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Structure and vibrations of the phenol-ammonia cluster
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Düsseldorf, Germany
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The phenol-ammonia 1:1 complex has been investigated by mass resolved hole burning
spectroscopy andab initiomethods at the HF/6-31G(d,p) and HF/6-3111G(d,p) levels of theory.
By means of spectral hole burning four bands in the region of intermolecular vibrations could be
assigned to the 1:1 complex. Theab initio computed cluster structure and its normal vibrations are
reported and compared to the experimental results. Anharmonic calculations were carried out for the
ammonia torsion. The results are compared to structurally related complexes. ©1995 American
Institute of Physics.
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I. INTRODUCTION

Clusters of the phenol-water type have gained much i
terest in the last years. They are easily accessible by la
spectroscopical methods—in contrast to pure solvent clu
ters, e.g., the water dimer—and they are of fundamental
terest to solvent chemistry as well as molecular biolog
where hydrogen bonding determines structure and functi
of proteins and nucleic acids. But whereas the OH•••O inter-
action in clusters was investigated in numerous expe
imental1–34 and theoretical works35–49 and the NH•••N po-
tential was extensively explored in the case of the ammon
dimer,50–64 there is mainly experimental work on the mixed
hydrogen bonds NH•••O and N•••HO.8,29,65–75Only few ab
initio studies for this cluster type are available.57,62,76–78

However, a quick view in any biochemical textbook show
that the majority of biological relevant hydrogen bonding i
due to mixed interaction of the NHO type.79,80

What possibilities do exist to investigate these importa
structures? The water–ammonia cluster itself is probably n
accessible to highly sensitive methods like resonance e
hanced multiphoton ionization~REMPI! or laser induced
fluorescence~LIF! due to the absence of stable low lying
electronic states. Results of ir studies in a matrix in the r
gion of OH- and NH-stretch vibrations have been publishe
by Engdahl, Nelander, and Nord65,71 for the ammonia–water
system. In a microwave study67 Herbine and Dyke conclude
that this system is essentially linear bonded with an N–
distance of 2.98 Å. Some high-levelab initio studies on this
system are also available.76–78 While the ammonia–water
system is a fine example for the study of solvent chemist
and acid-base reactions, it is more realistic to connect t
active groups to a carbon backbone when considering
cluster as a biological model system. There are two spect
scopically predestinate complexes to start with aniline–wa
and phenol-ammonia. This paper deals with the latter co
plex.

Compared to its water analogue there are relatively fe
publications on the phenol-ammonia system.29,69,70,73,74Mi-

a!To whom correspondence should be addressed.
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kami et al.69 studied the photodissociation properties o
phenol-ammonia. A ~111!-REMPI spectrum with low
spectral and without mass resolution and two dispersed flu
rescence spectra were also reported. They identified
electronic origin at 35 71762 cm21. A band at 182 cm21

relative to the origin was assigned to the H bond stretchi
vibration in theS1 state. The corresponding vibration in the
S0 state has a frequency of 164 cm21 and exhibits a distinct
anharmonic behavior. A series of papers from Tramer a
co-workers70,73,74deals mainly with the proton transfer prop
erties of phenol-ammonia clusters. Mass resolved REM
spectra of low spectral resolution are reported for th
n51–3 clusters. While then51,2 traces show distinct vi-
brational structure, the spectrum at then53 mass exhibits
only a broad featureless absorption. Hartlandet al.29 per-
formed an ionization detected stimulated Raman spectr
copy ~IDSRS! study of a series of 1:1 clusters of the pheno
water type including the phenol-ammonia cluster. The
recorded Raman spectra in the region of 1000–1300 cm21.
No spectra in the region of the NH/OH-stretch vibration
were reported. Noab initio work on the phenol-ammonia
cluster has been published to our knowledge up to now.

In this paper we present two-color REMPI spectra a
well as mass resolved hole burning spectra of the phen
ammonia system. Our aim is to clarify which bands in th
intermolecular spectral region do belong to the 1:1 comple
We will compare our results to those of previous investig
tions. Furthermore, we applyab initio methods for structure
determination and normal mode analysis of phenol-ammo
to get additional information for the assignment of the ob
served intermolecular bands. A comparison with structura
related clusters will complete this study.

II. METHODS

A. Computational procedure

Minimum energy structure and normal mode calcula
tions were performed for phenol, ammonia and the phen
ammonia cluster with theGAUSSIAN 92program.81 The struc-
ture was fully optimized at the HF/6-31G(d,p) and HF/6-31
11G(d,p) levels. As various authors have shown42,46,48
91979197/8/$6.00 © 1995 American Institute of Physics
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9198 Schiefke et al.: The phenol-ammonia cluster
these levels of theory are quite suitable for the determinat
of structural parameters and harmonic frequencies of hyd
gen bonded clusters of the phenol-water type. For the m
mum energy structure and for the transition state of inter
rotation of phenol-ammonia, normal modes were calcula
using force constants from analytical second derivatives
the SCF potential energy surface. The intramolecular vib
tions of the cluster were scaled with an empirical scali
factor42 derived from free phenol. Intermolecular vibration
remained unscaled.

The HF stabilization energy of the cluster was calculat
as the difference between the total SCF energy of the fu
optimized phenol-ammonia cluster and the energies of
phenol and ammonia moieties. Corrections were made
zero point energy~ZPE!, basis set superposition erro
~BSSE! and correlation contributions~at the MP2 level!.

B. Experimental setup

Two color REMPI measurements were carried out usi
two Nd:YAG pumped frequency doubled dye laser syste
~two LDL 205 dye lasers from LAS Inc., pumped by GCR-
and GCR-170 Nd:YAG lasers from Spectra Physics! using
Fluorescein 27 or DCM dyes. Hole burning spectra ha
been obtained using the first laser system as the~tunable!
burn laser, while the second one probes the origin of the
complex. For the two color REMPI spectra pulse energ
below 100mJ were used for electronic excitation and 2 m
for ionization~weakly focused!. For the hole burning experi-
ment the burn laser delivered uv pulses of 0.5 mJ, but
hole burning signal was strongly enhanced by adding
laser fundamental to the process.17

The molecular beam was produced by expanding an
propriate mixture of phenol, ammonia and a seed gas~he-
lium or neon! through a pulsed valve~General Valve! with a
500mm orifice into a vacuum chamber. The skimmed expa
sion was introduced into a second chamber where the la
beams interact with the molecular beam at right angles
tween the first two plates of a Wiley–McLaren type time-o
flight ~TOF! mass spectrometer.82 The vacuum in the two
chambers was maintained by a 1000 l/s oil diffusion pum
~Alcatel! and a 150 l/s turbo pump~Leybold! at 1024 mbar
~nozzle chamber! and 1026 mbar ~TOF chamber!, respec-
tively. Under these conditions a maximum stagnation pr
sure of 3000 mbar at a gas pulse length of 300ms could be
used.

The TOF arrangement showed a mass resolution of 9
m/e5111.This was sufficient for resolving masses 111 a
112 ~phenol-ammonia and phenol-water, respectively! at
least qualitatively by observing the oscilloscope traces.
spectra were recorded with relatively wide gates~2–3 mass
units! but occasionally additional narrow gates were used
discriminate bands from water clusters or isotopome
against the interesting complexes. The TOF signal was d
tized by a 500 MHz digitizing oscilloscope~TDS 520A, Tek-
tronix! and transferred to a computer where the TOF ma
spectrum was displayed by means of a program written
Labview ~National Instruments!. The program is able to
simulate several boxcar integrators to store and display
J. Chem. Phys., Vol. 102
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integrated ion and background signals as a function of la
wavelength.

Time delays were managed by two home-built dela
generators. The delay between the two laser pulses was fi
to zero in the two color REMPI experiments and to 200 n
for the hole burning experiment. Timing stability was abou
2 ns. In the hole burning experiments two traces were r
corded for every mass, one for the burn laser and one for
probe laser. All traces could be normalized to the laser pow
by means of a photodiode.

III. THEORETICAL RESULTS

A. Calculated geometries and binding energies

Due to the much stronger base character of ammo
compared with water and methanol, there is no question t
the ammonia moiety is the proton acceptor in this cluste
When choosing a suitable starting geometry for optimizatio
one should be aware of the possibility of more or less ion
structures, derived from a structure like~NH4!

1~C6H5O!2.
However, all calculations~ionic or covalent start geometries!
for the electronic ground state of phenol-ammonia final
converged to the structure shown in Fig. 1.

The calculated structure fits well in with the other clus
ters of the phenol-water type. The important structural p
rameters are reported in Table I. The optimized structure is
nearlyCs symmetry with one ammonia hydrogen lying in the
aromatic plane and the two others placed symmetrica
above and below the plane. In contrast to phenol-water t
out-of-plane hydrogens reside on thecisside of the hydrogen
bond axis, probably due to sterical hindrance of the aroma
ring hydrogen.

Analogous geometrical parameters of the phenol-wa
and phenol-ammonia clusters are quite similar. The OH-bo
length r 2 of the phenol moiety is stretched more in the cas
of phenol-ammonia than in the case of phenol-water. Th
can be attributed to the stronger proton acceptor characte
ammonia compared with water. The lengthR of the H bond
defined by the distance between the heavy atoms~here O and
N! is substantially larger in phenol-ammonia compared
phenol-water and phenol-methanol. This result is consiste
with microwave data of Herbine and Dyke for ammonia
water, where the ON distance is determined to 2.9860.05
Å.67 Rotationally resolved LIF measurements by Plusquel

FIG. 1. Geometry of phenol–ammonia and definition of the structural p
rameters~b is the angle between the O–N axis and theC3 axis of the
ammonia moiety!.
, No. 23, 15 June 1995
license or copyright; see http://jcp.aip.org/about/rights_and_permissions
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9199Schiefke et al.: The phenol-ammonia cluster
et al. show an O–N distance of 2.77 Å in 2-naphtho
ammonia,75 however. Unfortunately, noab initio calculations
have been performed for this large system yet to che
whether calculations at the Hartree–Fock level are able
give a reliable description of the O–N distance in aroma
H-bonded systems.

The hydrogen bond in phenol-ammonia is distorted fro
a linear arrangement byw56.5° ~cf. Fig. 1!. The distortion is
larger than in ammonia–water@1.5° at HF/6-31G(d,p)76#
and phenol-water@3.3° at HF/6-31G(d,p)46# which may be
explained by stronger sterical interaction of ammonia w
the aromatic ring hydrogen. TheC3 symmetry axis of am-
monia spans an angleb of 178.3° with the O–N axis. This
means that this axis nearly coincides with the O–N ax
Addition of diffuse functions on all atoms in the basis s
@6-3111G(d,p)# leads to a similar geometry. The only dis
cernible deviations are the O–N distanceR and the anglew
which increase to 2.977 Å and 7.14°, respectively.

The calculated rotational constants are given in Table
They are compared with those for the free phenol and
corresponding water and methanol clusters. No experime
values for the rotational constants of phenol-ammonia
available yet.

The transition state for the torsional motion of ammon
was calculated as well. Normal coordinate analysis pred
an almost pure rotation about the ammoniaC3 axis. A one-
dimensional calculation along this coordinate shows a bar
at a560.0°, wherea is the torsional angle measured from
the minimum structure at 0°. The barrier height was calc

TABLE I. Structural parameters~Å and degrees! of bare phenol and phenol
complexed with water, methanol and ammonia, computed with
6-31G(d,p) basis set.

Phenola Phenol-watera Phenol-methanolb Phenol-ammonia

r 1 1.352 1.345 1.344 1.341
r 2 0.943 0.949 0.949 0.954
R 2.906 2.891 2.952
r 3 0.944 0.942 1.001
u1 110.93 111.58 111.64 112.30
D 117.43 117.70 117.71 117.77
w 3.34 3.50 6.30
b 135.79 143.2 178.30
u2 106.83 110.36 107.79
u28

c 107.60

aSchütz et al.Refs. 42 and 46.
bGerhardset al. ~Ref. 48!.
cu28 is the angle between the in-plane and out-of-plane ammonia hydrog
whereasu2 is the angle which is intersected by the molecular plane.

TABLE II. Rotational constants~MHz! of phenol, phenol-ammonia, phenol
water, and phenol-methanol computed with the 6-31G(d,p) basis set.

A B C

Phenola 5749.7 2659.3 1818.3
Phenol-ammonia 4405.6 1073.0 866.8
Phenol-watera 4371.3 1086.2 873.5
Phenol-methanolb 3785.7 691.3 605.9

aSchütz et al.Refs. 42 and 46.
bGerhardset al. ~Ref. 48!.
J. Chem. Phys., Vol. 102
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lated to 24.3 cm21. Further optimization of the transition
state structure with the TS option of theGAUSSIAN program
did not result in significant changes. This is in contrast t
phenol-water where the transition state of the torsional m
tion cannot be described by a pure rotation about the OO a
since the water moiety lies 0.5 Å above the aromatic plane46

For the 2-naphthol-ammonia torsion in the electronic groun
state,V3 barriers of 34.2 cm21 ~trans-naphthol! and 41.1
cm21 ~cis-naphthol! were obtained from high resolution LIF
measurements75 which are of similar magnitude. Obviously
ammonia is a nearly free rotor in this cluster, in distinc
contrast to phenol-water where the secondp orbital of the
oxygen atom provokes a rotational barrier of 130 cm21 as
obtained from high-resolution LIF measurements.83

The potential can be fitted by a cosine function of th
form V5 1

2 V0 @12cos 3a# without any higher order terms.
The torsional levels for this potential are calculated accor
ing to Ref. 28 and shown in Fig. 2. The energy levels ar
classified in the point groupC3v, the local symmetry of the
ammonia moiety. The splitting of the lowestA andE levels
is 5.6 cm21.

The binding energieDe of phenol~NH3! is calculated at
the HF and MP2 level of theory@Dcorr5De~MP2!2De~HF!#.
BSSE corrections of the binding energy are taken into a
count using the full counterpoise procedure of Boys an
Bernardi.46,84 Zero point energy~ZPE! contribution is in-
cluded in theD0 values. The calculated ZPE results from
unscaled harmonic frequencies. Due to the stronger ba
character of ammonia the phenol-ammonia cluster turns o
to be more stable than the phenol-water and phenol-metha
clusters. Similar to phenol-water and phenol-methanol, th
uncorrected HF-binding energy~2981 cm21! is a good ap-
proximation of the true stabilization energy of the cluste
since BSSE~HF1MP2! correction and correlation energy
contribution cancel rather closely.

e

ens

FIG. 2. Calculated torsional energy levels of the electronic ground state
phenol-ammonia.
, No. 23, 15 June 1995
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B. Intramolecular vibrations

The calculated intramolecular harmonic frequencies a
collected in Table IV. As expected from group theory ther
are 27 intramolecular vibrations ofa8 and 12 ofa9 symme-
try. The frequencies are scaled with a factor 0.9 which w
derived by Schu¨tz et al. in comparing experimental andab

TABLE III. Calculated binding energies~cm21! of phenol-ammonia,
phenol-water and phenol-methanol computed with the 6-31G(d,p) basis set.

Phenol-ammonia Phenol-water Phenol-methano

De~HF! 22981 22537 22547
D0~HF! 22316 21946 22094
DDcorr~MP2! 2860 2664 2855
BSSE~HF! 369 395 453
BSSE~MP2! 365 362 453
De~MP2, CP! 23107 22444 22495
D0~MP2, CP! 22442 21853 22042
J. Chem. Phys., Vol. 102
Downloaded 02 May 2012 to 134.99.152.12. Redistribution subject to AIP 
re
e
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initio frequencies of phenol.42 Calculated frequency shifts
~relative to bare phenol and ammonia, respectively! were
also added. The two degenerate ammonia vibrationsn3 and
n4 ~the asymmetric stretching and the bending vibration, re-
spectively! correlate with onea8 and onea9 vibration.

As already mentioned, some intramolecular frequencies
were measured by Hartlandet al.29 and Mikamiet al.69 The
IDSRS spectra29 show frequency shifts ofn1 ~in Ref. 29
indicated asn12!, n18a andn7a which are in good agreement
with our calculations~experimental: 1.1,21.1, and 17.8
cm21; calculated:21.5, 20.3, and 16.8 cm21!. The dis-
persed fluorescence spectrum in Ref. 69 shown6a5525
cm21, n125822 cm21, andn15996 cm21, also in good agree-
ment with the corresponding values in Table IV.

The most striking frequency shifts due to complexation
are associated with the OH-bending vibration, the torsion
about the C–O axis and the ammonia, umbrella vibration
Here, the shifts can be explained by the additional mass o
TABLE IV. Intramolecular vibrations of phenol-ammonia computed with the 6-31G(d,p) basis set~frequency
andD in cm21, force constant in Nm21, reduced mass in amu!.

Symmetry/
label

Frequency
~scaled! Da Red. mass

Force
const.

IR
intensity

Raman
activity

Depola
rization

a9 11 237.0 5.7 3.6308 14.74 0.7512 4.1639 0.7500
a9 16a 417.4 1.0 3.0272 38.13 0.0629 0.0310 0.7500
a8 18b 433.8 35.1 3.9983 54.39 8.5318 0.7943 0.6226
a9 16b 515.9 2.9 2.7722 53.34 5.0030 0.2550 0.7500
a8 6a 520.6 2.1 7.2206 141.47 0.7223 3.7659 0.5298
a8 6b 613.2 0.6 6.4232 174.57 0.4742 4.9513 0.7498
a9 4 695.3 2.1 2.0639 72.13 0.3673 0.1442 0.7500
a9 Torsion 716.1 432.3 1.0710 39.70 179.9186 0.1742 0.7500
a9 10b 764.9 0.4 1.5934 67.38 77.6623 0.2139 0.7500
a8 12 810.0 4.7 5.6752 269.15 16.4424 16.5892 0.1206
a9 10a 839.2 4.8 1.2453 63.40 2.2635 3.4583 0.7500
a9 17b 897.2 22.1 1.4866 86.50 16.2827 1.9386 0.7500
a8 1 978.2 21.5 6.1338 424.29 4.7742 22.5516 0.1046
a9 17a 982.8 21.4 1.3408 93.62 0.0075 0.2839 0.7500
a9 5 998.6 24.9 1.2907 93.04 0.8355 0.3055 0.7500
a8 18a 1013.4 20.3 2.0528 152.41 3.6305 9.5874 0.1062
a8 15 1062.6 0.1 1.5220 124.23 7.5916 1.2223 0.7330
a8 9b 1088.2 7.3 2.3923 204.78 17.4859 4.0179 0.5096
a8 NH3 inv. 1097.0 64.1 1.1847 103.07 251.0229 4.2541 0.1301
a8 9a 1156.0 21.5 1.1426 110.38 7.3834 6.0331 0.7045
a8 OH bend 1188.3 22.8 1.4648 149.54 26.9932 1.9505 0.7130
a8 14 1281.6 44.2 2.6789 318.08 194.0568 7.6267 0.1169
a8 7a 1284.5 16.8 1.6482 196.60 1.7184 1.6951 0.2312
a8 3 1373.2 29.2 1.2474 170.05 106.3478 0.1560 0.6578
a8 19b 1482.7 6.3 2.1128 335.75 80.7205 0.8133 0.7490
a8 19a 1512.2 3.5 2.3814 393.67 62.7218 1.0701 0.4283
a8 8b 1619.3 23.9 4.6893 888.90 73.1580 14.3955 0.7349
a8 NH3 4a 1630.1 24.8 1.2229 234.90 10.4733 3.5637 0.7365
a9 NH3 4b 1631.7 23.4 1.0651 204.99 27.4230 11.3824 0.7500
a8 8a 1635.9 1.2 3.4790 673.00 79.4165 20.4696 0.6383
a8 13 3008.7 5.9 1.0859 710.61 5.8964 36.9295 0.6956
a8 7b 3016.8 21.8 1.0902 717.23 10.8489 121.8244 0.7168
a8 2 3029.6 1.6 1.0938 725.75 40.3440 45.8325 0.4506
a8 20b 3039.3 23.7 1.0966 732.26 32.4664 94.3866 0.1961
a8 20a 3047.0 24.0 1.0973 736.42 8.4083 225.3391 0.1253
a8 NH3 s.st. 3344.3 0.3 1.0266 830.00 8.5158 104.7511 0.0241
a8 NH3 3a 3465.2 22.3 1.0911 947.10 10.2910 66.0669 0.7451
a9 NH3 3b 3467.4 20.8 1.0913 948.52 9.0348 51.1267 0.7500
a8 OH st. 3568.0 2221.2 1.0688 983.62 752.9166 187.6252 0.3200

aD is the calculated frequency shift due to clustering, available experimental shifts are given in the text.
, No. 23, 15 June 1995
license or copyright; see http://jcp.aip.org/about/rights_and_permissions
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9201Schiefke et al.: The phenol-ammonia cluster
the ammonia moiety and the unfeasible NH3 inversion in the
cluster.

C. Intermolecular vibrations

Six intermolecular vibrations arise from complexatio
due to loss of three translational and three rotational motion
According to Schu¨tz et al.46 they are labeled asb1,2 ~wag-
ging modes!, r1,2 ~rocking modes!, s ~stretching mode!, and
t ~torsional mode!. Theb ands modes are ofa8 symmetry
whereas ther andt modes are ofa9 symmetry. The stretch-
ing vibrations and theb1 and r1 modes correspond to the
translations inx, y, andz direction of the free ammonia~x
direction: direction of the O•••N bond,z direction: perpen-
dicular to the phenol ring,y direction: perpendicular tox and
z direction!. Thet, r2, andb2 vibrations correspond to rota-
tions about the inertial axes of free ammonia, with rath
small elongations at the phenol moiety compared to the c
responding translations of ammonia. The calculated data
displayed in Table V, views of the vibrations are shown i
Fig. 3.

The calculated isotopic ratios ford-phenol-ND3 are also
included in Table V. Inspection of this table shows that v
brations which descend from ammonia translations have is
topic ratios close to one whereas vibrations which inhe
rotational character on the ammonia unit show a consid
able isotopic effect. Together with the fact that the nucle
spin statistics for the deuterated isotopomer C6H5OD–ND3 is
not 1:1 but 11:16 for theA/E levels shown in Fig. 2, its
spectra will give valuable advice in assigning the corre
vibrations to the observed bands.

IV. EXPERIMENTAL RESULTS

Figure 4 shows three mass traces of the two col
REMPI spectrum of phenol-ammonia at the higher frequen
side of the origin at 35 714.061.0 cm21. In the range from 0
to 300 cm21 we observed more bands than expected for t
1:1 complex for which only the three totally symmetric in
termolecular vibrational modes and possibly some weak
combination bands and overtones should be allowed~cf. Sec.
III !. The spectrum shows much more structure than the to
ion spectrum of Mikamiet al.69 and the overview spectrum
of Solgadiet al.70 The bands at 43 and 182 cm21 coincide
with the results of Mikamiet al.They assigned the 182 cm21

band to the H-bond stretching vibration by analogy wit

TABLE V. Harmonic intermolecular vibrations of phenol-ammonia~fre-
quency in cm21, force constant in Nm21, reduced mass in amu.! computed
with the 6-31G(d,p) basis set.

Symmetry
Frequency
~unscaled!

Force
constant

Reduced
mass

Isotopic
ratioa

Parentage
~ammonia!

r1 a9 31.0 0.18 3.2113 0.97 Tz
t a9 37.3 0.09 1.0670 0.70 Rx

b1 a8 63.6 0.80 3.3402 0.92 Ty
s a8 165.0 7.26 4.5298 0.94 Tx
r2 a9 242.4 4.29 1.2390 0.75 Ry

b2 a8 304.5 6.56 1.2012 0.76 Rz

an~C6H5OD–ND3!:n~C6H5OH–NH3!.
J. Chem. Phys., Vol. 102
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other hydrogen bonded clusters while the 43 cm21 band was
only classified as intermolecular. However, a two-color spec
trum with an ionization wavelength of 355 nm~28 169 cm21,
i.e., only 200 cm21 above the ionization threshold of the 1:1
complex69! shows clearly that the 43 cm21 band belongs to
then52 cluster~Fig. 5!.

It should be noted that a series of bands in Figs. 4 and
shows a splitting of about 2.5 cm21, but as our analysis will
show, these bands belong to higher clusters which will be
discussed in a later publication.

FIG. 3. Intermolecular harmonic vibrations of phenol–ammonia. The dis-
placements shown in the figure were calculated with a 6-31G(d,p) basis set.

FIG. 4. Two color REMPI spectra of phenol-~ammonia!n clusters (n51–3)
in the region of intermolecular vibrations of the 1:1 complex; ionization
laser at 30 300 cm21.
, No. 23, 15 June 1995
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9202 Schiefke et al.: The phenol-ammonia cluster
What possibility do we have to assign the bands wh
belong to the 1:1 complex? The two-color spectra which
taken at a ionization laser frequency of 30 300 cm21 ~5300
cm21 below the one color energy! show massive fragmenta
tion of the higher clusters. Closer examination of these sp
tra reveals that the splitted progression in Fig. 4 is repea
on the phenol-~NH3!2 trace which was not scanned by So
gadi et al.70 This is even more evident in Fig. 5. Hence t
progression cannot belong to the 1:1 complex, but ton52 or
higher clusters. But what about the other bands?

We choose a mass resolved hole burning experimen
solve this problem. Spectral hole burning was introduced
Lipert et al.16 for the analysis of gas phase cluster spectra.
a double resonance experiment, it is not only mass but
cies selective and we successfully applied this method in
LIF and REMPI variants to the analysis of phenol-~water!3,
phenol-methanol, phenol dimer, ando-, m-dihydroxy-
benzenes.34,85–87The principal problem of the spectral ho
burning technique is that signal/noise ratio is not determi
by the ~small! background noise of the REMPI experime
but by the stability of the REMPI signal itself. Probe las
and molecular beam should be as stable as possible he

The hole burning spectrum of the 1:1 complex probi
the electronic origin is shown in Fig. 6. The upper trace is
simultaneously recorded one-color REMPI spectrum,
lower one is the hole burning spectrum. Molecular be
conditions were optimized to produce only small clust
which has been checked by the nonresonant mass spec
As already observed for the naphthol–ammonia syste68

cluster distribution depends strongly on the time delay
tween valve opening and laser firing. We achieved best c
ditions for small clusters by probing the early expansio
Later in the expansion, e.g., after 200ms, phenol-~ammonia!n

FIG. 5. Two color REMPI spectra of phenol-~ammonia!n clusters (n51–3)
in the region of intermolecular vibrations of the 1:1 complex; ionizati
laser at 28 169 cm21.
J. Chem. Phys., Vol. 10
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clusters ofn530 and higher could be observed.
Besides the origin, four bands can easily be identified

the hole burning spectrum with a shift of 65, 74, 83, and 18
cm21 relative to the electronic origin. The band at 43 cm21

could not be attributed to the 1:1 complex. This is in acco
dance with the two-color REMPI spectrum shown in Fig. 5
Spectral positions, intensities and hole depths are summ
rized in Table VI.

While REMPI spectroscopy is the key to the vibration
in the excited cluster state, dispersed fluorescence reveals
vibrational pattern of the electronic ground state. Before a
tempting an interpretation of the REMPI spectrum we shou
have a look on the corresponding dispersed fluorescen
spectrum. Our dispersed fluorescence~DF! spectra are simi-
lar to those reported by Mikamiet al.69 The DF spectrum
obtained by pumping the electronic origin shows three ban
in the intermolecular region at 62, 162, and 322 cm21.

The phenol-ammonia cluster ofCs symmetry has three
allowed intermolecular vibrations ofa8 symmetry calledb1,
b2, ands. Thes intermolecular stretch mode often has the
highest frequency as observed in the phenol-water~156/155
cm2146!, phenol-methanol ~176/162 cm2185! and the

n
FIG. 6. Hole burning spectrum of phenol-ammonia probed by the electron
origin. The upper trace is the synchronously measured one color REM
spectrum. Spectral positions are given relative to the electronic origin.

TABLE VI. Excited state (S1) vibrational frequencies~cm
21! and relative

intensities of phenol-ammonia.

Frequency Intensities
Hole depth

~%!
Possible
assignment

0~35 714! 1.00 57 0,0
65 0.21 11 see the text
74 0.24 13 see the text
83 0.18 11 see the text
182 0.32 53 s
2, No. 23, 15 June 1995
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9203Schiefke et al.: The phenol-ammonia cluster
~phenol!2 ~120/109 cm2186 donor part! cluster ~S1/S0 fre-
quencies, respectively!. Due to the strong anharmonicity o
some intermolecular modes a simple harmonic normal mo
analysis is not necessarily adequate as outlined in the th
retical section, but the harmonic frequency of the interm
lecular stretching vibrations generally reproduces the ex
perimental value fairly well. Based on this argumentation w
assign the 182/162 cm21 bands~S1 andS0 , respectively! to
the intermolecular stretch vibration.

Assignment of the other three observed bands is
straightforward. Normal coordinate analysis has shown t
from the alloweda8 modes onlys has both a high force
constant and a large reduced mass whileb1 has a small force
constant andb2 a small reduced mass. This leads to lar
amplitude motions and hence to possibly large anharmo
corrections. However theb2 frequency will very probably
not decrease from 304.5 to 62 cm21 on including anharmonic
corrections. Hence the 62 cm21 vibration in theS0 state can
be assigned to theb1 mode~assumed as harmonic!.

The 322 cm21 vibration is probably the first overtone o
the 162 cm21 vibration, cf. Ref. 69. As shown in Table IV
there are low frequency intramolecular vibrations in that r
gion ~n11 andn16a! but the vibronic transitions are forbidde
by symmetry. A correlation with thea8 moden18b seems not
very reasonable because of the large shift between exp
ment and calculation. An assignment of the 322 cm21 vibra-
tion to theb2 vibrational mode seems also unlikely.

The REMPI and hole burning spectra in Figs. 4, 5, and
show at least three bands in the low frequency region be
100 cm21. The shape of the 65 cm21 feature suggests that i
consists of two or more bands. One of the three bands~e.g.,
the band at 65 cm21! should correlate with the 62 cm21 band
in theS0 state and corresponds to an in plane wag vibrati
The other bands could be~allowed! overtones and/or combi-
nation bands of the low frequencya9 vibrations, cf. Table V
and Fig. 2.

When pumping the 00-state resonance fluorescence is
far the strongest feature in the dispersed fluorescence s
trum. Similarly the electronic origin is the dominant featu
in the REMPI spectra of phenol-ammonia. These facts s
gest that the potential of the ground and excited states of
complex are not shifted significantly so that the Franc
Condon principle favors the vibrationless transition.

Because of the absence of a discernible torsional sp
ting originating from the ammonia moiety it can be assum
that theA–E splittings in both electronic states of pheno
ammonia and probably also its barriers are of the same o
of magnitude.

V. CONCLUSIONS

In the present work REMPI spectroscopy is applied
the phenol-ammonia complex in the range of its intermolec
lar vibrations. By means of mass resolved spectral hole bu
ing the bands of the 1:1 complex are selected from hig
clusters. High levelab initio calculations were carried out to
determine the structure of this cluster. The experimentalS1
frequencies have been compared to the results of dispe
fluorescence measurements andab initio normal mode cal-
culations. The intermolecular stretching vibration and t
J. Chem. Phys., Vol. 102
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ground stateb1 wag vibration are assigned safely in this way
while merely proposals could be made for the other intermo-
lecular vibrations. The ammonia torsional mode was calcu-
lated in some detail. In contrast to higher clusters, no split-
ting of vibrational bands from torsional tunneling has been
observed with our present laser resolution. We hope that the
investigation of the deuterated isotopomer which is currently
on the way in our laboratory will clear off some of the re-
maining uncertainties in the vibrational spectra of this inter-
esting cluster system.
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