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Twenty-eight structures of the hydrazine trimer have been investigated. Two new types of stable conformations
were found. Geometry optimizations were carried out by B3LYP and MP2 methods with the aug-cc-pVDZ
basis set. Two stable trimer structures were obtained with one monomer having a saddle-point structure.
Three rearrangement reactions were investigated, and several tunneling processes were discussed. The frequency
shifts of the antisymmetric wagging and the NH stretching modes were calculated with the MP2/aug-cc-
pVDZ and B3LYP/aug-cc-pVDZ methods. With one fitted parameter, the calculated wagging spectrum is in

a good accordance with the experimental one.

Introduction tions of the hydrazine trimer at the MP2/basis 1 and B3LYP/

Clusters of stable molecules are usually bound by van der Pasis 1 level. Here, basis 1 is the aug-cc-pVDZ basis of
Waals forces or hydrogen bonds. Their properties are often DUnning* exclusive the diffuse p-functions at the H atoms.
different from those of the two limiting cases, the dimer and With this basis, the same energetic sequence of the six dimer
the solid crystal. By examining these properties with increasing conformations was obtained as in more extended _calculatlons
cluster size, one can acquire valuable information, for example, (CCSD(T)/avtz); also, the monomer geometry was in excellent
about the change of the structural parameters and the shifts of2greement with the CCSD(T)/avtz results. B3LYP is a HF/DFT
spectral lines. Encouraged by the experimental work of Buck hybrid functlona_l constructed from Becke’s three-para_\meter
et al.1% we have recently calculated the six structures of the €xchange function# and the LeeYang-Parr correlation
hydrazine dimer and have theoretically investigated the shift functional!® Al MP21# and B3LYP calculations were carried
of the antisymmetric Nk wagging vibration with respect to Ot With the Gaussian 98 prograin.
the monomef.Beu et al#>”making use of their intermolecular ,
potential model, determined the binding energies and the 2- The Search for Stable Trimer Structures
wavenumbers of the antisymmetric Miagging modes for Hydrazine is a chiral molecule. Therefore, two enantiomer
three dimer and six trimer structures of hydrazine. Up to now, structuresA andB, exist (see Figure 1). Hydrazine has two
there has only been one ab initio study by Cabalerio-Lago and groups of H atoms: the inner H atoms, i (in Figure 1, the atoms
Rios® on the interactions in hydrazine clusters of one to four {2 and H3), and the two outer H atoms, o (H1 and H4). The
molecules. They investigated two stable conformations and onejnner and outer H atoms have different Mulliken atomic
saddle point for the dimer; only four minima could be found charges? According to MP2/basis 1 calculations, the inner H
for the hydrazine trimer. They state that other trimer structures gtoms have a charge of 0.085 au and the outer ones 0.111 au.
might exist. It is our intention to obtain as many of the most Consequently, the outer H atoms are expected to be involved
stab_le trimer conformatlor_ls as possible because rella_ble infor-jn hydrogen bonds more often. For hydrazine, the barriers of
mation about the properties of {N4); can only be achieved jnversion of a NH group and to rotation about the NN axis are

with a large number of these trimer structures. _24.39 and 10.53 kJ mo, respectively, on the CCSD(T)/vqz
Normally only clusters with more than two molecules exhibit |evel. These barriers are alike or smaller than the inversion
cooperative effect$.Hydrazine has two polar NHgroups,  parrier of NH; (21.14 kJ mot® from extrapolated coupled-

which can act both as a proton acceptor and as a proton donorg|yster pair energié; tunneling therefore takes place between
Therefore, the situation is here more complex. In the case of the two structure® andB of hydrazine.
hydrazine, already the dimers show both cooperative and pgecause there are two enantiomeric structdrendB, the
noncooperative effects. ) following classification appears to be useful: (1) those structures

Because the hydrazine molecule has two lone pairs, four H resulting from three equal monomer structures, thaAsd or
atoms, and two conformations, a large number of possible trimerBBB, which are denoted in the following with (see Figure
structures is expected. For the dimers, all six stable structures3) and (2) those structures resulting from different monomer
were found by a systematic seaft}ﬁhat does not seem to be  giryctures, that iSAAB or ABB, which are denoted in the
possible for the trimers of hydrazine. The determination of all following with B (see Figure 4). It is noted that t#eAB and
particularly stable tr|_m<_er c_onformatlons is a challenge for the {ne ABA structures are not identical at least for noncyclic
global geometry optimization (see HartRe conformations. Consequently, a larger number of conformations
1. Computational Details of the B type will exist. So_ far, only these two types of structures
have been known. A third group of stable conformations are
those structures for which one monomer has a saddle point
structure (see in Figure 5, conformatid®$ andC2). A fourth

*To whom correspondence should be addressed. E-mail address: 9rOUp Of trimer structures, which result from the combination
vdyczmo@gwdg.de. Fax numbef:49-0551-393144. of two dimer structures, is listed in Figure 2. If one takes into
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Geometry optimization of all intermolecular and intra-
molecular parameters was performed for all analyzed conforma-




5032 J. Phys. Chem. A, Vol. 106, No. 19, 2002 Dyczmons

C

Struct. A; C; sym. Struct.

Figure 1. The two equivalent conformations of hydrazine.

3a3a-1 (-45.9) 3a3a-3 (-37.7)

1a3a-1 (-50.5) 1a3a-2 (-49.9) 3a3b1 (-44.2)

Figure 2. The trimer conformations resulting from the combination of two dimer conformations. Distances are given in A. The CP-corrected
MP2/basis 1 binding energies in kJ mbhre added in parentheses.

consideration that six dimer structures exist, then there are 6  procedure, it converges to the most stable conformd@ib(see
(6+1)/2 = 21 combinations. Not all of these combinations Figure 3). On the other hand, there are some combinations, that
correspond to stable conformations. For instance, the hypotheti-is, 3a3a or 1la3a (see Figure 2), for which several stable
cal structure 1b2b is only a “shoulder” on the PES (potential conformers exist. In case of conformatidma3g up to five
energy surface); after 120 iterations of the geometry optimization different structures exist. It is concluded from this that the total
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A3 (-51.6)

A4 (-41.9) A5 (-40.1) A6 (-43.6)

Figure 3. The cyclic trimer conformations resulting from equal hydrazine monomer conformations. Distances are given in A. The CP-corrected
MP2/basis 1 binding energies in kJ mbhare added in parentheses.

number of structures formed by the combination of two dimer structures of thd type are also included. It is identical to the
structures is about 30. For each dimer and trimer structure, anmost stable structurB1 (see Figure 4).
enantiomer structure exists.

Two strategies were used for finding the trimer structures: 3. The Stable Trimer Structures

(1) A special structure was created and optimized. This strategy |, Taple 1, the binding energies and enthalpies of all

was sufficient to find all dimer structures. Because a thorough i estigated trimer structures are listed. They are determined
search for all trimer structures is too tedious, a second strategy: the B3LYP/basis 1 and further at the MP2/basis 1 level with
is necessary. Otherwise, one might only obtain a special 50 without the counterpoise correction (CPC) of Boys and
selection of conformations, and many of the most stable ggmargits The present authbhas shown that for the six stable
conformers are missing. (2) The stable structures were searchegjimer structures, the CP-corrected MP2/basis 1 results for the
by a statistical procedure. Here, plausible structures of Severalbinding energies are only 1.08 0.27 kJ mot® smaller than
types were generated in a first step; for instance, the center ofo corresponding CCSD(T)/avtz results. So it is also expected
mass of the three monomers forming a triangle and three g4 1hq trimers that the energies calculated with the CP-corrected
orientation angles were randomly chosen. For another variant,\1po/basis 1 are too small by roughly 2 kJ mblTaking this

the angle between two connection lines between the centers ofiyig 4ccount, the binding energies calculated with the B3LYP/
mass of the hydrazine monomers was chosen to bé, Hrl basis 1 method are expected to be too small by about 7 k*mol
once again three orientation angles were randomly selected.,, the average. So it is plausible that more optimized structures
Fifty-five structures of this kind were generated and initially qyist at the MP2/basis 1 leveAs, B6, C1) than at the B3LYP
optimized with the MP2/6-31G(d) method. Often a serious |qe| B

problem appeared: in many cases, the geometry optimization  thq enthalpy values with respect to the monomers are listed

ended up in structures that are “near” a saddle-point structurej, Taple 1. Hereby, the harmonic approximation is used. The
on the PES. For 14 such structures, 100 additional geome'[ryemha|py is obtainea from

iteration steps did not considerably change the situation either.
With the statistical search, we obtained 20 new structures. _ T .

Five new structures belong to the type that results from the AH =E, + A, — 8RT with

combination of two dimer structures. The total number of this Elp = ZhviIZ + Zhvi/(eh"‘/(m) -1

type was estimated to be about 30. We therefore obtained (30/ T [

5) x 20 = 120 for the total number of trimer structures with

this rough estimate. wherebyE, is the CP-corrected binding energy from Table 1,
Cabaleiro-Lago and R€ only investigated four trimer  the »; parameters are the harmonic frequencies, Aﬁab is

structures of theé\ type (three of them were taken over from the change in the vibrational energies between the trimer and

the paper of Beu et 8).by the SCF, BALYP, and MP2 methods the three monomers. The energetic sequendg, @nd AH is

with a 6-3H-G* basis set. In the paper of Beu and Budkyree the same.
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€
B8 (-52.4)

B10 (-41.1) B11 (-48.7)

Figure 4. The cyclic trimer conformations resulting from different hydrazine monomer structures. Distances are given in A. The CP-corrected
MP2/basis 1 binding energies in kJ mbhare added in parentheses.

The first nine structures of Table 1 are the structures that are structure with the lowest binding energy. Here, one has the same
composed of two dimer structures (see Figure 2). Because thesituation as with the dimer structuriétb and2b: In the case of
structurelb is the most stable dimer structure, it is plausible conformationlblb, the components of the dipole moment in
that the structuréblbis one of the most stable trimer structures. the plane of projection (see Figure 2) are zero. In contrast to
In contrast to this, conformatio2b2b was calculated to be the  this, a large dipole moment (7.95 D at the MP2/basis 1 level)
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Yo (-38.7) C2 (-40.9) S1 (23.3)

Figure 5. The two trimer conformation€1 and C2 with one monomer having a trans saddle-point struct8teis a saddle-point structure in
which all monomers have a cis saddle-point structure. Distances are given in A. The CP-corrected MP2/basis 1 binding energiestiarkd mol
added in parentheses.

TABLE 1: Binding Energies, Deformation Energies Eg), One remarkable result is the following: nearly all trimer
and Enthalpies of the Stable Conformations for structures contain at least one dimer structure. There are only
Trihydrazine in kJ mol three exceptions: conformatiods, A4, andB?7.
MP2/basis 1 Those trimer structures that contain only the weakly bonded
N B3LYP/ with AH dimer structure2b and3b2 are generally also weakly bonded
conf @ i@ Dbasisl CcpPC Eq (298 K¥ (see in Figures 25 the conformation&b2b, B4, B6, B10, and
1blb 4 O —4553 —62.18 —-50.75 4.48 —-57.76 C2); in contrast to this, the more stable dimer structdr@and
2b2b 0 4 -—31.26 —47.82 —37.90 1.98 —45.28 3aare included in more conformations (conformati@asa-1,
lbla 4 0 —4512 —62.89 —50.47 1.30 —-57.57 3a3a-2 3a3a-3 1a3a-1 1a3a-2 A1, A2, A5, B9, andC1). The
gaga-é i g —gg-g% —gg-gg —ig-gg ggg —gg-ég conformationslblb, B1, B3, andB8, which contain the most
aoa- —of. —J0. —40. . —J9. H H H
39303 3 1 -3363 —4672 —3706 053 —45 98 iz?(fufger conformatiotb, belong to the most stable trimer
la3a-1 3 2 —4185 -63.50 —50.50 2.25 —57.50 e
la3a2 4 1 —42.60 —-63.41 —49.86 284 —57.38 In Figure 3, the structureAl and A3 were taken from Beu
3a3bl 3 2 —39.85 —61.38 —48.68 2.08 —55.75 et al® together with the most stable structiBé (see Beu and
Al 3 1 -46.32 —6555 —51.86 2.84 —58.67 Buck?). The second trimer structure of Beu ebatas also taken
A2 3 1 -—4465 -6192 -49.62 238 —56.69 in principle, yet the geometry optimization procedure turned it
ﬁi S é _gg-gg _gg-ig _ii-gg ?-g? _Zg-gé into structureA2. In this work, four hydrogen bonds were found
A5 2 2 5052 —4030 110 —4753 fhordconforrl;watlgnBlihw.hllfc.a Beu and Buck only drew three
A6 3 1 -4138 -5582 —4364 113 —50.93 ydrogen bonds in their figure.
B1 3 1 -46.89 —66.88 —53.67 2.08 —60.66 The first three structures of Cabaleiro-Lago and®Rare
B2 3 2 —4508 —65.96 —52.53 3.81 —59.27 the enantiomers to those of Beu et %alwhile their fourth
B3 3 1 -—4547 -65.32 —51.98 4.02 —-59.16 structure is the enantiomer of the conformatfehof this work.
B4 1 3 —-39.69 —-59.42 -47.14 434 —54.33 ConformationA4 has the smallest harmonic frequeney,=
B5 4 1 -—42.32 —-63.86 —50.58 2.84 —58.00 6.5 cntl, of all trimers (see Table 3).
B6 4 0 —61.20 —47.86 2.38 —55.51 . . ,
B7 0 3 -3885 —-53.90 —4297 190 —5057 The_ trimer structures of Cabaleu_ro-Lago ano®iare not at
BS 3 2 —4299 —-65.63 —52.43 4.16 —59.35 all typical for the trimers of hydrazine: (1) They are all of the
B9 2 2 —4193 -60.58 —47.78 1.61 —54.64 type A, whereas in our results, only 12 of 27 stable structures
B10 2 2 -36.03 —5275 —41.14 1.77 —-48.31 are of this type. (2) In their Figure 4, only three hydrogen bonds
B11 3 2 -—3441 -57.87 —-4419 401 -51.53 were drawn, whereas we found only two conformations of that
c1 4 0 —-52.32 —38.65 13.98 —47.25 type altogether.
€2 3 0 3368 -5457 —4094 1262 —48.83 ConformationsA5 andB3 are the only conformations of all
S1 21.22 —6.86 23.33 109.66

calculated dimers and trimers in which only one N atom is
@ Number of inner (i) and outer (0) H-atoms involved in the hydrogen incorporated in two hydrogen bonds.
bonds.blncludlng counterpoise correctiohThe enthalpy_correctlon_ Th <1 and C2 Fi 5) both h
is calculated at the MP2/basis 1 level by use of harmonic frequencies. e structuresC1 an (see Figure 5) both have one
monomer with a trans saddle-point structure. The deformation
in the direction of theC, axis exists for conformatio2b2b; energies therefore have to be higher than the trans barrier of
here, the dipole moment is larger than the vector sum of its the monomer, which is 10.7 kJ mélat the MP2/basis 1 level.
monomers by a factor of 1.26. As in the case of the dimers, an For the conformation€1 andC2, they are 13.98 and 12.72 kJ
increased dipole moment relative to the vector sum of the mol™?, respectively (see Table 1). The conformatihis only
monomers is not a good measure for the stability of the trimers. a shoulder structure at the B3LYP level; here, the conformation
In Table 1, the number of inner and outer hydrogen atoms B9 is the corresponding minimum. On the other hand at 71.4
involved in the hydrogen bonds are also listed. As expected cm™?, conformationC1 has by far the greatest value for the
(see section 2), the number of those outer H atdws) = 77, lowest harmonic frequency (see Table 3) at the MP2/basis 1
is significantly larger than the number of the inner H atoms, level. This indicates a stable conformation.
N(i) = 40. Only hydrogen bonds with a bond length up to 2.6 ~ The conformatiorS1is a saddle-point structure with three
A are considered here. imaginary frequencies. All of its three monomers have cis
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saddle-point structures (see Dycznf)nk one takes these three  NH, group is only connected with the third monomer. Such a
monomer saddle-point structures as a reference, then the bindingsituation is unfavorable for the binding energy.

energy of this structur&1 amounts to 97.46 kJ mol at the

CP-corrected MP2/basis 1. This is nearly twice as large as for 5. Short Hydrogen Bonds

the most stable trimer conformations. The strongly bonded conformatioha3a-2, Al, A2, B1, B2,

All stable trimer structures of hydrazine have at least three gg andB9 all have one hydrogen bond length that is less than
hydrogen bonds each. The average number of hydrogen bond$ 1 A. This is much shorter than the shortest hydrogen bond
is 2.00 for the dimers and 4.37 for the trimers (only hydrogen length of the dimers (at the same level 2.20 A for strucBin®.
bonds up to 2.6 A are taken into account here). At the CP- a|| of these trimers have two monomers M1 and M2 that are
corrected MP2/basis 1 level, the average binding energy of all yoth involved in three hydrogen bonds. In the case of the
investigated stable trimer structurgg(trimer) = 46.8 kJ mot* monomer M1, two H atoms and one N atom are incorporated
and the corresponding dimer binding energyEig(dimer) = in these hydrogen bonds. This means that the three induced
21.75 kJ mot™. The ratioEa(trimer)/Ea(dimer)= 2.15 means charges,+ + —, exist for M1. The other monomer M2
that the cooperative effects are enhanced with increasing ClUSterparticipates in the hydrogen bonds with one H atom and two N

Size. atoms, so the induced charges here -are- +. Because the
charge transfer is small for the trimers (the only exception is
4. Stability by means of Cooperative Effects the conformationC2, which has a charge of 0.054 au on that
] ) monomer being in a saddle-point state), a high partial charge
Two types of conformations exist. exists for the N atom of monomer M1 and a high positive charge
(1) Trimer Conformations with Cooperative Effects. The on the H atom of M2. Therefore, a short hydrogen bond exists

most simple situation for a cooperative system is the follow- between these two atoms. Further the short hydrogen bonds of
ing: each of the three monomers is attached by the other twoall of these trimers are involved in a cyclic ring of dipoles that
monomers in such a way that a chain of three dipoles are formedenhance each other.

that enhance each other. This situation exists for most cyclic

structures. We can see this in all cyclic conformations that 6. Stability of the Trimers: Tunneling Processes and

contain two dimer structures (conformatiba3a-1, 1a3a-2, B2, Some Rearrangement Reactions

B5, andB8). The sum of their CP-corrected binding energies
is E; = 255.9 kJ motl. On the other hand, if one adds up the
CP-corrected energies of all of the dimers (see ref 6) incorpo-
rated in those five cyclic trimers, one will only obtalfy =
229.8 kJ motl. The ratio isEy/E; = 1.11. This cooperative
effect is in full agreement with that of linear (HCN)see
Buckingham?. Here, the formation of each hydrogen bond
increases both the polarity of the NH bond and the basicity of
the N atoms. The dissociation energy of (HgGNd form

To investigate the stability of the trimers, both tunneling
processes and rearrangement reactions must be analyzed.
(1) Tunneling ProcessesA necessary condition for success-
ful tunneling is that the quantum levels are close together in
the reactant well and in the product well, because otherwise
the intensity of thermal fluctuations is too low to be effective.
The monomer of hydrazine has a low barrier to rotation (see
section 2), and of course, the same wells exist for its two
monomers here is also 10% higher than that of two dimers. _structuresA anc_iB. Tunneli_ng th“erefore tak_es pnlace. The same
is true for all dimer and trimer “conformations” that possess a

In conformation1blb and 1bla an effective cooperative N, group that is not involved in hydrogen bonds. This is true
effect_also eX|sts_ on the perlphery of thesg trimers, whereby ¢, the dimer conformation8bl and 3b2 and the trimer
four dipoles are included in a chain (see Figure 2). HOWever, .,n¢rmationsA3, A4, andB7. For the conformatiob2, this

these trimers also have an anticooperative effect for the aq tested with fixed positions of the N atoms: the barrier height
monomer in the r_nlddle in which the two negative charges of i 147 kJ mot?, and one obtains a small energy gain for this
the N atoms are increased due to the cooperative effect of thetunneling process of 0.2 kJ mdl In the following cases, it is

periphery. . . also obvious which new confomations the tunneling process
The most stable conformatiddil has two efficient coopera-  generates:3b1 — 3a, 302 — 3a (see Dyczmon§,Figure 4),

tive effects: on one hand, the cooperative effect of the A3 — B1, and A4 — B3. For all other dimer and trimer
conformationlb and furthermore a chain with three dipoles structures, a rotation tunneling of a Migroup breaks at least
that enhance each other (see lower pafBdfin Figure 4). In one hydrogen bond. This increases the barrier to rotation. If
principle, the same situation also exists for the conformation the product well has a higher energy than the zero-point level
B3. in the reactant, then tunneling is impossible. This means that,
(2) Systems with a Noncooperative EffectAll noncyclic starting from a stable conformation, the new structure generated
conformations{blb, 2b2b, 1bla, 3a3a-1, 3a3a-2, 3a3a&hd by a tunneling process must be “close” to the geometry of a
3a3bl) have a noncooperative effect. This can easily be seen.more stable conformation. We have searched for such a process;
Once again, we denote the sum of the energies of all of the the only one for dimer conformations is the rearrangement
dimer structures incorporated in these noncyclic structures with reactionla— 1b. Here, we have used the MP2/basis 1 method
E, and the sum of the corresponding trimer energies of Table to calculate the barrier height and the energy difference between
1 with E;. The ratioEs/E; = 0.9905 shows the noncooperativity the tunneled structure and the educt with three different
of these noncyclic structures. A noncooperative effects also approximations: (1) only the parameters of the one tunneling
exists for a trimer conformation if the basicity of the two N NH; group are optimized; (2) all parameters of the hydrogen
atoms of at least one of its monomers is increased because ofitoms of the one monomer involved in the tunneling process
hydrogen bonding. This situation occurs three times for were optimized; (3) only the positions of the four N atoms were
conformation2b2b. For most of the listed trimer structures, this  fixed. For the barrier height, one obtains the following results
noncooperative effect occurs once. For the conformaBaa-3 with the approximations43: 18.9, 13.5, and 12.4 kJ md|
and3a3b], this effect occurs in such a way that one of its NH  respectively. For the energy difference between the tunneled
groups is only connected with a second monomer, while its other structure and the educt, one obtains 19.1, 6.4, and 5.0 kI mol
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B3 — Bl; AE=0.6 1blb — B1; AE=6.6 A2 — Al; AE=0.5

Figure 6. Some saddle points for rearrangement reactions. The barrier heights are low due to the two weak hydrogen bonds for the saddle-point
structures of the reactior®3 — B1 andA2 — Al.

TABLE 2: The Frequency Shifts of the Antisymmetric Wagging Vibrations in cm™~ for the Dimers (the IR Intensities in km
mol~! Are Added in Parentheses)

conf sym MP2/basis 1 B3LYP/basis 1 MP2/badis 4 intensity expt
la C 47.5(143.6) 46.5 (162.1) 49.1 (155.4) 121.2 48.6
44.4 (57.6) 48.3 (63.4) 52.1(83.5) 65.1 48.6 (51.5)
1b Ci 30.6 (0.0) 43.6 (0.0) 46.4 (0.0) 0
51.3 (189.3) 63.1(201.8) 66.1 (218.6) 477.3 64
2b C 9.6 (28.2) 15.7 (46.4) 12.3(33.2) 3.9
36.3 (169.8) 43.5(163.3) 39.6 (204.4) 24.0 42.7
3a C 36.8 (124.7) 37.9(126.8) 40.2 (148.5) 136.5 427
44.1 (88.7) 48.2 (97.1) 52.7 (105.7) 97.2 48.6 (51.5)

aBeu et all P Basis 4 is the 6-31+G(2df,2p) basis¢ MP2/basis 4 results for the intensities due to a Boltzmann distributioh f0£64 K with
CCSD(T)/avtt energy values.

respectively. Because the zero-point vibration energy-of have been calculated by Cabalerio-Lago and oady for their
(torsion) of hydrazine is 4.49 kJ mdl(see ref 21), the tunneling  most stable trimer conformation. Most of the very stable
processla— 1b probably is not possible. The same is true for conformations are needed to understand the antisymmetric
nearly all of the tunneling processes for which at least one wagging spectrum.

hydrogen bond is broken. The experimental frequency of the antisymmetric NH

(2) Rearrangement Reactions.The following three rear- wagging mode of hydrazine ig, = 937 cn! (see Beu et &).
rangement reactions between some of the most stable trimerrhe measured photodissociation spectrum for the trimer of
structures were examined (see Figure BB — B1, 1blb — hydrazine (see ref 7) cannot directly be compared with our
B1, andA2 — Al. For these reactions, only one hydrogen bond calculations because the abundances of the stable conformers
is broken. Only relatively low barrier heights are expected for are not known. What can be seen from the measured spectrum
this reason. The barrier heights for the first two reactions are, s the following: nonvanishing intensities are between 970 (33)
on the MP2/basis 1 IeVel, 0.60 and 6.59 kJ Tﬁptespectively. and 1060 (123) Crnl, one pronounced shoulder is at 1000 (63)’
The reactionA2 — Al was calculated only on the MP2/6-  and a maximum is around 1025 (88) tmHere, the numbers
31+-+(d,p) level. Here, the barrier height is 0.55 kJ mollf in parentheses indicate the shifts from the monomer value. The
one adds up the zero-point energies to barrier heights for theratio of the intensity at the pronounced shoulder to that of the
reactionsB3 — B1 andA2 — Al, then one obtains-0.05and  maximum is between 0.75 and 0.8. The photodissociation curve
—0.28 kJ mot?, respectively. Thus, the conformatioB8 and has a small descent on the red side of the maximum and a steep
A2 are not stable. descent on its blue side. The width of the measured curve, in

In both cases, the educt and product differ only by one which the intensity has half the value of the maximum, is 56
hydrogen bond. These hydrogen bonds of the educt and produckm-1.

have acommon H atom but two different neighboripg Natoms g, study on the dimetyjielded the frequency shifts listed
belonging to the same monomer. The saddle-pomt structure;, Taple 2. Because the conformatiofsl and 3b2 are not
possesses two weak hydrogen bonds, which are the cause o

. ) . . o ) table because of the tunneling process, they are omitted.
the low barrier height (see Figure 6). A similar situation exits Further, the abundances for 264 K (see ref 7) due to the
for the dimer rearrangement reacti8h2 — 3b1: here, a N !

. . ; Boltzmann distribution are listed. What one can see in com-
atom slides from one H atom to a neighboring H atom (see

. . ; parison to the measured photodissociation spectrum is the
Dyczmons; Figure 8). Itis plausible that the educts are generally following: (1) These four conformations are sufficient for its
not stable for such reactions. As a result, the global minimum

A understanding. (2) There is a good correspondence between the
structureB1 and the conformational and3bl are probably calculated harmonic frequency shifts and the experimental shifts
floppy structures.

due to compensatory effects. (3) No Boltzmann distribution

exists for 264 K and lower temperatures. One gets a qualitatively

better understanding, if one takes a larger abundance (ap-

proximately a factor of 4) for conformatide. This is expected
Harmonic frequency shifts on the MP2/6-BG* level for because of the fact that the abundance of conform&#is

the antisymmetric wagging and the NH stretching frequencies increased by the tunneling proces8é4 — 3aand3b2 — 3a.

7. The Frequency Shifts of the Antisymmetric Wagging
and the NH Stretching Modes
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TABLE 3: Calculated Shifts of the Harmonic
Antisymmetric Wagging Vibrational Wavenumbers?) Due to
B3LYP/Basis 1 Results in cm?

Relative Intensity

—_
!

conf sym Avig Avyo Avoq

1blb C, 52.2(132.8) 57.6(0.1) 110.3 (161.5)

lbla C. 56.2(85.3) 61.5 (66.1) 99.1 (144.5) 0.8

la3a-1 C; 53.7(1525) 58.7 (105.6) 71.7 (49.3)

la3a2 C;  49.0(126.1) 61.9(91.7) 67.4 (83.0)

3a3bl  C;  35.7(142.7) 40.5(58.3) 61.8 (188.1)

Al C. 67.8(89.7) 79.4 (72.4) 82.9 (114.7)

A2 C. 52.7(186.9) 74.0(13.9) 85.4 (80.2)

A6 Ci  57.6(28.6) 63.2 (129.1) 78.9 (96.7) 0.6

B1 C. 57.3(71L.7) 71.1 (43.6) 97.4 (156.4)

B2 C: 58.3(48.4) 77.5 (64.7) 90.7 (157.1)

B3 C.  64.0(46.4) 78.8 (98.4) 84.6 (134.6)

B4 C.  453(157.1) 63.8(64.5) 88.7 (123.5)

B5 C. 41.4(68.1) 62.8 (121.6) 78.6 (108.2) 041

B6 C. 61.9(100.5) 65.8(99.5) 81.8 (67.2) :

B8 C. 45.2(32.3) 67.6 (46.2) 96.9 (173.9)

B9 C, 45.4(8.5) 60.1 (98.1) 65.8 (174.3)

2 Absolute IR intensities (in km mot) are given in parentheses.
/
TABLE 4: Calculated Shifts of the Harmonic 021 1)
Antisymmetric Wagging Vibrational Wavenumbers?) Due to A
MP2/Basis 1 Results in cm?
4 /

conf  sym Avig Avao Avyy V1 MM M AN
1blb  C, 53.3(112.9) 59.0(0.0) 113.1(53.0) 23.4 LA y A il ‘ A ~
lbla C, 55.9(84.8) 62.0(44.1) 101.1(137.5) 18.8 0 40 60 80 100 120
3a3a-1 C, 51.3(85.4) 51.9(69.5) 72.5(131.1) 255 Shift values in cm™

3a3a-2 C; 44.1(158.3) 48.4(53.9) 83.8(96.3) 302  Fijgyre 7. The calculated spectra for four temperatures of the
i:ggé gl gig gggig ggg g?% g; Eigé%) ggé antisymmetric wagging spectrum of {Ny)s. A Boltzmann distribution

g 1 : : : : : : : was taken for the abundances, and a half-width value 18' evas
3a3bl G, 40.7(1451) 58.2(146.7) 69.7(41.6) 471  qeq For 220 K, a good accordance with the experimental curve of

Al C: 64.9(101.8) 84.7(70.1) 89.6 (84.3) 39.2 47 e i ; i

A2 C. 521(182.0) 70.6(25.4) 82.0(48.1) 30.2 Efuggeérﬁ"l ai’gsﬁi}fﬁfg%hf Z‘r’:?{gw"r’:es with & half-width value
A6 C. 43.6(8.4) 54.9(108.8) 62.4(146.3) 32.4

B1 C. 55.8(47.5) 69.9(52.4) 96.5 (147.8) 36.2 o

B2 C; 53.6(29.2) 80.4(66.6) 82.9(143.1) 59.6 distribution cannot be expected for the cold beam because of
B3 C: 53.0(325) 68.2(54.9) 85.4(178.1) 18.8 some high barriers between the conformations. Therefore, we
B4 G, 36.8(159.5) 56.1(29.0)  82.7(1345) 304 tgke the following additional approximation: a Boltzmann
BS G 40.2(65.1)  63.4(1117)  80.1(100.8) 405  yiqwintion is frozen in for a certain temperature during the
B6 C: 53.4(52.9) 66.9(95.9) 67.1(92.6) 384 )
BS C. 441(27.3) 62.9(33.5) 93.3(159.6) 48.4 decrease of temperature. So we use the temperature as a fit
B9 C, 41.4(16.8) 58.3(83.7) 65.7 (161.3) 30.7 parameter for the experimental spectrum. ForThe 220 K

B11 C. 44.8(61.6) 49.3(84.1) 72.2(139.0) 57.7 (see Figure 7), we get 92 crhfor the shift value of the
a Absolute IR intensities (in km mot) are given in parentheses. maximum and 62 le for that of the shoulder. The width of
the spectrum, at which the intensity has half the value of the

A least-squares fit between the calculated shift of the antisym- maximum, is 55 cm* and the ratiog, of the intensity at the
metric wagging mode and the experimental values for the dimersPronounced shoulder to that of the maximum is @8 0.75
yielded the following optimal frequency scaling factors: 1.134 at 200 K). So, with the parameter= 18 cn* and with aT
for MP2/basis 1 and 1.023 for B3LYP/basis 1. value between 200 and 220 K, we get a good approximation of
The results for the antisymmetric stretching modes with these e measured spectra of Buck et al. (compare with the above
optimal stretching parameters are listed for B3LYP/basis 1 in Values).
Table 3 and for MP2/basis 1 in Table 4. The conformations  This is a suprising result because for the dimers no Boltzmann
with low binding energies are omitted; in the case of B3LYP distribution exits. An explanation for this is the fact that the
and MP2, we take as limits-37.5 and —42.5 kJ mot?, dominant global minimunB1 (see curve for 60 K) has shift
respectively. Also, the structures3, A4, andB7, which are values for its two maxima that are only a few chinside the
not stable due to tunneling processes, are omitted. With both shoulder and outside the maximum. The frequencies of the other
methods, the calculated shift values are between 36 and 113conformations are mainly between these two shift values. Their
cm™1, in full agreement with the experimental data. intensities fill mainly the minimum between the “shoulder” and
To get a theoretical predicted spectrum (see Figure 7), onethe maximum together with a raising of the shoulder. A
needs the abundances of the different structures. In a firstccomparison with the experimental curve shows that probably
attempt, a Boltzmann distribution was taken using the enthalpiessome conformations are missing that fill this minimum. Whether
of Table 1. The half-width value of the experiment is not  this minimum exists in the measured spectrum is not quite
well-known. It lies between 10 and 25 cf One gets good  clear: between 70 and 77 ¢ no measuring points exist.
fits of the experimental spectrum with 167 < 25 cntl. In Another aspect for the good accordance with the experimental
the following, we taker = 18 cnTl. When the gas passes the spectrum is probably a statistical effect: because the number
nozzle, the temperature drops from 300 K (temperature of the of lines is here larger than for the dimers, deviations from the
reservoir) to 60 K (temperature of the beam). A Boltzmann Boltzmann distribution will partially compensate. For a more
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TABLE 5: The Frequency Shifts of the NH Stretching Vibrations v, and vo of Hydrazine in cm~! Calculated with the MP2/
Basis 1 Method

conf shifts ofv, shifts ofvg

1blb —64.3 (110.8) —56.6 (0.2) —55.9 (114.9) —65.3 (1.4) —61.4 (312.7) —49.1 (75.9)
1bla —60.3 (103.3) —58.0(32.2) —56.0 (73.8) —66.9 (34.6) —63.7 (9.6) —51.1(4.8)
3a3a-1 —53.6 (5.1) —53.3(58.0) —35.8(3.4) —52.66 (1.9) —51.9 (150.1) —24.5(6.8)
3a3a-2 —48.0 (26.0) —47.3 (19.3) —41.8 (61.8) —43.8 (41.8) —35.9 (15.0) —23.3(14.9)
la3a-1 —58.7 (10.7) —46.4 (69.5) —35.7 (10.4) —63.2 (52.9) —60.1(89.8) —44.8 (91.8)
la3a-2 —59.4 (38.6) —47.2 (60.2) —39.9 (66.1) —79.6 (123.3) —37.1(48.1) —29.3(33.6)
3a3bl —56.0(8.7) —38.2 (56.1) —36.5(24.7) —49.1 (33.9) —35.4 (10.9) —29.8 (27.1)
Al —77.2 (53.0) —72.9 (53.7) —38.2(23.1) —123.1(188.3) —83.7 (164.6) —62.1(118.9)
A2 —78.4 (45.7) —74.6 (8.0) —34.8 (20.1) —110.4 (38.7) —97.3(323.9) —52.6 (101.2)
B1 —75.6 (36.3) —63.9(73.3) —49.9 (55.8) —108.5(119.7) —75.0 (105.7) —61.4 (168.7)
B2 —-72.5(51.7) —66.8 (43.4) —47.6 (69.5) —106.2 (143.8) —76.4 (145.9) —32.7 (26.4)
B3 —79.8 (50.8) —64.8 (52.5) —34.7 (31.3) —96.0 (138.4) —71.2 (121.3) —33.8(25.5)
B4 —71.6 (63.0) —37.3(37.6) —31.8(22.4) —83.0 (54.8) —68.9 (143.2) —36.4 (12.9)
B5 —68.5 (56.5) —65.0(57.2) —29.0 (40.0) —78.2 (124.3) —48.9 (65.4) —32.3(14.6)
B6 —66.2 (36.2) —59.9 (56.3) —51.4(75.2) —89.8 (164.7) —65.0(93.4) —36.1(55.9)
B8 —77.8(41.2) —63.0 (40.8) —53.1(109.4) —94.2 (112.9) —54.2 (83.1) —32.5(27.3)
B9 —52.9 (2.0) —50.8 (106.8) —29.3(53.0) —54.1 (27.7) —53.4 (54.2) —42.8 (100.3)
B11 —50.9 (33.5) —38.9 (12.4) —36.7 (55.4) —53.0 (44.8) —50.1(28.1) —29.2 (55.8)

aThe IR intensities in km mot are added in parentheses.

precise spectrum, one needs of course more of the particularlytrimer conformations were found in which one of the monomers
stable conformations together with their true abundances. has a trans saddle-point structure.

In Figure 7 also, the narrow lines with a half-width value of Because of the tunneling effect, three minima of the PES are
0.3 cnm! and a Boltzmann distribution of 220 K are shown. not stable. The global minimunB1 and the most stable
Further, the spectrum with = 300 K is drawn in; because the  conformation of theA type are probably floppy molecules.

g- value does not agree with the experimental one, the The calculated harmonic frequency shifts for the antisym-
Boltzmann distribution of the temperature of the reservoir seems metric wagging mode of the trimer of hydrazine range between
not to be a good approximation. 36 and 113 cmt. With a half-width value of 18 cm' and with

Beu and Buck also calculated the shifts with their model T = 220 K, the calculated spectrum is in a good qualitative
potential. They took into account only six of their most stable agreement with the measured photodissociation spectrum of

conformations (three of th& type and three of thB type), all Buck et al* for this mode.
with the same abundance. Their shift values are too small by
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