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Negative ion photoelectron spectroscopy of OH À
„NH3…
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and Department of Chemistry and Biochemistry, University of Colorado, Boulder, Colorado 80309-0440
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The 351 nm photoelectron spectra of OH2~NH3!n n51,2 and the deuterated analogs exhibit two
broad peaks.Ab initio calculations of the anion and neutral potential-energy surfaces have been
carried out using an MP2~second-order Mo” ller–Plesset!/6-3111G** basis set. The geometries,
frequencies, and energetics from these calculations aid in the interpretation of the experimental
results. An estimate of the OH~NH3! electron affinity is 2.3560.07 eV based on experimental and
theoretical results. Calculations of the anion vibrational wave functions indicate that following
electron photodetachment, the neutral potential-energy surface is accessed from the reactant
entrance channel through the transition state region. ©2000 American Institute of Physics.
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I. INTRODUCTION

The OH1NH3→NH21H2O reaction has been studie
both experimentally1–4 and theoretically.5–7 This reaction is
of great interest because it is the key step in the oxidatio
NH3 in the atmosphere. It is also an important reaction in
combustion of fossil fuels.

Kinetics experiments have determined the rate cons
for this reaction using several different techniques and ov
wide range of temperatures.1–4 The most recent study b
Y.-P. Lee and co-workers4 reported the rate constant to b
1.18– 4.12310213cm3 molecule21 s21 over the temperature
range of 273–433 K. Earlier studies by Silver and Ko2

extended the temperature range to 1075 K, yielding a
constant of 1.93310212cm3 molecule21 s21.

Early ab initio studies by Leroyet al. utilized the
Hartree–Fock method and the 6-31G basis set to study
OH1NH3→NH21H2O reaction.8 More recently, Mo” ller–
Plesset perturbation computations have focussed on ch
terizing the reaction along the reaction coordinate.5–7,9Lluch
and co-workers5 have performed high levelab initio calcu-
lations on both the forward and backward reactions, focus
on the barrier heights and the reaction mechanism. Su
quent calculations by Espinosa–Garcia and co-workers w
aimed at determining the geometries and energetics of
intermediate complexes involved in the reaction.6 The tran-
sition state~TS! geometry was determined and an intrins
reaction coordinate~IRC! was constructed to connect the T
with the minima corresponding to the reactant and prod
complexes, OH~NH3! and NH2~H2O!, respectively.
Reaction-path dynamics calculations have looked at de
along the reaction pathway at a higher level, including
ometries, relative stabilities of the complexes and the bar
height.9 Lastly, quantum scattering calculations have be
performed on the OH1NH3 reaction yielding a potential
energy surface and information on the reaction products
rate constants.10

a!Electronic mail: wcl@jila.colorado.edu
4960021-9606/2000/112(11)/4966/8/$17.00
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The OH1NH3→NH21H2O reaction is also interesting
to study because it is an example of a hydrogen abstrac
reaction. Anion photoelectron spectroscopy has been im
mented to study other hydrogen abstraction reactions
many years. Neumark and co-workers have focussed t
attention on characterizing highly reactive species via ne
tive ion photoelectron spectroscopy.11–13 Reactions such as
F1H2, I1HI, and Br1HI have been studied in this way. I
all cases, the negative ion of the complex is formed and
neutral potential-energy surface is probed in the region of
transition state. Another prototypical example14 of ‘‘transi-
tion state’’ spectroscopy is the characterization of t
OH1H2→H2O1H reaction coordinate via the detachment
an electron from H3O

2. In this case, vibrational excitation o
the anion provided access to both reactant and product c
nels. The transition state of the neutral reaction, howeve
not always probed via photodetachment as seen in exp
ments on OH2~N2O!, H2~NH3!, and NH2

2~NH3!.
15–17

In this paper, the neutral potential-energy surface of
OH1NH3→NH21H2O reaction is probed via photoelectro
spectroscopy of the OH2~NH3! complex. Also presented in
this paper are results ofab initio calculations performed on
both the anion and neutral potential-energy surfaces in o
to aid in the interpretation of the experimental spectru
Section II contains details of the experimental and theoret
procedures. Section III describes the results of the exp
ments and calculations while Sec. IV includes an analysis
these results and comparisons to other relevant experime
and theoretical works. Finally, the conclusions are found
Sec. V.

II. TECHNIQUES

A. Experiment

The details of the negative ion photoelectron spectro
eter have been described previously, therefore, only a b
discussion will be provided here.18 The OH2~NH3!n (n
50 – 2) anion clusters are produced in a flowing aftergl
ion source by reacting O2 with NH3 in the presence of he
6 © 2000 American Institute of Physics

AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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4967J. Chem. Phys., Vol. 112, No. 11, 15 March 2000 Spectroscopy of OH2(NH3)
lium buffer gas. The O2 ions are produced by flowing O2
seeded in helium through a microwave discharge. The N3

is introduced downstream through an inlet in order to p
duce the OH2 ions and the OH2~NH3! clusters. The fully
deuterated clusters, OD2~ND3!, were studied using ND3.
The position of the inlet and the flow rates of the gases
modified to optimize the production of the clusters. Once
ions are formed they are accelerated to 735 eV, mass
lected, and decelerated to 38 eV before interacting wit
fixed frequency, continuous wave Ar ion laser beam po
tioned orthogonal to the ion beam axis. The 351 n
~3.531 19 eV! line of the Ar ion laser is coupled into
build-up cavity which also serves as the interaction cham
The photodetached electrons are collected and energy
lyzed orthogonal to both the ion and laser beam axes.
typical ion current of the OH2~NH3! clusters is 100–200 pA
at room temperature~300 K!. Experiments also were per
formed under liquid nitrogen cooled conditions. Liquid nitr
gen is passed through a metal sleeve that surrounds the
tube, lowering the vibrational temperature of the anions
;200 K.

The photoelectron spectra are collected as the numbe
detached electrons versus the electron kinetic energy~eKE!.
The spectra presented in this paper also are plotted as a
tion of electron binding energy~eBE!, where eBE5hn
2eKE. The polarization of the laser beam can be rota
relative to the direction of the electron collection axis
rotating a wave plate that is positioned in the laser beam p
before it enters the interaction chamber. The dependenc
the features in the photoelectron spectrum on the polariza
of the laser beam provides information on the orbitals a
electronic states involved in the photodetachment proc
All spectra presented in this paper were recorded au
554.7°, the ‘‘magic angle,’’ whereu is the angle between
the laser polarization and the direction of electron collecti
Spectra were also recorded atu50° ~parallel! and 90°~per-
pendicular! in order to determine the anisotropy paramet
b.19

b5
I 02I 90

~1/2!I 01I 90
, ~1!

whereI 0 is the intensity of a peak at a specific energy in t
u50° spectrum andI 90 is the intensity of the same peak
the u590° spectrum.

B. Theory

Ab initio calculations of the anion and neutral surfac
were performed using theGAUSSIAN 94 suite of programs.20

Geometry optimizations and frequency calculations w
conducted using second-order Mo” ller–Plesset perturbation
theory including all electrons~MP2 FULL! and the 6-311
1G** basis set. The geometry calculations identified
stationary points on the surfaces and optimized their st
tures. The frequency calculations confirmed that each
tionary point is indeed a minimum or a transition state a
aided in the assignment of the peaks in the photoelec
spectra. Single point energy calculations at the station
points were performed using fourth-order Mo” ller–Plesset
Downloaded 26 Mar 2002 to 128.138.107.158. Redistribution subject to 
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perturbation theory~MP4! and the same basis set. An intrin
sic reaction coordinate~IRC! was calculated to map out th
reaction coordinate on the neutral surface. The calcula
starts at the transition state structure and proceeds tow
both reactants and products. Finally, the vibrational wa
functions on the anion surface were calculated in order
determine the region of the neutral surface that is acces
upon the photodetachment of an electron from the anion

III. RESULTS

A. Experiment

The photoelectron spectra of OH2~NH3! recorded at
room temperature~300 K! and under liquid nitrogen cooled
conditions ~200 K! are displayed in Fig. 1 with open an
filled circles, respectively. Both spectra contain a main pe
A, and a smaller peak,B, which appears to higher electro
binding energy. Since there is no vibrational structure
either of these peaks, it is difficult to make a direct measu
ment of the adiabatic electron affinity~EA!. A determination
of this quantity can be made using the results form exp
ments and calculations, as discussed in Sec. IV B. The v
cal detachment energy~VDE!, the energy at which the neu
tral complex has the same geometry as the equilibri
geometry of the anion, can be directly measured and is
ported. The VDE and full width at half maximum~FWHM!
for each peak were determined by fitting the features t
Gaussian function, shown with the spectra in Fig. 1. T
VDEs for peaksA and B at 300 K are 2.5460.015 and
2.8960.015 eV, respectively. As seen in Fig. 1, the ma
difference between the spectrum taken at 300 K and

FIG. 1. The 351 nm negative ion photoelectron spectra of OH2~NH3! re-
corded at 300 K~s! and 200 K~d!. Gaussian functions are used to fit th
origin peak,A, to determine the vertical detachment energy and the
width at half maximum~FWHM!. The dotted line is the fit to the 300 K
spectrum and the solid line is the fit to the 200 K spectrum. The FWHM
200 meV at 300 K and 170 meV at 200 K. PeakB corresponds to a vibra-
tionally excited transition.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



t
nd
th
lin
s
r

eu
e
oo

se

gn

he
b-
5
24

t i
r

he

tra

on
est-

e
ved

oth
ct

ing
-
ed

fit-

4968 J. Chem. Phys., Vol. 112, No. 11, 15 March 2000 Schwartz et al.
taken at 200 K is that upon cooling the FWHM of peakA
decreases. At 300 K, the FWHM is 200 meV compared
170 meV at 200 K. This difference is attributed to hot ba
transitions that appear at low electron binding energy in
room temperature spectrum and are quenched upon coo
In addition, there is a small shift in the VDE of both peak
A andB, upon cooling the ions, however, the energy diffe
ence between the peaks remains equivalent, 0.3560.03 eV
~2825 cm21!.

The same experiment was performed on the fully d
terated complex, OD2~ND3!, to aid in the assignment of th
photoelectron spectrum. The spectrum was recorded at r
temperature and is similar to that of OH2~NH3! as displayed
in Fig. 2. Peaks labeledA8 and B8 correspond to those
markedA and B in the OH2~NH3! spectrum. There is an
additional peak at high electron binding energy that ari
from OD2~D2O!, which has the same mass as OD2~ND3!.
PeaksA8 andB8 are at 2.5460.015 and 2.8360.015 eV and
have FWHM of 210 and 200 meV, respectively. The assi
ments of these peaks are discussed in Sec. IV A.

The 200 K photoelectron spectrum of OH2~NH3!2 was
also recorded. It is displayed in Fig. 3 along with t
OH2~NH3! and OH2 spectra. The same origin peak is o
served, labeledA9, at an electron binding energy of 3.0
60.015 eV. The breadth of this peak has increased to
meV as compared to the 170 meV measured in then51
spectrum. A feature corresponding to peakB is not observed
in then52 spectrum. This peak could lie at an energy tha
higher than the 3.531 19 eV available from the laser o
could be obscured by the breadth of peakA9. Table I con-
sists of a list of the VDEs and FWHM for the features in t

FIG. 2. The 351 nm negative ion photoelectron spectra of OH2~NH3! and
OD2~ND3! recorded at room temperature, 300 K. The solid line in b
spectra represent the Gaussians used to fit the peaks in order to extra
peak position and full width at half maximum. The origin peaks,A andA8,
are at the same electron binding energy, 2.5460.015 eV. PeakB8 is shifted
to lower energy than peakB by ; 0.06 eV~485 cm21!.
Downloaded 26 Mar 2002 to 128.138.107.158. Redistribution subject to 
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OH2~NH3!, OD2~ND3!, and OH2~NH3!2 photoelectron
spectra.

The anisotropy parameter,b, for peaksA and B in the
OH2~NH3! spectrum was determined using data from spec
recorded atu50° and 90°. The value ofb was the same for
both peaks,20.8, which corresponds to preferential electr
detachment perpendicular to the laser polarization, sugg
ing that the electron originates from ap-type orbital. Since
both peaks have the sameb, it can be concluded that th
same electronic state contributes to all transitions obser
in the photoelectron spectrum.

the

FIG. 3. The 351 nm negative ion photoelectron spectra of OH2~NH3!n

n50 – 2 recorded at 200 K. The origin peaks are labeleda, A, andA9 for
n50, 1, and 2, respectively. The origin shifts to higher electron bind
energy and the full width at half maximum~FWHM! increases upon solva
tion of OH2 by NH3. The increase in the FWHM is attributed to unresolv
low-frequency van der Waals vibrations.

TABLE I. Vertical detachment energies~VDE! and full widths at half maxi-
mum ~FWHM! for the primary peaks in the OH2~NH3!, OD2~ND3!, and
OH2~NH3!2 photoelectron spectra. Both parameters were determined by
ting the peaks to Gaussian functions. Error on the VDEs is 0.015 eV.

Peak
VDE
~eV!

FWHM
~meV!

Relative energy
~cm21!

OH2~NH3! at 300 K
A 2.54 200 0
B 2.89 190 2825

OH2~NH3! at 200 K
A 2.58 170 0
B 2.93 150 2825

OD2~ND3! at 300 K
A8 2.54 210 0
B8 2.83 200 2340

OH2~NH3!2 at 200 K
A9 3.05 245
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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B. Computations

1. Anion potential-energy surface

Ab initio calculations at the MP2~FULL!/6-3111G**
level were performed to search for stationary points alo
the anion surface. Only one minimum was found correspo
ing to the reactant complex, OH2~NH3!, located in the en-
trance channel to the OH21NH3→H2O1NH2

2 reaction. No
minimum was found for the NH2

2~H2O! product complex.
The geometry of the reactant cluster is shown in Fig. 4~a!; it
is of Cs symmetry. In addition to the geometry optimizatio
vibrational frequencies also were calculated at this station
point; confirming that this geometry is a minimum on t
potential-energy surface.

The anion surface was scanned along the N–H2 b
distance to map out the topology of the surface along
coordinate. H2 is the hydrogen atom that is exchanged u
reaction~see Fig. 4!. All other degrees of freedom were op
timized at each N–H2 distance. The potential becomes fla
at large N–H2 bond distances before reaching the separ
products, NH2

21H2O, showing no evidence of a
NH2

2~H2O! minimum. As a result of these calculations, it h
been assumed that all of the anion clusters that are forme
the flow tube are best described as OH2~NH3!.

The surface was also mapped out by scanning both
O–H2 and N–O distances~r OH andr NO, respectively! while
keeping all other parameters constant at the OH2~NH3! equi-
librium geometry values. Values ofr OH were scanned be
tween 0.8 and 2.5 Å andr NO between 2 and 4 Å in incre-
ments of 0.1 Å. The energy was calculated for each poin
specific values ofr OH andr NO and a potential-energy surfac
was generated. In order to characterize the region near
minimum better, a more detailed scan of the potential ene
surface was calculated at intervals of 0.025 Å. The an
potential energy surface is shown in Fig. 5.

2. Anion vibrational wave functions

Anion vibrational wave functions have been calculat
to identify the overlap between the anion and neutral pot
tials. Cuts along the long and short diagonals~through the

FIG. 4. Geometries of the stationary points along the anion and ne
surfaces found byab initio calculations. There is one stable minimum~a! for
the anion corresponding to OH2~NH3!, which is ofCs symmetry. Structures
~b!, ~c!, and ~d! are the neutral reactant OH~NH3!, transition state, and
product H2O~NH2! complexes, respectively. Structures~b! and~c! are ofC1

symmetry and~d! is Cs . All unlabeled atoms are hydrogen atoms.
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minimum! of the potential-energy surface reveal the shape
the potential near the bottom of the well. Although there
evidence of anharmonicity, assuming a harmonic oscillato
a good approximation for vibrational levels lying low in th
potential. By fitting the surfaces, frequencies and force c
stants have been obtained. The frequency along the long
agonal is 230 cm21, approximately a factor of 5 smaller tha
that calculated in the other direction. The force consta
have been used to calculate the probability wave functi
C00

2 and C10
2 using the equations for harmonic oscillat

wave functions where forCxyx is the quanta of vibration in
O–H2 andy is the quanta if vibration in N–O.21 Given the
values of the frequencies and the temperature of the exp
ment ~200 K!, only the C00 and C10 wave functions have
been calculated.

3. Neutral

Ab initio calculations of the neutral surface at th
MP2~FULL!/6-3111G** level have found three stationar
points. Both the reactant OH~NH3! and product NH2~H2O!
clusters are found to be stable minima relative to their
spective asymptotes, even when taking into considera
their zero-point energies. Additionally, the transition sta
structure has been identified. All of these structures
shown in Figs. 4~b!–4~d! IRC calculations confirm that the
TS and product complex@Figs. 4~c! and 4~d!# are connected
along the reaction coordinate; however, the pathway fr
the TS towards the reactants was more difficult to map o
There is a flat region in the potential-energy surface t
corresponds to the OH internal rotation within the comple
As illustrated in Figs. 4~b! and 4~c! the OH must undergo a
large rotation in order to proceed from the reactant comp
geometry to that of the transition state.

The reactant complex, OH~NH3!, on the neutral surface
is very close toC3v symmetry with the H atom of the OH

al

FIG. 5. Contour plot of the anion potential-energy surface. Contours ar
increments of 0.2 eV starting at 0.4 eV. Also displayed is a contour p
showing details in the region around the minimum of the potential-ene
surface at contour intervals of 0.02 eV with the first contour at 0.02 eV
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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pointing towards the N atom, however, a minimum is on
found when the symmetry is relaxed toC1 . This is due to the
Jahn–Teller effect that breaks the symmetry of the molec
Frequency calculations confirm this result; if the complex
restricted toC3v or Cs symmetry, there is at least one neg
tive eigenvalue. Similar to the reactant complex, the tran
tion state of the neutral was also found to haveC1 symmetry.
The product complex, on the other hand, hasCs symmetry.

Like the anion surface, the neutral potential-energy s
face was generated by calculating the energy at many di
ent r OH and r NO values with all other parameters consta
The distancer OH was scanned from 0.8 to 3 Å andr NO from
1.5 to 5 Å in 0.1 Åincrements. This surface is displayed
Fig. 6 ~thin lines!. There are two distinct minima, one in th
entrance channel and one in the exit channel to
OH1NH3→H2O1NH2 reaction. The locations of thes

FIG. 6. Contour plot of the neutral potential-energy surface. Contours a
increments of 0.25 eV starting at 0.25 eV. Superimposed on the ne
surface~thin lines! is a projection of theC00 ~thick gray lines! and C10

~thick dark lines! anion vibrational wave functions. These contours are ev
20% showing a total of 90%. This projection identifies the Franck–Con
region on the neutral surface following the photodetachment of an elec
on the anion. The Franck–Condon region lies in the entrance channel t
OH1NH3→H2O1NH2 reaction.
Downloaded 26 Mar 2002 to 128.138.107.158. Redistribution subject to 
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minima agree with those found in the stationary points c
culations.

The Franck–Condon region for the photodetachm
process has been located by projecting the anion vibratio
wave functions onto the neutral surface. Also shown in F
6, are the projections of 90% of theC00 ~thick gray lines!
and C10 ~thick dark lines! wave functions. The Franck–
Condon region lies in the entrance channel to
OH1NH3→H2O1NH2 reaction. As illustrated, the wav
functions span over 0.5 eV along both coordinates. It is p
sible to access a large range of energies including high on
repulsive wall and extending towards the transition state
the neutral potential-energy surface.

IV. DISCUSSION

A. Assignments

As discussed earlier, the OH2~NH3! and OH2~NH3!2

spectra are dominated by a single peak~A,A9, respectively!
similar to that seen in the OH2 spectrum~peak a in Fig. 3!.
This suggests that the OH2 is solvated by the NH3 molecules
and that the negative charge remains localized on the
chromophore. The main peaks in then51,2 spectra arise
from the photodetachment of an electron from the solva
OH2 chromophore within the clusters.

The FWHM of peak a is; 30 meV, considerably large
than the energy resolution of the spectrometer, due to u
solved rotational structure. There is a further increase in
width of the origin peak~A,A9 in Fig. 3! that we attribute to
the activation of many low-frequency van der Waals vib
tions following photodetachment. There is also a noticea
shift in energy of the origin upon the addition of NH3 sol-
vent. Then51 spectrum is shifted 0.75 eV to higher ener
of the OH2 peak22–24and then52 spectrum is an additiona
0.47 eV higher. The relative energies and widths of the o
gin peaks are listed in Table II. This shift to higher energy
consistent with a stabilization of the anion with respect to
neutral upon solvation. These results are similar to what w
reported for OH2~N2O!n , H2~NH3!n , and NH2~NH3!n

where the spectra are all dominated by a single peak
resembles that observed in the OH2, H2, and NH2 photo-
electron spectra.15–17

The absence of a shift for peakA8 in the deuterated
spectrum~see Fig. 2! confirms the assignment of peakA as
the origin in the OH2~NH3! spectrum. On the other hand
peak B8 shifts to lower electron binding. Specifically, th
frequency decreases from 2825 to 2340 cm21 upon deute-

in
al

y
n
n
he

TABLE II. Relative energies and full widths at half maximum~FWHM! for
the origin peaks in the OH2~NH3!n n50 – 2 photoelectron spectra.

Peak
Relative energy

~eV!
FWHM
~meV!

OH2

a 0 30
OH2~NH3!

A 0.75 170
OH2~NH3!2

A9 1.22 245
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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rium substitution, characteristic of a vibrational motion th
involves the H~D! atom. Such a high frequency can only b
attributed to the O–H or the N–H stretching modes. Ho
ever, only the later is expected to show some Franc
Condon progression of peaks due to the larger chang
geometry of this bond upon detachment. Thus, peakB(B8) is
assigned as one quantum of vibration in the N–H2~D2!
stretching motion. Although the frequency of an N–H stre
in bare ammonia is 3417 cm21, Neumark and co-workers
have shown that hydrogen motions within reactive co
plexes, far from the dissociation asymptote and near the t
sition state, are shifted to lower energy.11,13 Similarly, in the
photoelectron spectra of D2~ND3!n , and ND2~ND3!n , Bo-
wen and co-workers found that the vibrational frequency
tween the origin and the peaks to higher electron bind
energy decreased in the deuterated spectra relative to
measured in the hydrogen containing clusters.16,17 For these
systems, the peaks were assigned as stretching modes w
the NH3~ND3!.

B. Energetics

The geometry of the OH2~NH3! anion complex is differ-
ent than that of the minimum on the neutral surface co
sponding to the OH~NH3! reactant complex, as illustrated i
Figs. 4~a! and 4~b!, primarily a result of internal rotation o
the OH constituent. As a consequence, many low-freque
modes are activated following electron detachment,
these low-frequency modes are not resolved in the exp
ment, making an accurate, purely experimental determ
tion of the EA@OH~NH3!# very difficult. In this case, how-
ever, this quantity can be estimated utilizing a combinat
of results from experiments andab initio calculations, em-
ploying a thermochemical cycle,

EA@OH~NH3!#5EA@OH#1D0@OH2~NH3!#2D0@OH~NH3!#.

The first term is known is the largest and is very accurat
known experimentally22–24 to be 1.828 664 eV. The ionic
dissociation energy is smaller and can be relatively ac
rately calculated to be 0.65 eV, including zero-point corr
tions. The neutral bond energy is much smaller and m
more difficult to calculate accurately, but is around 0.15 e
again with zero-point corrections included. The calcula
value of 0.15 eV forD0@OH~NH3!# is a bit higher than othe
experimentally determined values for the binding energie
X–NH3 ~X5HCCH, HCN, CO2, NH3,Ar, N2O, and OCS!
complexes; all of these values are< 0.12 eV.25 Using 0.12
eV for D0@OH~NH3!] results in the EA52.36 eV. Thus we
estimate EA@OH~NH3!#52.3560.07 eV; the error bar come
from our experience with errors found for experimenta
checked ionic dissociation energies calculated for sim
systems. All of the energetics for this system are collec
and summarized in the diagram shown in Fig. 7. All calc
lated values include the zero point energy corrections; ac
rate experimental values~shown in bold face! are used if
known. Extrapolation of the OH2~NH3! spectrum to 0 K
shows nonzero intensity in the electron binding energy ra
of the calculated EA@OH~NH3!] ~2.28–2.42 eV, including
Downloaded 26 Mar 2002 to 128.138.107.158. Redistribution subject to 
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error bars!, suggesting that the 0–0 transition has detecta
intensity, although the actual origin can not be identifi
based on our data alone.

As shown in Fig. 7, the energy difference between
TS and the neutral reactant complex is 0.23 eV. If the ad
batic electron affinity is 2.35 eV, the energy at the transit
state is 2.58 eV. This is at the region of maximum intens
of the main peakA ~width 170 meV! in the photoelectron
spectrum. This result provides very strong evidence that
transition state is energetically accessible following elect
photodetachment. The second peak in the spectrum ext
almost 1 eV and involves the N–H2 stretching motio
which is along the reaction coordinates. In addition, the l
energy C10 anion wave function provides excitation in
mode leading almost directly to the transition state, ag
suggesting not only that photodetachment leaves the ne
with sufficient internal energy to reach the transition sta
but also that much of this energy is deposited in modes le
ing directly toward the transition state.

It is important to point out that the potential-energy su
face in Fig. 6 is based purely on calculations. Although
overall shape of the potential-energy surface is correct,
calculations predict~as expected at this level of calculation!
that the barrier height is much larger~0.42 eV! than that
determined experimentally~0.08 eV! and, therefore, the bar
rier in Fig. 6 is much higher than that discussed above. I
still possible, however, to see that the transition state is
cessible. If a higher basis set is used in calculating the e
getics, the barrier height will go down and it would be mo
obvious that the wave functions could spread across the t
sition state region.

Theab initio geometry optimization calculations sugge
that the OH1NH3→NH21H2O reaction has an early trans
tion state. This is evident by comparing the distances of
bonds that are formed~O–H2! and broken~N–H2! during
reaction within the transition state to those in the react
and product minimum energy structures. The N–H2 bo

FIG. 7. A schematic of the energetics associated with the stationary po
along the anion and neutral surfaces. All values are in electron volts
have been determined using second-order Mo” ller–Plesset perturbation
theory including all electrons and the 6-3111G** basis set. Values in bold
have been determined experimentally. Using the calculated values fo
binding energy of OH2~NH3! and OH~NH3! and the experimental value fo
the electron affinity~EA! of OH, an estimate of the EA for OH~NH3! is
2.3560.05 eV.
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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that is broken increases by; 10% from reactants to the
transition state. It is difficult to characterize the O–H bo
that is formed since there is a large geometry change
tween the reactants and transition state. In order to proc
from the reactants to the transition state, there needs to
significant internal rotation of the OH species with respec
the NH3 so that the O atom can bind to one of the H ato
on the nitrogen.

C. Comparisons with other studies

There have been several studies that were successf
probing the transition states of neutral reactions. Neum
Lineberger, and co-workers were able to access the trans
state of the OH1H2→H1H2O reaction by photodetachin
an electron from the H3O

2 anion.14 They saw a similar effec
in the spectrum upon deuterium substitution as seen in
present work, however, the results of the polarization a
temperature studies were different. The photoelectron spe
of H3O

2 and D3C
2 revealed a strong dependence on

laser polarization and vibrational temperature. It was cl
that the peaks in the spectra resulted from different electro
transitions. The difference in the spectra obtained atu50°
and 90° and under room temperature and liquid nitrog
cooled conditions result from the formation of both forms
anion clusters, OH2~H2! and H2~H2O!, in the flow tube.
Photodetachment of an electron from these clusters acce
both the reactant and product sides of the neutral poten
energy surface.Ab initio calculations concluded that the a
ion potential-energy surface contained two minima cor
sponding to OH2~H2! and H2~H2O!. This is in contrast to
the present experiment where only one minimum is predic
on the anion surface. The reaction dynamics occurring
other neutral potential-energy surfaces have been chara
ized in a similar manner. Transition state spectroscopy
been implemented on the I1HI, Br1HI, and H1F2 reac-
tions, to name a few.11

There have been multiple studies on the neu
OH1NH3→NH21H2O reaction, many of which include th
determination of the barrier height. Lluch and co-worke5

performedab initio calculations on the OH1NH3 reaction
using MP2/6-31G** . These calculations determined the g
ometry of the transition state structure and an IRC was a
constructed. The geometry of the TS agrees very well w
that displayed in Fig. 4~c!. In addition, a barrier of 5.1 kcal
mole is reported. More recently, a reaction-path dynam
calculation yielded a barrier height of 3.65 kcal/mole.9

Ab initio calculations by Espinosa–Garcia an
co-workers6 also determined minimum energy configuratio
for the reactant, product, and transition state comple
along the reaction coordinate as well as the correspon
harmonic vibrational frequencies using the same method
basis set as Lluch and co-workers but with full electron c
relation, MP2~FULL!/6-31G** . After determining the tran-
sition state, an IRC calculation also was performed. Th
results also indicated that there is an early transition stat
reaction. With additional calculations, they concluded t
the reactant complex was unstable after taking the zero-p
energy into consideration; there were no bound vibratio
levels in the potential. Their structure was extremely diff
Downloaded 26 Mar 2002 to 128.138.107.158. Redistribution subject to 
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ent from the one determined in our calculations which co
be the explanation for the instability. TheCs geometry that
they reported was not found to be a minimum in our calc
lations with the addition of the diffuse functions. It is impo
tant to note that the addition of the diffuse functions in o
calculations was necessary for the calculation of the an
geometries and frequencies. For comparison purposes
same basis set was used for the neutral complexes. T
calculations by Espinosa–Garcia and co-workers determ
a barrier height to reaction of 3.5 kcal/mole.

There have been many experimental studies, usin
various number of methods, which have determined the
of the OH1NH3→NH21H2O reaction.1–4 The most recent,
by Y.-P. Lee and co-workers, utilized flash photolysis a
laser-induced fluorescence to do their kinetic studies.4 A fit
of the rate coefficients to the Arrhenius equation yields
activation barrier of;1.85 kcal/mole. This value is a goo
representation of the other experimental values availabl
the literature but much lower than calculated values. All
the above values for the barrier height to reaction are m
smaller than the 8 kcal/mole obtained in ourab initio calcu-
lations.

V. CONCLUSIONS

The negative ion photoelectron spectra of OH2~NH3!,
OH21~NH3!2, and OD2~ND3! have been recorded. Th
OH2~NH3! and OD2~ND3! spectra consist of a dominan
peak~A! with a less intense peak~B! to higher electron bind-
ing energy. By using both experimental and theoretical
sults, peakA has been assigned as the origin and peakB to a
vibrationally excited N–H mode within the cluster. Th
spectra have been compared to the OH2 photoelectron spec
trum and we conclude that the negative charge rema
largely localized on the OH2 chromophore after solvation b
the NH3 molecules. Since vibrational structure is unresolv
in the spectrum and the geometries of the anion and neu
are significantly different, an accurate purely experimen
determination of the EA could not be extracted.

Ab initio calculations on the anion and neutral surfac
have been carried out using MP2~FULL!/6-3111G** to aid
in the analysis of the spectra. The stationary points along
anion and neutral surfaces have been found through ge
etry optimizations and frequency calculations; part
potential-energy surfaces have been generated. We find
one minimum on the anion surface, corresponding to
OH2~NH3! complex while two minima, OH~NH3! and
H2O~NH2!, and a transition state were found on the neut
surface An estimate of EA@OH~NH3!#52.3560.07 eV was
obtained using calculated dissociation energies and the
perimental EA~OH! in a thermochemical cycle; this resu
shows conclusively that electron photodetachment acce
the ground state of the complex with at least modest int
sity. The width of the first broad peak in the spectrum a
indicates that sufficient energy is deposited in the neu
complex to surmount the barrier to reaction.

TheC00 andC10 anion vibrational wave functions hav
been calculated. These wave functions were projected o
the neutral surface in order to determine the region of
neutral surface that is accessed following the electron det
AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ment. These calculations show that the transition state
OH1NH3→NH21H2O reaction is near the region of max
mum intensity in the spectrum, and that the nature of
excitation following electron detachment is such that it m
not be directly probed, however, there is enough energy
maining in the system to surmount the activation barrier
reaction. As a consequence, this complex should be an i
candidate for ultrafast time domain studies using a nega
ion–neutral–positive ion charge reversal approach.26
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