries of the
actants and products as well as the potential surfaces
necessary. In order to obtain geometrical information ab
the reactants and the products, we have examined the v
tional spectra of PhOH– (NH3)n in S0 and the reaction prod
ucts. The preliminary results forn53 and 4 clusters have
already been reported in a previous paper.22 The results for
other size and with theoretical analysis will be presented
successive paper. Also a picosecond time-resolved exp
ment is now in progress to explore the geometrical cha
taking place with ESHT.33
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