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Ab Initio Study of Photochemical Reactions of Ammonia Dimer Systems
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Potential energy surfaces of ammonia dimer systems corresponding to the proton (hydrogen) transfer reaction
from the reactant (NEH+ NHj3) to the product (NH + NHy) have been calculated with ab initio HF, MP2,

and SECI methods using a TZP basis set including diffuse Rydberg basis functions. The reaction path surfaces
of the neutral, excited, and cationic states each have one local minimum corresponding to complexes such as
(NHz-+-NH3) for a neutral one, (BN*—H--*NH,) for an excited one, and @gN*—H---NH,) for a cation,
respectively. Dimer complexes such assNHH--*NH;) and (HN--*H—N*H,) do not exist. The
photoionization and -dissociation reactions take place along the potential energy surfaces of the neutral, excited,
and cationic states. The binding energies of the complexes relative to the asymptote are small. Particularly,
the binding energies of l*—H---NH, (*A"") and (HN---NH3) are only 0.24 and 0.16 eV, respectively.

And the head-to-head type [{N---NH3)*] with a binding energy of 1.52 eV does not exist on the proton-
transfer reaction surfaces.

1. Introduction It is worth noting that the theoretically adiabatic ionization
energies for the unprotonated ammonia dimer cations até 8.5
and 7.71 e\? while the vertical energy is 9.15 e¥. The
experimental vertical energies are 9.%hd 9.19 e\A

Recently, experiments involving protonated and unprotonated
ammonia clusters have been extensively perforinétl. The
photoionization mechanisms of ammonia clusters have been o .
investigated by the various experimental techniques, such as Although the photoionization process of the ammonia clusters
single photof* and multiphotoP13 ionization and electron has already been studied by various methods_, further investiga-
impact method4-16 The protonated cluster ions [(NJ4H] tions seem to be WQI’Ih carrying out on the basis of the foIIov_vmg
are found to be produced by two main stéps12 In the first points. (i) In the dimer cation, does the head-to-head cationic
one, the excited ammonia clusters (jHz(HsN"—H---NH,) complex (HN--*NHy)" dissociate into (N&" + NH;) along
are formed from the predissociative state of the ammonia the proton-transfer reaction surface? That is, does the*lnter-
molecule in the cluster through the multiphoton absorption Mediate complex exist? (ii) Does a cage speciesNNH,)

process. In the second one, the speciesgiNi (HsN —H-++- obtained as an intermediate of the intracluster reactions exist?
NH,) releases an electron to produce the cluster ions, and ther(iil) Why were the unprotonated ammonia cluster ions [gM]

it is divided into the protonated ion and Mithrough a proton- ~ Observed to be very weak except for= 1 and 27 (iv) In the
transfer reaction, while the unprotonated ion [@W] is ammonia dimer cation, what is the reason for the ionization
produced via absorption of a single photon or electron impact €Nergy gap between the theoretical and experimental values?
and subsequent release of an electréh. Answers to these questions concerning a detailed understanding

Potential energy curves of protonated ammonia cluster ions of the photoionization processes clear_ly require state-to-state
via the multiphoton ionization mechanism have been constructedCorrelation surfaces of the ground, excited, and cationic states
by Castleman et 213 According to these potential energy between the reactant species (N#H NH3) and the products
curves, an electron is released by the multiphoton ionization (NHz + NHp).
process and the unprotonated cluster ions [{)\H dissociate In this work, we have studied state-to-state correlation curves
into (NHz),—1H*™ + NH, along the cationic potential curves. of the ground, excited, and cationic states from the reactant
The (NHs),™ and [(NHs)—1HT + NH;] species have local asymptote (NH + NH3) to product (NH + NH,) in order to
minima with an energy barrier. Very recently, these authors obtain the relative energy gap and local intermediate complexes
also measured experimentally the peaks of unprotonated clustealong the proton (hydrogen) transfer reaction paths. The
ions [(NHg)n™, n = 2—5]. The peaks of these unprotonated protonated ammonia dimer cation is found to be produced from
ions are very weak compared to the protonated ions. the excited complex of the hydrogen-bonded type by the

In another experiment, Fuke et *dlhave suggested that absorption ionization dissociation [AID] or absorption dissocia-
protonated ammonia clusters can also be produced as a newion ionization [ADI] mechanisms. Since studies of the mech-
photolysis product in the form of (Nd+-NH4)"(NH3)n—2. The anisms involving the unprotonated dimer cation seem to be quite
intermediate (Nk*++NH,)"(NHs)n_ is formed through a cage limited theoretically and experimentally, we have also examined
dynamics of the predissociation of large clusters. In this the ionization process of the nonhydrogen-bonded dimer cation
experiment, the protonated ion (M+NH,1)(NH3),—2 has been (HaN---NH3)™, which has a head-to-head type interaction. We
observed by single photon ionization of an intermediate having show that the head-to-head interaction dimer cation plays an

an ionization threshold of 3.79 eV. important role in the photoionization process of the unprotonated
ammonia dimer cation. In addition, the photodissociation
® Abstract published ifAdvance ACS Abstractdpril 1, 1997. reactions of the Nklradical are examined as a fundamental
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Figure 1. Potential energy curves for the ground and excited states of
the NH; Rydberg radical dissociating into (NH- H).

4

unit in photochemical processes of (§Jkiclusters. Our results
are also compared with the experimeffted2 and other
theoretical®32 values.

2. Calculational Methods

The basis sets chosen are the tripleasis on N (521/2118)
and H(511)% Two extra d type polarization functiottsare
added to nitrogenolg = 0.412, 1.986) and one extra p type
function to hydrogend, = 0.990 495). The diffuse Rydberg
basis functionsds = 0.028, 0.0066¢,, = 0.025, 0.0051¢y =
0.015, 0.0032Y are additionally augmented on nitrogen to
describe the Rydberg states of pi&hd NH,. The total number
of contracted basis set used in ammonia dimer is 130.

The geometric structures of the ammonia monomer, dimers,
and their cations are optimized with the MP2 (second-order
Moller Plesset) approximation using Gaussian 92. The potential
energy surfaces of the proton-transfer reaction from {NH
NH3™) to (NHst + NH,) via a complex (HNt—H-:-NH,) is
calculated with the UHF wave functions f&yy and ryy by
optimizing the other geometric parameters.

The excited states of Nii(NHz3),, and NH, are somewhat
of a Rydberg nature with a cationic core. The ground state of
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have cut the potential energy curves of the high-lying excited
states aRyy =1.2 A and have not connected the curves between
Rat = 4.0 A and the asymptote (NH- H). The2A; ground
state of the NH radical correlates with the asymptote (i

H). The ground state is metastable, and the potential well is
shallow. Although the ground state of the Nkhdical has an
energy barrier of 0.6 eV along the NH bond rupture, the stability
of the NH, radical seems to be influenced by tunneling. The
existence of the Nidradical has been confirmed by the solvated
electron reaction and by electrochemical approaéheés. The
lifetime of the NH, radical was measured experimentally to be
13 ps, a value more than &@mes shorter than in the one for
NH, in ammonia cluster¥’

The equilibrium and transition state distances and the relative
energies of the Niradical dissociating into (Ngl+ H) are
listed in Table 1 together with the ionization and excitation
energies of the ammonia molecules. All energies are adiabatic
values. The excitation energies of the ammonia molecules [NH
(n = 2—4)] calculated by the SECI method are in reasonable
agreement with the experimer?&i?® and theoreticaf-26.27
values.

The NH equilibrium internuclear distance-of..04 A is larger
than that Ryy = 1.012 A) of a monomer N§J since in its
ground state the NHradical has an electron in a 3s Rydberg
orbital, that is, NH is a semi-ionic state.

At the transition state the bond lengfR\() is ~1.43 A, that
is, the bond breaking in NHtakes place near the equilibrium
geometry. Therefore, the NHadical has the weak NH bonds.
The energy barriers of the NFnd (NH; + H) to the transition
state are~0.8 and~0.6 eV, respectively. In the excitation
energy of the NH radical, our results are similer to the other
theoreticad*2627and experimenta}2? results.

State-to-state correlation diagrams of the ground, excited, and
cationic state surfaces correlating the dimer reactant asymptote
(NH3z + NH3) and the product asymptote (NH- NH,) are
drawn in Figure 2. All energy gaps are adiabatic. The potential
energy of the ammonia dimer is set equal to zero. The
complexes and the asymptotes are connected with dotted lines.
The ammonia dimer complexes on these surfaces correspond
to NHz:+*NH3, HaN"—H-:-NH,, and HN*—H-:-NH, for the

NH;, itself is often called the Rydberg radical. Therefore, the neutral, the excited, and the cationic complexes, respectively.
geometric structures of these states are expected to be similar Similar to previous result® 4 we also found that the

to those of the corresponding cations. To draw the potential structure of the dimer is not a hydrogen-bonded type complex.
energy curves and surfaces, we use the characteristics of theThe floppy nature of this complex can be associated with three
states twofold. The geometry of the corresponding cation is motions, that is, internal rotation of each monomer, interchange

assumed in drawing the potential energy curves for the dis-
sociation of the ground and excited states of N6l (NHz +

H) and for the hydrogen transfer reactions of (NHNH3*) to
(NHz* + NHy) via a complex (HN*—H-:-NH,). Besides, the
molecular orbitals for the configuration interaction (CI) are
determined with the open shell restricted Hartréeck method

for the corresponding cation. The SECI (singly excitation
configuration interaction) method is used for the potential energy
calculations.

tunneling, and inversion tunneling of each monomer.

The N--H internuclear distance of the dimer calculated with
the MP2 method is 2.306 A. Theyy distance in this work
and the experiment®lone are 3.326 and 3.337 A, respectively.
The binding energies of the ammonia dimer complex N
NHs) from the asymptotes (NgH NH3) and (NH; + NHy) are
0.16 and 4.87 eV, respectively. From the complex §NH
NHs) to the asymptote (NIH+ NHy), the hydrogen transfer
reaction takes place through the ground-state surface. We could

To examine the appropriateness of the procedure, the potential, ot find the local minimum of a complex such assiH-H-+--

energies of the ground-state surface from/Nél (NHz + H)
have been calculated with the SDCI and CCSD(T) methods. In
the SDCI and CCSD(T) calculations an f type basis function
(os = 1.093¥8 is added to the above basis set.

3. Results and Discussion

The potential energy curves for the ground and low lying
excited states of the NHRydberg radical dissociating into (NH
+ H) are drawn in Figure 1. Because of the complexity, we

NH>) on the surface.

On the first excited-state surface correlating [NH NHz*-
(*A1)] to [NH4 + NH2*(A 2A,)], our local minimum corresponds
to an excited complex (#N—H---NH,)*(*A"). From the com-
plex (HsN—H---NHy)" to the asymptotes (N&+ NH3*) and
(NH4 + NHy*), the hydrogen transfer reaction also takes place
through the excited-state surface. The binding energies of this
excited complex from the asymptote [MH NHz*(A 2A1)] and
[NH3 + NHs*(*Aj)] are 0.75 and 0.95 eV, respectively. The
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TABLE 1: Relative Energies (eV) for the 2A; Ground States along the NH Radical Dissociating into NH; + H°

SECP QDCP CCSD(Ty CIPSF SDCEF exptf
R(NH)esf 1.022 1.040 1.040 1.033 1.041
R(NH)g? 1.339 1.439 1.425 1.369 1.427
AEqrs— nmgt i 0.59 0.61 0.57 0.52 0.64
NH. (NHaH) -0.17 -0.22 -0.22 -0.23 -0.21 -0.3
AEqp,Ts) 0.75 0.83 0.79 0.88 0.85
Ha
IE 4.60 4.62
AEgss 3p) 1.55 1.90 1.66 1.89
AEs-as) 2.46 2.78 2.65
AEss 3ay, 2T 2.61 2.99 2.89 2.18
AE(3573d); ’E 2.69 3.13 3.04
AEgss ap) 2.90 3.31
AEgss se) 3.22
AE(3574d); 2T2 3.29
AE(3S_4d); E 3.32
AE@p-aqy, 2T2 1.06 1.23 1.87
NH3
IEi ~ 10.14 10.17
AE(n-3s; A%Aq 6.46 6.31 6.27 6.38
AEq-3p,; B3E 7.88 7.86 7.8% 7.90
AE(n-3p), A1 8.29 8.05 7.82 8.14
AE(n74s); 3A1 8.98 9.06 9.11
AEq-ag; °E 9.09
NHy
AEn-3sy A?A, 1.40 1.29 1.26

aSECI energies were obtained with the MOs and geometries af NBlculated by RHF at each internuclear dista®t¢@DCI energies were
obtained with a suite of MOLYX¢ CCSD(T) energies were obtained with Gaussian@®eference 27¢ Reference 26" Reference 20¢ Unit of
internuclear distance is angstrofrCited from ref 27. lonization energy of Nklis optimized with MP2 calculationslonization energy of Nkl
is optimized with MP2 calculation$.Reference 21.Reference 227" Reference 24" Reference 23?2 All energies are adiabatic values.
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Figure 2. Schematic energy diagram of the hydrogen and proton transfer surfaces from the asymptoteNNEJ to (NHs + NH>), and relative
energies of the neutral, excited, and cationic complexes. All energies are adiabatic values and are in units of eV. Superscripted letters indicate data
from the following sources: (a) ref 1; (b) ref 4; (c) ref 20; (d) ref 16; (e) ref 18; (f) ref 17; (g) ref 23; (h) ref 28.

energy gaps of ((N—H--NH,)" relative to (BNT—H--NHy; caused by the fitting procedure of the potential energy curves.

2A") and (NHs--NH3) are~2.93 and~5.52 eV, respectively.  This contour map has a local minimum point at B. The
We note that Fuke et a.have found a cage product in the distances oRyy andryy at B are 3.09 and 1.07 A, respectively.

predissociation process of large ammonia clusters and assignedfigure 4 is drawn by cutting the vertical axis of Figure 3.

it as an excited-state (NJ&++-NH2)(NHz)n—2. An ionization The second excited complex 4N —H-+-NHy; 'A") correlates

threshold of 3.79 eV by a single photon mechanism from this with [NH4*(2T,) + NH,(X2B;)]. From the complex (BN"H-+:-

complex has been observed. This ionization threshold is largerNH,) to the asymptotes (NfH+ NHz*) and (NHs* + NH,),

than our energy gaps of 2.93 eV. Therefore, the cage complexthe proton and charge transfer reactions take place through the

is different from the first excited-state §N—H---NH,)"(*A"). excited-state surface. This excited complex had been found to
The potential energy surface of the reaction [@NHNH3*; be formed by a predissociative reaction (NH NH, + H) of

IA1), A] — [(HaN—H-+*NHy)*(*A"), B] = [(NH4 + NHy; A2A), the ammonia monomer in the ammonia clusters via an intra-

C] is presented in Figures 3 and 4. The contour map drawn cluster reaction. The binding energy of this state relative to

corresponds to potential energies for internuclear distancesthe asymptote [NEF(2T;) + NHx(X?B;)] is 0.24 eV. The

ranging from 2.4 to 3.4 A for NN and from 0.7 to 2.7 A for  potential well is very shallow. Thus, the complexs{#i—H-++-

NH. To understand easily the reaction path surface, we haveNHy) is easily dissociated into Nf1 + NH,. The energy gaps

just represented A and C on Figures 3 and 4. A and C are notof (HsN"—H---NHy; 1A") relative to (HN*T—H---NH,; 2A") and

the positions of the asymptotes. A circle near A is an artifact (NHz---NH3) are ~1.92 and~6.53 eV, respectively.
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Figure 3. Energy contour map of the hydrogen transfer surface 05 e 15 20 25 30
covering the reactant [N&H NH3"(*A;), Al, the complex [(HNH-:-- R(NH)(angstrorm)

NH,)"(*A"), B], and the asymptote [NH+ NH(A%A,), C]. The energy  Figure 6. Reaction path surface of the proton (charge) transfer reaction
difference between the neighboring isoenergetic lines is 0.112 eV. A covering the reactant [N+ NHs'(AE), A], the complex [(HN"H-++-
and C are not the exact positions of the asymptotes. NH,; *A"), B], and the asymptote [NF(2T2) + NHx(X2B1), C].
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ionization (ADI) mechanism in two-photon ionization will take
place. This state plays a bridge role in the resonance-enhanced
multiphoton ionization mechanism.

There are two possible geometric structures for the dimer
cation. One is a hydrogen-bonded dimer catiogNH-H-+--
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2t 108 . e NH,; 2A") with binding energies of 0.97 and 1.85 eV relative
¢ ' to the [NHH(2A1) + NHy] and [NHs + NHs™(2A2")] asymp-
s o4 %E—o ~(o totes, respectively. The energy gap between this dimer cation
b _ (A") and the second excited complexs{i—H---NHy; 1A"")
or 1 ﬁ@% - ®o is 1.92 eV, and the ionization energy of this complex relative
05 0 pye 20 25 50 to the neutral dimer (NK-++NHs) is 8.45 eV. lonization energy
R(NH)(angatrom) of 8.5 eV for the unprotonated ammonia dimer cations suggested
I X
Figure 4. Reaction path surface of the hydrogen transfer reaction blealsia(lj) tel;[ dl.' IS.SIT."ar to ours. I?ﬁreﬁof’ they g"gzt P:jave
covering the reactant [N&H NH3'(*Aq), A], the complex [(HNH---- calculated the |0Tza 1on en?rzgyno e hydrogen-bonded type
NH,)"(*A"), B], and the asymptote [NH+ NH, (A2A;), C]. dimer cation (HN"—H---NHz; “A").

The other is a head-to-head interactions\i+-NH3)™ (D3q
symmetry), which is formed by the interaction between the
dipole moment and the cationic charge. According to the

q geometric structure of this complex, the ionization of thesNH
ra occurs with the single photon, and NHcombines with NH,.

& The ionization energy of this cation relative to (&fHNH3) is

& 8.78 eV. The binding energy of @---NH3)* with respect to
.. ;;4 (NHs + NH3%) is 1.52 eV. The potential energy of §N----

o
Ve

NH3)™" is higher than that of (BNT—H--NH,).
. - The cationic potential energy surfaces for the proton-transfer

25 30 reaction [NH + NH3"(?A7"), A] — [H3NT—H-+-NHy; 2A""),
R(N-N) B] — [NH4"(*A1) + NHy(X2B;), C] are drawn in Figures 7
Figure 5. Energy contour map of the proton (charge) transfer surface and 8. The contour map drawn corresponds to potential energies
covering the reactant [NH+ NHs'(‘E), Al, the complex [(HN'H:---- for internuclear distances ranging from 2.4 to 3.6 A for NN

NHz; 'A"), B], and the asymptote [NF{?T2) + NH,(X?B,), C]. The
energy difference between the neighboring isoenergetic lines is 0.1299
eV. A and C are not the exact positions of the asymptotes.

and from 0.7 to 2.9 A for NH. To understand easily the reaction
path surface, we have just represented A and C on Figures 7
and 8. A and C are not the positions of the asymptotes. B is
We have also calculated the second excited potential energyonly a local minimum point in this potential energy surface.
surface of the reaction [NgH NH3z*(1 E), A] = [(HaN"—H-+-- The optimized distanceRyy andryy at B are 2.87 and 1.04 A,
NHy; 'A"), B] — [NH4* + NHx(X?By), C], which is shown in respectively. A small circle near A is an artifact caused by the
Figures 5 and 6. The contour map drawn corresponds to fitting procedure. The potential curve increases stiffly from B
potential energies for internuclear distances ranging from 2.4 to A. The binding energy between B and C is slightly larger
to 3.4 A for NN and from 0.7 to 2.7 A for NH. To understand than those of the excited states. The contour map of the dimer
easily the reaction path surface, we have just represented A andcation is very similar to that of the excited molecule. Figure 8
C on Figures 5 and 6. A and C are not the positions of the was drawn by cutting the vertical axis of Figure 7. In Figure
asymptotes. B is a minimum complex 4 —H---NHj; 1A"") 8, B is also represented as a minimum point. Because Figure
at this surface. The potential energy increases directly from B 8 was drawn with potential energies f@kn ranging from 2.6
to A and C. TheRw andryy at B are 2.93 and 1.03 A, to0 3.6 A, the energy gaps of B relative to A and C are different
respectively. Figure 6 is drawn by cutting the vertical axis of from that of Figure 7.
Figure 5. The energy gap between B and C is small, and this We note that Castleman et ‘dlobserved very weak peaks
excited complex is slightly unstable. Therefore, in the process of the unprotonated ammonia cluster [(kt (n = 2—5)] using
of producing the protonated ammonia cluster cation, the the multiphoton ionization methé# and drew a schematic
competing process between the photon absorpiimmization— diagram of the potential energy curves during multiphoton
dissociation (AID) and the photon absorptiedissociatior- ionization of the protonated ammonia clust&rsThe peaks of
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2A"), B], and the asymptote [NH(*A1) + NHx(X?B,), C].
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the second excited state. In the cationic energy curve the proton
transfer takes place.

According to the geometric structure, the head-to-head
interaction dimer cation (biN---NH3)* does not exist on the
proton-transfer reaction surfaces from the reactant 3(NH
NH3™) to the product (NH" + NH,). But the protonated dimer
cation of (AN+t—H-+-*NHjy; 2A"") exists on the proton transfer
reaction surface. The energy barrier between the two isomers
is small. Therefore, the geometric change from the head-to-
head to the hydrogen-bonded type takes place easily with an
excess energy. The ionization energies ofNH-NH3)™ and
(HaNT—H---NH; 2A") relative to the neutral ammonia dimer
are 8.78 and 8.45 eV, respectively.

The first excited state (#N—H---NHy)"(*A") correlates with
[NH, + NH,(A2A,)] including the binding energy of 0.75 eV.

The second excited state M —H---NH,; *A") correlates
with [NH4"(?T2) + NHj] by its binding energy of 0.24 eV.
Because of the weak binding, a competing reaction between
AID and ADI takes place to produce the protonated ammonia
dimer cation. These excited states play an important bridge
role on the multiphoton ionization process.
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