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Hydrogen transfer in photo-excited phenol Õammonia clusters by UV–IR–UV
ion dip spectroscopy and ab initio molecular orbital calculations.
II. Vibrational transitions
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The vibrational spectra of phenol/ammonia clusters~1:2–5! in S0 and those of their photochemical
reaction products, (NH3)n21NH4 (n52 – 5), which are generated by excited-state hydrogen
transfer, have been measured by UV–IR–UV ion dip spectroscopy. The geometries, IR spectra and
normal modes of phenol-(NH3)n (n51 – 5) have been examined byab initio molecular orbital
calculations, at the second-order Møller–Plesset perturbation theory level with large basis sets. For
the n52 and 3 reaction products, similar vibrational analyses have been carried out. From the
geometrical information of reactants and products, it has been suggested that the reaction products
have memories of the reactant’s structure, which we call ‘‘memory effect.’’ © 2002 American
Institute of Physics.@DOI: 10.1063/1.1508104#
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I. INTRODUCTION

It is well known that the acidic nature of the pheno
OH group increases when the aromatic ring is electronic
excited toS1 . Phenol, naphthol and their derivatives embe
ded in ammonia clusters, which are typical acid-base p
complexes, have been investigated as a model system
order to study excited-state proton transfer~ESPT! for a
long time.1–18 Recently, phenol/ammonia cluster
PhOH– (NH3)n , have attracted renewed attention sin
Jouvet and co-workers proposed that not proton transfer,
hydrogen transfer~ESHT!, occurs inS1 .19–22

In Paper I, we reported on the electronic spectra of
reaction products. By comparing them with the electro
spectra of (NH3)n21NH4 generated by the photolysis of pu
ammonia clusters, we proved that the reaction products
the (NH3)n21NH4 produced by the ESHT. In addition,
theoretical analysis of the spectra indicated that the reac
products contain some isomers, at least forn53 and 4.
Though the electronic spectrum well reflects the molecu
species and its electronic structures, the reaction mechan
including the isomerization processes, remains unresolve

To understand the reaction mechanism, the geomet

a!Electronic mail: hashimoto-kenro@c.metro-u.ac.jp
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information at the initial and final stages of the reaction
indispensable. One of the best methods to obtain such in
mation is vibrational spectroscopy, because NH vibratio
are expected to sensitively reflect the hydrogen-bond
work, in other words, the solvation structures in both t
reactant and the product.

In this work, we measured the IR spectra
PhOH– (NH3)n (n52 – 5) and the reaction products of th
ESHT, i.e., (NH3)n21NH4 (n52 – 5) by UV–IR–UV ion
dip spectroscopy. We also carried outab initio molecular
orbital ~MO! calculations at the correlated level on the stru
tures and the vibrational transitions of the reactants and p
ucts, and analyzed the experimental IR spectra. Based on
optimized geometries, we discuss the reaction mechanis

II. EXPERIMENT

Figure 1~a! shows the principle of UV–IR–UV ion
dip spectroscopy used to measure the vibrational transi
of the reaction products (NH3)n21NH4 via photoexcited
PhOH– (NH3)n . The methodology is essentially the same
the UV-near-IR–UV ion dip spectroscopy for the electron
spectra of the reaction products reported in Paper I. Brie
the pump UV laser (vUV) was tuned to theS12S0 transition
of PhOH– (NH3)n (n52 – 5). After a long time delay~200
ns!, the ionization laser (v ION) was irradiated. After 20 ns
3 © 2002 American Institute of Physics
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7084 J. Chem. Phys., Vol. 117, No. 15, 15 October 2002 Ishiuchi et al.
from thevUV , the IR laser (v IR) was irradiated and scanne
from 2660 to 3760 cm21. If v IR is resonant to a certain vi
brational transition, the cluster is predissociated. As a res
the ion signal of (NH3)n21NH4

1 decreases. The vibrationa
transition of the (NH3)n21NH4 which generates
(NH3)n21NH4

1 can be observed as a depletion of the i
signal. Similarly, the vibrational spectra of th
PhOH– (NH3)n in S0 can be measured as an ion dip wh
the order ofvUV andv IR is changed in time@see Fig. 1~b!#.

The experimental setup was the same as that descr
in Paper I, except for the mid-IR laser generation. The
laser was obtained by differential mixing between the out
of a dye laser~Lumonics HD-500/DCM! pumped by the sec
ond harmonic of a YAG laser~Continuum Powerlite 8100!
and 532 nm in a LiNbO3 crystal. The typical power ofv IR

was 0.2 mJ.

III. COMPUTATIONAL METHOD

Molecular structures of PhOH– (NH3)n (n51 – 5) were
optimized by using the energy gradient technique at
MP2/6-3111G(d,p) level with the usual frozen core ap
proximation. Vibrational analyses were carried out at ea
optimized geometry to confirm the minima on the poten
energy surfaces. The second derivative matrices forn<3
were computed analytically, while those forn>4 were ob-
tained by numerically differentiating the first derivative
along the nuclear coordinates. The IR intensities of each
bration were evaluated for all minimum structures. The to
binding energies, including a zero-point vibrational corre
tion ~ZPC!, were computed by using scaled harmonic f
quencies. The scale factor~0.941! was determined by the
average ratio between the experimental fundamental23 and
the calculated harmonic frequencies of the symmetric
stretch (v1) of a PhOH– (NH3)1 cluster. The basis set supe
position errors for the total binding energies were correc
by a counterpoise correction~CPC!. We used theGAUSSIAN

98 program.24

FIG. 1. Principle of the UV–IR–UV ion dip spectroscopy for~a! reaction
products, (NH3)n21NH4 , and~b! reactants, PhOH– (NH3)n in the S0 state.
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IV. RESULTS AND DISCUSSION

A. Reactants, PhOH– „NH3…n in S0

1. UV–IR–UV ion dip spectra for n Ä2–5

Figure 2 shows the vibrational spectra of the reacta
PhOH– (NH3)n (n52 – 5) in S0 . The spectra forn53 and
4, reported previously,25 are also included for a comparison

The IR dip spectrum of PhOH– (NH3)2 has been par-
tially reported by Schmittet al.18 They labeled the popula
tion of the cluster by one-color REMPI, while we monitore
the population inS0 by two-color ionization. The presen
spectrum for then52 spectrum in Fig. 2~a! corresponds well
to theirs. Some sharp bands at 3200–3500 cm21 on the very
broad background centered at about 3100 cm21 were ob-
served.

Figures 2~b! and 2~c! show vibrational spectra o
PhOH– (NH3)3 and PhOH– (NH3)4 . The pump laservUV

was fixed to 35 498 cm21 (n53) and 35 348 cm21 (n54),
respectively. The ionization laserv ION was fixed to 355 nm
for both sizes. In both spectra, some sharp bands at 32
3400 cm21 are observed on a very broad background sign
which well resembles the spectrum of PhOH– (NH3)2 . From
the similarity, the sharp bands at 3200–3400 cm21 and the
broad background are tentatively assigned to the NH stre
vibrations and the OH stretch vibration, respectively. So

FIG. 2. UV–IR–UV ion dip spectra of PhOH– (NH3)n in S0 state. The
pump laservUV was fixed to~a! n52: 35 544 cm21, ~b! n53: 35 498 cm21,
~c! n54: 35 348 cm21, and ~d! n55: 282.5 nm, respectively. The ioniza
tion laserv ION was fixed to 306.5 nm for then52, and for the other sizes
(n53 – 5), 355 nm was used.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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7085J. Chem. Phys., Vol. 117, No. 15, 15 October 2002 H transfer in phenol/ammonia clusters. II
weak peaks at 3100 cm21 are assigned to CH stretch vibra
tions. The OH stretch bands are much broader than tha
n52. Detailed assignments are discussed later.

Shown in Fig. 2~d! is a spectrum of PhOH– (NH3)5 ob-
tained by fixingvUV andv ION to the center of the broad pea
~282.5 nm! and 355 nm, respectively. Sharp peaks which c
be assigned to CH stretch and NH stretch vibrations are
served at 3060 and 3200–3440 cm21 without a broad back-
ground. For PhOH– (NH3)n clusters in theS0 state, the
smallest size with which the proton transfer occurs has b
reported to be 6.26 Sincen55 is the limit size of non proton
transferred species inS0 the OH bond in PhOH– (NH3)5 is
expected to be lengthened due to the strong hydrogen bo
The OH stretch band may be extremely broadened an
shifted down to a lower frequency region than that scan
by us.

2. Optimized geometries and energetic for n Ä0–5

The optimized geometries and total binding energ
~TBEs! of PhOH– (NH3)n (n50 – 5) at the MP2/6-311
1G(d,p) level are shown in Fig. 3. The TBE values given
the following text are with both ZPC and CPC.

In the 1:1 complex,Ia, PhOH denotes an OH bond t
hydrogen-bonding with NH3. Its TBE is26.0 kcal/mol. Two
n52 clusters,IIa and IIb , are almost isoenergetic; the
TBEs are210.6 kcal/mol. The second NH3 is bound to a
NH3 site in Ia with pointing an NH bond to oxygen of PhOH
~IIa ! or to a p electron cloud~IIb !. These structures ar
essentially the same as that of the cyclic and open isom
reported by Schmittet al.18 Four n53 structures were opti
mized. Two cyclic structures,IIIa and IIIb , are the most
stable and their TBEs are around215 kcal/mol. They have a
very similar hydrogen-bond network with only a slightly di
ferent internal rotation angle of OH about the O–C bond.
IIIc and IIId , the third NH3 is hydrogen bonded to an NH3

in IIa . The optimization starting from the structure where t
third ammonia is bound to the NH3, labeleda in IIb , also
converged toIIId . These two structures are less stable th
IIIa by ;1–2 kcal/mol. Fiven54 structures were exam
ined. IVa is a cyclic structure, whileIVb and IVd are iso-
mers with the fourth NH3 bound to a free NH inIIIb and
IIIc , respectively. IVc has a four-membered hydroge
bonded ring with an NH3 located outside the ring. It can als
be regarded as a structure where an NH3 molecule is inserted
to the cyclic hydrogen bonds inIIIc . These four structures
are as stable as one another, and their TBEs range
218.1 to216.6 kcal/mol. On the other hand, the OH bond
broken in IVe. It is found by the electron distribution tha
this is an ion-pair structure where the NH4

1(NH3)3 is bound
to PhO2 by pointing the NH in each solvent NH3 to oxygen.
The TBE of IVe is 27.7 kcal/mol, which is about 10 kca
mol less than those of other isomers where the OH b
remains. Since the number of minimum-energy configu
tions is expected to be very large forn55, we have concen
trated on five structures for this size.Va is a cyclic form,
whose TBE is220.4 kcal/mol.Vb andVc can be regarded
as structures in which the fifth solvent molecule bridges t
ammonia molecules inIVa and IVb , respectively. Their
TBEs are about221 kcal/mol.Vd andVe are ion-pair iso-
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mers where a solvated NH4
1 is bound to PhO2. The NH4

1 is
bound directly to the counter ion by a single NH bond in t
former, while the two ions with opposite charges are bridg
by three solvents in the latter. The TBEs ofVd and Ve are
220.3 and216.4 kcal/mol, respectively.

Siebrandet al. have reported the cyclic structures
PhOH– (NH3)2,3 calculated at the BLYP/6-31G(d) level.27

They also optimized PhOH– (NH3)4,5, in which the fourth
and fifth NH3 molecules are hydrogen bonded to free N
bond~s! in the NH3 accepting OH in the cyclic
PhOH– (NH3)3 at the BLYP/6-31G(d) (n54) and
HF/6-31G(d) (n55) levels. No ion-pair structure was foun
by their calculations forn<4, while the ionic isomer forn
55 was less stable than the nonionic form by;6 kcal/mol.
The present calculations show that the ion-pair complex
much less stable than the cyclic one forn54. The proton
transferred~PT! clusters become very close in energy to t
most stable form, but they are not yet the most stable fon
55 even at the MP2/6-3111G(d,p) level.

3. Band assignments and cluster structures
responsible for experimental spectra

The calculated harmonic frequencies, IR intensities a
normal modes of PhOH– (NH3)n (n50 – 3) and a free NH3
are listed in Table I. We use the symbolic lettersa, b, g,..., to
denote each NH3 molecule in the clusters in the following
paragraphs and tables. They correspond to the labels of3

in each structure in Fig. 3.
The IR spectrum of the 1:1 complex has been repor

by Iwasakiet al. and the intense band at 3294 cm21 and a
weak band at 3333 cm21 have been assigned to the O
stretch and the asymmetric NH stretch, respectively.23 They
also assigned two other weak bands at 3058 and 3088 c21

to a CH stretch.
As mentioned above, the UV–IR–UV ion dip spectru

for PhOH– (NH3)2 is similar to the IR–R2PI spectrum re
ported by Schmittet al.18 They have assigned all five band
observed in the region higher than 3200 cm21 to symmetric
and asymmetric NH stretch vibrations based on calculati
at the MP2/6-31G(d) level, though they could not definitely
determine the cluster geometry. We are also unable to a
about the cyclic and open arrangements of the (NH3)2 group,
because these structures show nearly identical frequen
and intensities, even at the present level of calculation. H
ever, a comparison between the present experimental
theoretical results together withn51 and 3 clusters offers
alternative assignments forn52.

The observed and calculated spectra forn52 and 3 to-
gether with the theoretical result forn51 are shown in Fig.
4. The spectrum ofIIb is not shown for brevity. The theo
retical spectrum ofIIIb is also excluded because it is almo
the same as that ofIIIa ; we cannot determine the interna
rotation angle of OH forn53.

We see in the lower part of the figure that the observ
spectrum forn53 is better reproduced byIIIa thanIIIc and
IIId because the latter isomers have no strong band
around 3200 cm21. Thus, we can safely rule outIIIc and
IIId . In the following paragraphs, we denote the vibratio
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Harmonic frequencies~cm21! and IR intensities~km/mol! of CH, NH, and OH stretches in phenol-(NH3)0 – 3 clusters at MP2/6-3111G(d,p)
level.

NH3 phenol

phenol-(NH3)1 phenol-(NH3)2 phenol-(NH3)3

Mode

Ia IIA IIb IIIa IIIb IIIc IIId

Expt.a Calc. Expt.b Calc. Expt.c Calc. Int. Expt. Calc. Int. Calc. Int. Expt. Calc. Int. Calc. Int. Calc. Int. Calc. Int.

3657 3631 3294 3260 1165 3097 1339 3097 1215 2966 1522 2956 1680 2843 1700 2821 1873 OH str

3043 3058 3050 5 3051 6 3050 6 3050 3 3050 3 3050 4 3049 4 CH str

3060 3088 3058 5 3057 10 3058 11 3057 7 3057 10 3057 7 3057 10 CH str

3069 3069 21 3068 0 3072 5 3071 16 3074 18 3071 16 3074 18 CH str

3081 3077 19 3075 21 3075 13 3078 25 3080 14 3074 18 3079 15 CH str

3087 3083 9 3082 77 3082 59 3083 5 3085 5 3082 7 3083 2 CH str

3337 3352 3333 3334 12 3239 3264 139 3259 177 3188 3204 283 3216 251 3260 77 3267 58 H-bonded NH str(a,v1)

3311 3318 52 3243 3257 137 3244 191 3315 43 3317 11 H-bonded NH str(b,v1)

3322 4 p-bonded NH str(b,v1)

3313 3307 49 3311 25 3320 16 3321 10 H-bonded NH str(g,v1)

3479 15 3416 3429 65 3425 64 3363 3409 58 3411 65 3388 162 3412 153 H-bonded NH str(a,v3)

3435 3462 68 3386 3414 55 3413 66 3461 62 3460 23 H-bonded NH str(b,v3)

3464 6 p-bonded NH str(b,v3)

3413 3451 56 3450 35 3465 40 3465 34 H-bonded NH str(g,v3)

3486 8 3475 10 3431 3471 6 3471 3 3488 5 3480 4 non-H-bonded NH str(b,v3)

3444 3512 3483 15 3485 11 3480 10 3475 9 3476 10 3469 30 3469 20 non-H-bonded NH str(a,v3)

3481 4 3475 5 3479 8 3480 8 non-H-bonded NH str(g,v3)

aReference 28.
bReference 29.
cReference 23.
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derived from symmetric NH stretch in NH3 asv1 , and those
from asymmetric NH stretch asv3 .

We now compare the spectra forIIa and IIIa with the
experiment in detail. First of all, the OH stretch, whose c
culated frequency is 3097 cm21, is the most intense forIIa ,
and the CH stretch frequencies in this cluster are compu
to be;3050–;3080 cm21. In the spectrum forIIIa , the OH
stretch is also the strongest, being redshifted to;2970 cm21,
while the CH stretch bands do not change very much fr
those ofIIa . Thus, the broad bands at around 3100 cm21 in
both then52 and 3 spectra are assignable to the overlapp
between OH and CH stretch vibrations inIIa and IIIa , re-
spectively. The remarkable red shifts of the OH stretch w
increasing cluster size is similar to naphthol–(H2O)n , hav-
ing the cyclic hydrogen-bond network.30

Second, if we look at a region higher than;3350 cm21,
two calculated bands inIIa , in which thev3 mode with the
stretching of the hydrogen-bonded NH is a main contribu
correspond well to the observed bands at 3395 and 3
cm21. Similarly, threev3 bands calculated forIIIa also well
reproduce the observed bands at 3363, 3386, and 3413 c21,
while another observed band at 3431 cm21 is assignable to
the overlapping of three quasidegeneratev3 bands of free
NH bonds. Thus, the bands in this region in the experime
spectra forn52 and 3 can be assigned to asymmetric N
stretches inIIa and IIIa . It is interesting to note that the
frequencies of non-hydrogen-bonded NH stretches inIIIa
become close to the average of thev1 andv3 frequencies of
a free NH3, which indicates the localization of the NH
stretch vibrations.

Third, in the region from;3150 to ;3350 cm21, the
calculatedv1 bands due to two NH3 molecules inIIa corre-
Downloaded 22 Oct 2002 to 133.48.166.102. Redistribution subject to A
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spond well to the observed bands at;3240 and;3310
cm21, which are redshifted fromn51 by ;20 and ;90
cm21, respectively. The lower and higher bands can be
signed to the hydrogen-bonded NH stretch ata NH3 and the
v1 mode atb NH3 in IIa , respectively. Three theoreticalv1

bands inIIIa also well reproduce the positions and relati
intensities of the observed bands in this region. Thus, the
low bands among them are assignable to the hydrog
bonded NH stretch at thea and b NH3 molecules, respec
tively. They are redshifted nearly in parallel with each oth
from n52. The;3310 cm21 band is considered to be thev1

mode ing NH3. This band is only slightly redshifted from
the corresponding bands inn51 and 2 because of the wee
interaction between O and NH in the terminal NH3.

On the other hand, the presence of the band at;3220
cm21 in the observed spectra for bothn52 and 3 seems to
contradict with the number ofv1 bands expected for the
clusters. Schmittet al. assigned two bands at 3219 and 32
cm21 in their spectrum to the symmetric NH stretches, two
3311 and 3395 cm21 to the symmetric stretches of bound N
and the rest at 3435 cm21 to the same mode of free NH
bonds.18 However, it is worth reminding that we can expe
the overtone of thev4 vibration ~the degenerate bending o
NH3) near this frequency. In fact, thev4 frequencies are
calculated to be 1590–1640 cm21 for both IIa and IIIa .
Thus, the;3220 cm21 band may be due to the overtone
the v4 vibrations because they are almost size independ
for n52 and 3. It is also because the theoretical results
n51 – 3 all together well explain the frequencies of thev1

andv3 bands and their systematic shifts with increasingn in
relation to the positions of NH3 molecules in the hydrogen
bond network inIIa and IIIa .
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 3. Optimized geometries of PhOH– (NH3)n (n51 – 5) in S0 state at the MP2/6-3111G(d,p) level. Molecular symmetry and total binding energie
~TBEs! ~kcal/mol! are presented. Values of TBEs are with ZPC and CPC~left!, without CPC~center!, and without ZPC and CPC~right!. Geometrical
parameters are given in Å and degrees.
e H

The observed and calculated spectra forn54 and 5 are

compared in Figs. 5 and 6. The calculated harmonic frequ
cies, IR intensities and normal modes for PhOH– (NH3)4,5

are listed in Tables II and III.
Downloaded 22 Oct 2002 to 133.48.166.102. Redistribution subject to A
n-
The observed spectrum forn54 is best reproduced by

IVa having the cyclic hydrogen bonds. The CH and O
stretches are calculated at;3050–;3090 cm21 and 2913
cm21, respectively; the band at;3070 cm21 and its broad
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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7088 J. Chem. Phys., Vol. 117, No. 15, 15 October 2002 Ishiuchi et al.
background can be assigned to these stretch vibrations
can ascribe the bands observed at 3382 and 3421 cm21 to
non-hydrogen-bonded NH stretches, while three stro
bands at 3188, 3258, and 3323 cm21 to the hydrogen-bonded
NH stretches. The calculations suggest that the weak ban
;3220 cm21 is also probably due to the same mode atb
NH3, though the overtone ofv4 in solvents may overlap, a
was the case forn52 and 3. The position of the lowest ban
in the hydrogen-bonded NH stretch region forn54 does not
change very much fromn53 in both experiment and theory
This reduced redshift compared to that forn52→3 is con-
sistent with only a small lengthening of the hydrogen-bond
NH bond ina NH3. It is elongated by 0.004 Å fromn52 to
3 and by 0.002 Å fromn53 to 4.

For n55, only three bands are observed in thev1 region,
but have the following characteristics:~i! the lowestv1 band
is slightly blueshifted fromn54, in contrast to the smalle
clusters,~ii ! this lowestv1 band is located at the same pos
tion as thev4 overtone bands forn<4, ~iii ! two higher bands
are broad compared ton<4, suggesting that the overlappe
transitions and their peaks are separated by;70 cm21. We
now examine the theoretical spectra forn55 isomers with
respect to these features.

FIG. 4. Theoretical IR spectra of PhOH– (NH3)n (n51 – 3) compared with
the experimental ones (n52 and 3!. Each theoretical spectrum~Ia!, ~IIa !,...,
belongs to each optimized geometry shown in Fig. 3.
Downloaded 22 Oct 2002 to 133.48.166.102. Redistribution subject to A
e
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at
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At first, there is only one strong band in this region f
Ve. Vd has the second strongest band at 3171 cm21, being
redshifted from the 3189 cm21 band forIVa , while the most
intense band forVa does not move from the correspondin
band forIVa . Therefore, the proton transferred~ion pair! and
cyclic complexes should be expelled.

Two calculatedv1 frequencies~3303 and 3297 cm21!
are almost degenerate forVb. Four bands with nearly equa
intensities and spacings are expected in thev1 region for this
complex, which differs from the experimental observatio
We thus excludeVb. The strongv3 band shifted down to
3339 cm21 also supports this conclusion.

On the other hand, fivev1 bands forVc are calculated at
3240, 3255, 3301, 3318, and 3320 cm21, with the two high-
est ones being nearly degenerate. The frequency differe
between the two lower bands and that among the other t
are only 15 and 19 cm21, respectively, while these two
groups are separated by;60 cm21. It is plausible that the
overlapping of the two lower bands corresponds to the
served 3246 cm21 band and that of the three higher ones
the 3319 cm21 band. The lowestv1 bands in this complex
are blueshifted fromn54, which is coherent with the short
enings of the bonded NH ina NH3. In addition, the calcu-
lated v4 frequencies forVc ~1589–1641 cm21! are almost
unchanged fromn52 and 3, which is consistent with th
presence of the 3221 cm21 band. For this complex, a rela

FIG. 5. Theoretical IR spectra of PhOH– (NH3)4 compared with the experi-
mental one. Each theoretical spectrum~IVa !, ~IVb !,..., belongs to each op
timized geometry shown in Fig. 3.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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7089J. Chem. Phys., Vol. 117, No. 15, 15 October 2002 H transfer in phenol/ammonia clusters. II
FIG. 6. Theoretical IR spectra of PhOH– (NH3)5 compared with the experi-
mental one. Each theoretical spectrum~Vc!, ~Vb!,..., belongs to each opti
mized geometry shown in Fig. 3.
Downloaded 22 Oct 2002 to 133.48.166.102. Redistribution subject to A
tively intense band and five weak bands derived from
hydrogen-bonded NH stretches are calculated to be at 3
and 3420–3466 cm21, respectively. The observed broa
band with two peaks at 3389 and 3414 cm21 can be attrib-
uted to an overlapping of these transitions. The CH stre
frequencies forVc are calculated at 3048–3080 cm21, which
correspond well to the observed band at;3060 cm21. Note
that the OH stretch frequency of this cluster is calculated
be 2019 cm21, being extremely lowered fromn54. The
large redshift of this band down to a region lower than th
examined by the experiment is consistent with the disapp
ance of the broad background at around 3000 cm21. There-
fore, the observed spectrum forn55 is considered to stem
from Vc. The OH bond is elongated by more than 0.07
from a bare PhOH, but the hydrogen is still located at
oxygen site.

In summary, based on a comparison between the exp
mental and theoretical spectra, those clusters, in wh
(NH3)n solvate PhOH in the chainlike structure with on
terminal NH3 bound to OH, are considered to be responsi
for the experimental spectra forn52 – 4. The cyclic
hydrogen-bond network including OH is formed forn53
and 4. On the other hand, in then55 cluster, which well
reproduces the observed spectral features, all of the three
bonds in NH3 bound directly to~O!H by a nitrogen lone pair
are used in the hydrogen-bond network with other solve
It is interesting to note that the structure of th
(O)H¯(NH3)5 part in the cluster resembles the second m
stable form of(NH3)4NH4, rather than the most stable on
found by theoretical calculations in Paper I.
TABLE II. Harmonic frequencies~cm21! and IR intensities~km/mol! of CH, NH and OH stretches in phenol-(NH3)4 clusters at MP2/6-3111G(d,p) level.

Expt.

phenol-(NH3)4

Mode

IVe

Mode

IVa IVb IVc IVd

Calc. Int. Calc. Int. Calc. Int. Calc. Int. Calc. Int.

2913 1761 2667 2058 2625 2196 2395 2497 OH str 2792 845H-bonded NH str (NH4 ,v3) (A8)
3047 3 3048 3 3050 4 3049 4 CH str 2803 779H-bonded NH str (NH4 ,v1) (A8)
3057 6 3056 12 3057 7 3056 8 CH str 2806 944H-bonded NH str (NH4 ,v3) (A9)
3071 19 3072 16 3071 18 3071 14 CH str 3026 28 CH str (A8)
3079 16 3079 11 3076 20 3074 15 CH str 3032 10 CH str (A8)
3089 4 3087 1 3082 5 3081 9 CH str 3044 758 H-bonded NH str (a,v1) (A8)

3188 3189 337 3238 91 3221 139 3276 30 H-bonded NH str (a,v1) 3045 8 CH str (A8)
3213 262 3250 141 3260 178 3318 34 H-bonded NH str (b,v1) 3051 91 CH str (A8)

3258 3263 101 3306 40 3292 118 3320 18 H-bonded NH str (g,v1) 3056 810 H-bonded NH str (b,v1) (A9)
3323 3302 78 3320 19 H-bonded NH str (d,v1) 3071 74 CH str (A8)

3322 2 3320 13p-bonded NH str (d,v1) 3084 999 H-bonded NH str (a,b,v1) (A8)
3382 3400 63 3416 61 3426 74 3464 43 H-bonded NH str (b,v3) 3393 36 non-H-bonded NH str (a,v3) (A9)

3403 55 3374 238 3344 265 3420 132 H-bonded NH str (a,v3) 3393 42 non-H-bonded NH str (b,v3) (A9)
3410 59 3445 49 3438 110 3465 23 H-bonded NH str (g,v3) 3395 81 non-H-bonded NH str (b,v3) (A8)

3421 3447 71 H-bonded NH str (d,v3) 3440 70 non-H-bonded NH str (NH4 ,v3) (A8)
3467 5 3467 34 3465 42p-bonded NH str (d,v3) 3473 3 non-H-bonded NH str (b,v3) (A9)

3463 9 3475 4 3479 5 3483 3 non-H-bonded NH str (g,v3) 3473 12 non-H-bonded NH str (b,v3) (A8)
3466 3 3472 3 3482 4 3488 5 non-H-bonded NH str (b,v3) 3474 8 non-H-bonded NH str (a,v3) (A9)
3472 9 3458 22 3453 28 non-H-bonded NH str (a,v3)

3469 58 H-bonded NH str (a,v3)
3482 4 3476 8 3479 6 3481 7 non-H-bonded NH str (d,v3)
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE III. Harmonic frequencies~cm21! and IR intensities~km/mol! of CH, NH, and OH stretches in phenol-(NH3)5 clusters at MP2/6-3111G(d,p) level.

phenol-(NH3)5

Mode

Ve

Mode

Vc Vb Va Vd

Calc. Int. Calc. Int. Calc. Int. Calc. Int. Calc. Int.

2019 2919 2624 2205 2899 1806 OH str 2923 561H-bonded NH str (NH4 ,v1) (A8)
2089 2118 H-bonded NH str (NH4 ,v3(vOH)) 2945 414 H-bonded NH str (NH4 ,v3) (A8)

3048 4 3049 4 3050 2 3031 13 CH str 2954 446H-bonded NH str (NH4 ,v3) (A9)
3055 9 3055 10 3057 11 3039 4 CH str 3024 28 CH str (A8)
3070 15 3069 18 3071 18 3049 26 CH str 3031 9 CH str (A8)
3073 13 3079 14 3080 12 3058 26 CH str 3044 23 CH str (A8)
3080 10 3094 3 3091 1 3073 20 CH str 3050 24 CH str (A8)

3077 184 H-bonded NH str (NH4 ,v1) 3060 977 H-bonded NH str (a,v1) (A8)
3171 457 H-bonded NH str (NH4 ,v3) 3070 1002 H-bonded NH str (b,v1) (A9)

3240 31 3235 128 H-bonded NH str (a,v1) 3070 51 CH str (A8)
3255 158 H-bonded NH str (b,v1) 3092 1033 non-H-bonded NH str (a,v1) (A8)

3188 327 3193 692 in-phase H-bonded NH str (a,b,v1) 3211 871 H-bonded NH str (NH4 ,v3) (A8)
3209 272 3214 228 out-of-phase H-bonded NH str (a,b,v1) 3334 1 non-H-bonded NH str (g,v1) (A8)

3301 47 3277 108 3247 190 H-bonded NH str (g,v1) 3393 33 non-H-bonded NH str (a,v3) (A8)
3318 43 3258 100 H-bonded NH str (d,v1) 3393 39 non-H-bonded NH str (b,v3) (A9)

3309 29 p-bonded NH str (d,v1) 3395 84 non-H-bonded NH str (b,v3) (A8)
3244 127 in-phase H-bonded NH str (g,d,v1) 3472 2 non-H-bonded NH str (b,v3) (A9)
3258 204 out-of-phase H-bonded NH str (g,d,v1) 3473 9 non-H-bonded NH str (b,v3) (A8)

3320 10 p-bonded NH str («,v1) 3474 6 non-H-bonded NH str (a,v3) (A9)
3299 75 H-bonded NH str («,v1) 3480 13 non-H-bonded NH str (g,v3) (A9)

3297 40 out-of-phase H-bonded NH str (b,«,v1) 3480 13 non-H-bonded NH str (g,v3) (A8)
3303 55 in-phase H-bonded NH str (b,«,v1)

3335 274 H-bonded NH str (NH4 ,v3)
3399 64 in-phase H-bonded NH str (a,b,v3)
3401 52 out-of-phase H-bonded NH str (a,b,v3)

3382 251 3339 189 3407 56 H-bonded NH str (a,v3)
3420 62 3445 61 3397 63 H-bonded NH str (b,v3)
3434 90 H-bonded NH str (a,v3)

3450 37 3470 9 3473 6 non-H-bonded NH str (a,v3)
3441 52 3427 70 3420 74 H-bonded NH str (g,v3)

3407 90 p,H-bonded NH str (g,v3)
3464 58 3419 55 3423 73 H-bonded NH str (d,v3)

3444 43 p-bonded NH str (d,v3)
3466 39 p-bonded NH str («,v3)

3435 52 3440 89 H-bonded NH str («,v3)
3474 3 3470 4 3479 5 non-H-bonded NH str (g,v3)

3465 11 p,non-bonded NH str (g,v3)
3475 4 3482 6 3466 3 3465 3 non-H-bonded NH str (b,v3)
3481 7 3460 16 3478 4 non-H-bonded NH str («,v3)
3488 4 3472 1 3479 3 3471 8 non-H-bonded NH str (d,v3)
od
d

f t

d

o
ent

me-

for

to
c-
e

B. Reaction products „NH3…nÀ1NH4 „nÄ2 – 5…

1. UV–IR–UV ion dip spectra of the reaction products,
(NH3)nÀ1NH4 (nÄ2–5)

Figure 7 shows vibrational spectra of the reaction pr
ucts (NH3)n21NH4 (n52 – 5) generated via photoexcite
PhOH– (NH3)n . The energies of thevUV and v ION lasers
were the same as in the case of the measurement o
vibrational spectra of the PhOH– (NH3)n in S0 . The spectra
of (NH3)2,3NH4 reported previously25 are also included for a
comparison.

As can be seen in Fig. 7~a!, weak bands were observe
at 3200–3300 cm21 for NH3NH4, which is different from
NH3NH4

1 : An asymmetric NH stretch of NH3 is observed at
3397.4 cm21 for the cation.31

In the spectrum of then53 reaction product@Fig. 7~b!#,
we can see two intense bands at;3180 and;3250 cm21

and a broad band in the region of 2700–3100 cm21. No band
Downloaded 22 Oct 2002 to 133.48.166.102. Redistribution subject to A
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is observed in a region higher than 3300 cm21. This spec-
trum is remarkably different from that of (NH3)2NH4

1 , in
which free NH stretching vibrations of NH4

1 and NH3 sites
are observed at 3395.4 and 3413.7 cm21, respectively, with-
out a broad band in the lower region.31 As mentioned in
Paper I, then53 spectrum contains the transitions from tw
isomers, though we cannot distinguish them by the pres
experiment. We recently measured the picosecond ti
resolved IR spectrum and found that the;3180 cm21 band
rises faster than the;3250 cm21 band.32 This means that
each band is derived from different species.

Similarly, two intense bands at;3180 and at;3240
cm21 on some structured broad bands are observed
(NH3)3NH4 @Fig. 7~c!#. As in the case ofn53, a very broad
band below 3100 cm21 is observed, but it does not extend
;2600 cm21. As mentioned in Paper I, the very broad ele
tronic absorption observed inn54 suggests the coexistenc
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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of some isomers. Thus, this spectrum is also expecte
contain the vibrational transitions of some isomers.

We can see five peaks at 3140, 3171, 3211, 3243,
3273 cm21 in the spectrum of the reaction produ
(NH3)4NH4 @Fig. 7~d!#, which are narrower than those i
smaller products. A very broad band below 3100 cm21 was
also observed as in the case ofn53 and 4.

In all of the spectra forn52 – 5, some intense bands a
observed at 3200–3300 cm21. This small size dependenc
suggests that these are NH stretch vibrations of NH3 mol-
ecules, which have a similar circumstance in the produ

FIG. 7. UV–IR–UV ion dip spectra of (NH3)n21NH4 . The conditions of
vUV and v ION were the same as the case of PhOH– (NH3)n ~see Fig. 2
caption!.
Downloaded 22 Oct 2002 to 133.48.166.102. Redistribution subject to A
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The broad band below 3100 cm21 may be assigned to th
hydrogen-bonded NH stretches of NH4, because the N–H
bonds in NH4 are expected to be very weak,33,34 their stretch
frequencies should be extremely low compared to those
NH3. Band broadening may be due to a vibrational pred
sociation.

2. Harmonic frequencies and IR intensities
for n Ä2 and 3

The geometries, energetics, and electronic states
(NH3)n21NH4 (n51 – 5) were theoretically investigated a
the UMP2 level with the 6-31111G(d,p) basis sets aug
mented by diffusesp functions on N atoms in a previou
study.35 The harmonic frequencies, IR intensities and norm
modes of (NH3)2,3NH4, calculated at the same level, a
listed in Table IV. The theoretical IR spectra against t
scaled frequency are compared with the experiment in Fig
The scale factor~0.942! was determined by the average rat
between the experimental fundamental and calculated
monic frequencies of an isolated NH3 molecule.28

FIG. 8. Theoretical IR spectra of (NH3)n21NH4 (n52 and 3! compared
with the experimental ones.
ts.
TABLE IV. Harmonic frequencies~cm21! and IR intensities~km/mol! of NH stretches in NH4(NH3)n21 clusters at the MP2 level with the extended basis se

Expt.

2a

Expt.

3a

Expt.

3b

Calc. Int. Sym. Mode Calc. Int. Sym. Mode Calc. Int. Sym. Mode

2660 15 A1 H-bonded NH str (NH4 ,v1) 2723 1885A1 H-bonded NH str (NH4 ,v1) 2471 95 A H-bonded NH str (NH4 ,v1)

2737 806 B2 H-bonded NH str (NH4 ,v3) 2998 57 A non-H-bonded NH str (NH4 ,v3)
2986 81 A1 non-H-bonded NH str (NH4 ,v3) 3103 1542A1 non-H-bonded NH str (NH4 ,v3) 3037 1314 A non-H-bonded NH str (NH4 ,v3)
30371018 E non-H-bonded NH str (NH4 ,v3) 3163 813 B1 non-H-bonded NH str (NH4 ,v3) 3078 1115 A non-H-bonded NH str (NH4 ,v3)

3270 3274 361 A1 non-H-bonded NH str (a,v1) 3261 3260 1730B2 non-H-bonded NH str (a,v1) 3200 3196 94 A H-bonded NH str (a,v1)

3264 691 A1 non-H-bonded NH str (a,v1) 3299 92 A non-H-bonded NH str (b,v1)
3411 17 E non-H-bonded NH str (a,v3) 3400 12 A1 non-H-bonded NH str (a,v3) 3360 96 A H-bonded NH str (a,v3)

3401 4 B2 non-H-bonded NH str (a,v3) 3419 16 A non-H-bonded NH str (a,v3)

3402 12 B1 non-H-bonded NH str (a,v3) 3429 20 A non-H-bonded NH str (b,v3)

3402 0 A2 non-H-bonded NH str (a,v3) 3437 14 A non-H-bonded NH str (b,v3)
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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The frequencies of the NH3 vibrations were computed to
be higher than those of NH4 in both n52 and 3 clusters, as
one would expect. This nature is also found in larger clust

The calculated frequency~3274 cm21! of a non-
hydrogen-bonded NH stretch of NH3 in 2a agrees almos
perfectly with the frequency of the observed band~3270
cm21! for n52. Consistently with the observation in th
time-resolved spectrum forn53, near-degenerate stron
bands at 3260 and 3264 cm21 for non-hydrogen-bonded NH
stretches in the side NH3 molecules in3a, and the bonded
NH stretch band at 3196 cm21 in 3b correspond extremely
well to the strong and weak bands observed at 3261
3200 cm21, respectively. These excellent agreements seem
support the tentative assignments in the preceding sectio

On the other hand, the calculations predict additio
strong bands derived from the NH4 at 3037 cm21 for 2a, at
3103 and 3163 cm21 for 3a, and at 3037 and 3078 cm21 for
3b in the region where only a weak band is observed for b
n. The sharp disagreement between the experiment
theory may result from the strong anharmonicity of the N4
vibrations, namely, the predissociative nature of the poten
surface along the NH stretch modes in NH4. In fact, the
energy barrier of NH4→NH31H from NH4 was calculated
to be ;4700 cm21 at the present level, indicating the ha
monic approximation for NH stretches in NH4 vastly over-
estimate the fundamental frequencies. A more elabora
analysis based on the global potential surface is necessar
a definite assignment of the spectra.

C. Discussion of the ESHT mechanism in terms
of a geometrical change

In this section, we discuss the ESHT mechanism fr
the view point of cluster structures. Forn52, the geometry
of the ESHT product is expected straightforwardly to be2a
irrespective of the cyclic or open hydrogen bonds
PhOH– (NH3)2 ~IIa and IIb !.

For n53, the REMPI spectrum indicates little geomet
cal change by theS1←S0 electronic transition; the reactan
PhOH– (NH3)3 in S1 , is most likely the cyclic form. The
ESHT in this structure does not lead directly to (NH3)2NH4,
where NH4 is located between two NH3 molecules. Thus, the
most stable isomer,3a, may be generated by isomerizatio
which is consistent with the coexistence of isomer bands
the electronic spectrum. From the optimized geometry, i
naturally expected that the second most stable isomer3b
with the NH4– NH3– NH3-type structure is initially gener
ated. In other words, the reaction products have a memor
the reactant structures, which is, so to speak, a ‘‘memory
effect.’’

The vibrational spectrum of the reactant together w
the electronic spectrum of the product forn54 shows that
not only the most stable structure, but also the linear isom
of (NH3)3NH4, are produced by the photoinduced reacti
initiated at the cyclic PhOH– (NH3)4 . We can also expec
the memory effectfor this size.

We have previously shown based on the electronic sp
trum and theoretical calculations of then55 reaction prod-
uct that the most stable structure, in which the central NH4 is
surrounded by four NH3 molecules, is generated by th
Downloaded 22 Oct 2002 to 133.48.166.102. Redistribution subject to A
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ESHT, though we cannot be conclusive about the coex
ence of the isomers. The structure of the reactant~Vc! sug-
gests that a geometrical change of the product, such as
migration of NH3, occurs after, or simultaneously with, th
hydrogen transfer. To investigate thememory effectdirectly
in the clusters, we are now conducting picosecond tim
resolved UV–IR–UV ion dip spectroscopy.

V. CONCLUSION

In the present work, we successfully measured the vib
tional spectra of PhOH– (NH3)n in S0 and (NH3)n21NH4

(n52 – 5) generated by photoinduced reactions of
former clusters by UV–IR–UV ion dip spectroscopy. W
also studied the structures and IR spectra byab initio MO
calculations at the MP2 level with large basis sets.

By combining the experiments and theoretical calcu
tions, we have revealed the structural features of the clus
The reactant geometries of the ESHT forn>3 do not lead to
direct formation of the most stable product radicals, but
the isomers indicated by the electronic absorption spe
and calculations. The structure of the products initially ge
erated by the photoinduced reactions is considered to re
the reactant geometries, which we call thememory effect.

In all vibrational spectra of the products, (NH3)n21NH4

(n52 – 5), strong bands are observed at 3200–3300 cm21.
We have tentatively assigned these bands to the NH str
vibrations in solvating NH3 molecules based on their siz
independence and the coincidence of the frequencies
the calculations. The bands derived from the NH4 are prob-
ably shifted to a lower region than we scanned, and are
tremely broadened due to the predissociative nature of
potential surface, though a further effort beyond the h
monic approximation is necessary.

For a deeper understanding of the geometrical cha
during ESHT, a dynamic study with the time-resolved vibr
tional and electronic spectra as well as a theoretical inve
gation of the potential surfaces are indispensable. Such
search is now in progress. The results will be presen
elsewhere.
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