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- Infrared Spectroscopy of Ionic Clusters
By
John M. Price

ABSTRACT

This vthesis describes new.experiments wherein the infrared
vibrafional predissociation spectra of a number of mass-selected ionic
cluster syétems have been obtained and énalyzed in the 2600 to 4000 cm'
regibn. The species studied include: the hydrated hydfoniurr; ions, H,O*
(H;0);.100 ammoniéted ammonium ions, NH{(NH,), ,, and cluster ions
invoiving both water and ammonia aroﬁnd an ammonium ion core, (mixed
clusters) NH;(NHa)n(HzO)m'(n+m=4). In each case, the spectra reveal well
resolved sfructures thaﬁ caﬁ be assigned to transitions arisingvﬁ'om the
vibrational motions of both the ion core of the clusters and the surrounding
neutral solvent molecules.

Foré given ionic clu_ster, these transitions show systematic frequency
shifts with increasing solvation (increasing value§ of n or m). These shifts
and the appéarance or disappearance of core vibrational features have been
used to detefmine the number of ligands involved in the first solvation shell
about the ions and possibly the number of solvent molecules required for

the onset of a liquid-like environment about the core. For the hydrated



hydronium ions described in Chapter II, the first solvation shell fills at
m=3. Similarly, for the ammoniated ammonium ions, described in Chapter
III, the first shell fills at n=4. For the mixed clusters, described in Chapter
IV there is evidence for a number of different structural isomers being
present where water ligands preferentially adopt second solvatioq shell sites
before the first shell is filled.

Information has also been gained about solvent-solvent interaction in
these systems. For the ionic clusters involving the ammonium ion as the |
core, structures were observed that can be assigned to. trénsitions arising
from the internal rotation of the ligands in the first sblvation she_H of the
cluster about their hydrogen bohds to .th'e ion c;)re. It has been found that
this rotation is essentiélly free, with a very low bérrier to the motion (<10
cm') for the ammoniated ammonium n=1 clusfer. ‘This rotation only occurs
wh.en the rotating first shell ligand is not involved in hydrogen bonding

with a ligand in the second solvation shell which quenches the free rotation.
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CHAPTER 1.

Introduction to Cluster Ion Spectroscopy

"[N]o rest is given to the atoms in their course through the
depths of space. Driven along in an incessant but variable
movement, some of them bounce far apart after collision while
others recoil only a short distance from the impact. From those
that do not recoil far, being driven into a closer union and held
there by the entanglement of their own interlocking shapes, are
composed firmly rooted rock, the stubborn strength of steel and
the like..."

-Titus Lucretius Carus, "On the Nature of the

Universe",
55 B.C.!



1.1 CLUSTERS, IONIC CLUSTERS, AND MOTIVATION:

The above reference demonstrates that our interest in the forces that
hold groups of atoms together is nearly as old as the concept of atoms
themselves. Progress in our understanding of the strong interactions that‘
constitute chemical bonds has been considerable, but it has not been until
relatively recently that it has been poésible to probe the much weaker forces
between molecules that give rise to many of the interesting properties .of
bulk matter. One important_ approach in the investigation of these forces
has been to study cluster systems.?

As weakly bound groups of molecules, clusters represent a fascinating
"intermediate case" between isolated moiecules, whose properties are
dominated by strong chemical bonds, and molecules in the condensed
phases, whose properties are largely deﬁned by the interactions between
molecules.? Significant insight can be gained into the ﬁature ef the liquid
and solid phases of matter by observing the onset of bulk properties in large
clusters. Clusters, in a sense, provide the experimentalist with‘ the capacity
to build up matter in the condensed phases one molecule at a time.

In eddition to providing an opportunity to learn more about the bulk,
clusters possess properties unique to themselves. Novel 'chemicallspecies |
have been observed in the mass spectra of clusters that have not been found
elsewhere.! Strong enhancements and diminutions in chemical reactivity

and stability have been observed between cluster speciés differing by only a
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few members. Such effects have been explained in terms of novel
geometries that particular "magic numbers" of clustering species are able to
assume.5 The hydrated hydronium ion, H,0*(H,0),,, for example has been
found to be particularly stable. This has been ascribed to the closed
clathrate structure that the water molecules can assume about the
hydronium ion for this particularvsized cluster, forming a distortéd
dodecahedral cage about the hydronium ion®. |

Ionic clusters like the hydrated hydronium ions are the subject of this
thesis, and constitute an important class about which little structrural or
dynamical information has been measured so far in the gas phase. These
species are represented by the generic formula: A*(M),, where A* is the
ionic core of the cluster and may be either a molecular or atomic ion (of
either positive or negative charge) and (M), are the surrounding n neutral
ligands. In contrast to the more weakly bound neutral clusters, these
species may have binding energies of nearly "chemical" strengths: on the
order of 30-40 Kcals/mole. (See Table I.)’

In the gas phase, these ionic clusters are formed through a series of

association reactions between the ion and neutral molecules:

A, + M + N = A*M), + N (1



Here N is a third body which serves to stablize the cluster during its
formation.

Due to their ease of production and detection in a molecular beam
environment, ionic clusters lend themselves to thermodynamic and kinetic
measurements. A large body of data of this.type is aVailable, and careful
measurements of the enthalply, entropy and enérg'y (AH", AS® and AG®) of
formation for individual clustering stéps has been obtained for a wide range
of ions. Castleman has assembled the results of a large number of workers
into an atlas, listing this information for both rnolecular ions and ionic
clusters.® |

Structural information about charged clusters can sometimes be
found by mapping AH® as a function of cluster size. Performing this
operation. can yield a curve with discontinuities at cluster sizes where the
ion’s first solvation shell is expected to fill. Given the geometry of the ion,
oné is usnally able to make reasonable guesses about the geometry of the
smaller clusters from this data, as there are often intuitive binding sites for
the solvent molecules. Discontinuities of this type are observed for the
ammonianed ammonium ions, NH;(NH,)_, wher.e a strong discontinuity is
‘observed between n=4, the complete first solvation sheli, and .n=5._ (See
Table I and Figure 5.) There is no obvious discontinuity in the analogous
plot for the hydrated hydronium ions however, which have quite high

binding energies even for second shell ligands. (The first shell of the
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hydrated hydronium ions is expected to fill at n=3. --See Table I and Figure

5.) Although these measurements can give qualitative information about
the lecation of the solvent molecules around the ion, and consistent
geometries can be calculated from ab initio methods', the accurate
.equilibrium geometry of a given cluster can still oely be obtained from
spectroscopic measurements. |

In spite of the wealth of thermodynamic data,. very few spectroscopic
investigations have been performed on ionic clusters due to the poor number
densities of clusters that can be obtained with conventional cluster ion
sources. In those cases .where sufficient number densities to measure
abeorptions directly can be obtained, the source conditions needed to
produce enough cluster ions f‘or .a measurable absorption have yielded
samples with large amounts of vibrational and rotational excitation from
the violent ionization conditions."! The more successful attempts to gain
spectroscopic information about ionic clusters have made use of
"consequence” techniques rather than direct absorption methods.
Consequence techniques use a direct consequence of photon absorption
rather then attenuation of the incident radiation as the signal that an
absorption event has taken place. Such methods include, among others,

fluorescence spectroscopy and vibrational predissociation spectroscopy.



1.2 EXPERIMENTAL TECHNIQUE:
1.2.1 Method: Vibrational Predissociation

~ Spectroscopy

This work employs the consequence technique of vibrational
predissociation spectroscopy. Cluster ions are generafed by one of a number
of sources. Of the distribution of cluster ions created by the source, a
population of equal sized ions is selected for study by means of a sector-type
mass analyzer. The mass selected beam is then directed into a radio
frequency ioﬁ trap which holds the cluster ions of interest under collision |
free conditions while they interact with a tunable infrared laser, either |
alone or in conjunction with a high power line tunable CO, laser. | If
sufficient energy is abéorbed from the lésers, the weakly bound clustefs may
undergo vibrational predissociation along a channel involving the loss of one
~ or more solvent molecules. |
The vibrational prediésociation reaction is repreéented in its most

general form for positive ionic clusters by the following:

A'M), + Uhv) + mvy) -~ A'M),, + iM (2)

In this case, I(hv,) represents 1 (number of) tunable infrared photons of
frequency v, and m(hv,) represents m (number of) fixed frequency photons‘

of frequency v,. The parent cluster in this case has absorbed sufficient
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energy from the two lasers to result in the evaporation of i (number of)
solvent molecules to produce a smaller mass daughter ion.

After excitation, the contents of the trap are then direct:ed into a
second mass spectrometer tuned to pass one of the smaller massed products.
Since the appearance of mass selected product is a direct result (or
consequence) of the absorption ;of one of the tunable infrared photons by the |

larger parent cluster ions, the smaller mass daughter ions can be used as a

- signal that an absorption has taken place. Plotting the number of daughter

ions produced as a function of the tunable infrared wavelength yields, to a
first approximation, the absoiption spectrum of the parent ion. More |
details of the excitation scheme and the approximations involved in this
technique are found below.

In contrast to direct absorption methods, the sensitivity of this
technique is extremely high. Ion counting permits the detection of single
absorption events with essentially zero background at the mass of intere.st.
For typical conditions in the experiments described below, we have an
infrared absorption cross section 6=10"'7 cm? an absorption pathlength '
1=100 cm,. and an ion beam density n=10%cm?®. The fractional absorption,
given by nol, is then on the order of 10*? at least ﬁve orders of magnitude
more sensitive than the detection limit of t‘he best direct absorption

experiments.



1.2.2 Excitation Scheme: The Quasi-Continuum of

States

For neutral clusters or weakly bound ionic clusters such as the
hydrogen cluster ions (see Table I), a single photon of tunable infrared light
in the 4000 cm’' region provides sufficient energy to promote the system
over the dissociation t-hreshold along the solvent molecule channel.
Absorption of a photon into one of the high frequency stretching modes of
the ion core in H,*(H,), results in the loss of up to two of the three available
H, ligands."? For weakly bound systems, excitation of a single quanta of a
high frequency vibrational stretch can couple to the continuum of levels of
the dissociating products.

This situation is illustrated schematically in Figure 4. Two
’orthogonal Morse potentials are plotted, one representing a high frequency
stretching coordinate and another représenting a low frequency ligand-
cluster coordinate. Excitation of a fundamental vibration in the high
frequency coordinate (represented by E) can puf more energy into the
system than the D° dissociation energy along the other coordinate.

For weakly bound systems like these, the absorption spectrum of the
parent cluster ion should be well represented by the number of daughter
ions produced as a function of the tunable infrared light. The frequency

dependence of the reaction cross section for the photodissociation reaction:



Hy(H), + hvll ~ HyH),,, + (1.2)H, 3)
comes only frorﬁ the frequency dependence of the absorption cross section of
the parent cluster and whatever frequency dependence there is for the
coupling between the two states. It is our approximation that this later
term changes little over the energy ranges of the present work.

The situation becomes somewhat more complicated when the ionic
cluster in question has a binding energy larger than the energy of a single
tunable infrared photon. Under these circumstances, more energy must be
deposited in the system to induce dissociation unless there are large
amounts of internal éxcitation already present. Virtually all of the systems
studied in this work fall under this category. An examination of Table I
reveals that for the hydrated hydronium and ammoniated ammonium ion
dimer species (either a hydronium or an ammonium ion solvated by a single
ligand) the AH® of formations are roughly a factor of three larger than the
energy of a 3000 cm™ photon. Only for the largest clusters is the binding
energy small enough for a single photon to be effective in removing a |
solvent molecule. To put the required extra energy into the system we have
turned to a multiphoton excitation scheme.

Multi-photon excitation has been widely used in the study of neutral
polyatomic molecules as a probe of both reaction dynamiqs éﬂd |
s'pect:roscopy.13 Although exact quantitative theories to descﬁbe the

behavior of a molecule in a strong IR field are not yet available, a generally
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accepted qualitative picture exists which describes many of the observed
phenomena. Illustrafed graphically for a generic ionic cluster in Figure 3, |
the behavior of a molecule in a moderately strong infrared field may be
divided into the four regimes discussed below.

In regime (I), the system undergoes stepwise resonant excitation
between well separated vibrational levels. The fact that a molecule can
undergo this kind of stepwise excitation with a fixed frequency laser was
particularly surprising in early experiments as it was thought that the
_ vibrational anharmonicities would quickly tune the levels out of resonance
with the laser.* Howéver, it was found that the myrad of rotational levels
accessible to even a modestly sized polyat_omic molecule serves to
compensate, in many cases, for the relative shift of ﬁhe energy levels.
Further compensatioh for the anharmonicities comes from the presence of
energy levels resulting from the splitting of degenerate or neér degenerate
excited vibrational statés. An important feature, for the purposes of our’
discussion, is that the first photon absorbed is through a resonant excitation
to a well defined vibrational levei and that in the lowest part of the energy
level diagfam the separation between levels is lafge compared to the |
bandwidth of the excitation source. All subsequent excitation hinges on tfxe
resonant absorption of the first photon. |

The density df levels increases quite rapidly with energy, and as more

photons are absorbed, the number of possible vibration-rotation levels
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accessible to the laser at é given frequency goes up astronomically.!®
Transitions betwéen levels in this region of high state density, known as the
vibrational "quasi-continuum" have much lower absorption cross sections |
than for the sharp resonances at.lower energies. This regime is labled in
the figure as region (II). While the cross section for absorption beween
“levels in the quasi-continuum is much lower than for the lower state levels, _
so is the frequency dependence of the absorption cross section. At high
enough state densifies, the absorption spectrum of the quasi-continuum is
undifferentiated, having little or no sharp structure.

. It is quite possible for an ionic cluster to accumulate enoﬁgh energy
by multi-photon absorption through the quasi-continuum to be excited to an
energy greater than that of the weakest bond in the system. Redistribution
of the energy throughout the system quickly accumulates the energy into
this bond, and dissociation along that channel can take place. Labled (III)
in the above figure, this process is illustrated by the highly excited cluster
ion dissociating into the next smaller cluster through the loss of a solvent
molecule. (For ioﬁic cluster systems, the weakest bond will undoubtedly be
one of the bonds between the neutral ligands and the rest of the cluster.)
Should there be sufficient laser fluence, the product of the dissocjation can
itself be excited by multi-photon absorption. This possibility is illustrated

in region (IV) of the figure.
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In our experiments, the excitation of the clusters is generally
sepa;ated into two phases. First, the absorption of a single photon of
tunable infrared light to one of the discrete energy levels in region (I)
described abox.re. From here, a _ﬁxed frequency, high power laser is used to
drive the excited clusters up through the vibrational quasi-continuum of
region (II) and over the dissociation threshold to prodﬁcts via feéon (IID).
Since the fixed frequency laser is not in resonance with any of the 10“) lying
vibrational levels, there is very little product génerated without the
presence of the tunable laser. As stated above, the infrared spectra are
obtained By monitoring the number of daughter ions produced as é function
of the tunable infrared frequency. |

In order for the number of product ions produced to accurately
represent the intensity of the initial absorption, the transitions through the
quasi-continuum must contain little in the way of sharp structure. This
requires that the density of states in the quasi-continuum be high enough
that no isolated pockets of low state density exist. A number of
approximations have been developed to célculate the density of states for
polyatomikc molecules as a function 6f energy. Perhaps the most often used
is the Witten-Rabinovich approximation for p(E) ( State density as a

function of energy) which has the following form.®
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C[E + E - ¢ - D
o@ -~ POV g, @

< - 1)!f'[ ®,
i~0

Here, S is the number of vibrational degrees of freedom, and the vibrational

energy E is measured relative to the zero point energy:

1." .
£ - 3y, ®

The parameter f is expressed by

2
p - 3o lze> (6)
S <u>?

W(n) is a numerical parameter which depends on the degree of excitation
above the zero point level. It is a function of the variable n = E/E, and may

assume the values:

1
Gn + 27392 + 351, 0<n<1
1

Exp(-2421%), 1<n <8
0, n>8

(7

The strong dependence of the above expression for the density of

- states upon the number of vibrational degrees 6f freedom suggests that
clusters, with their large number of such modes, should haye low lying,
dense quasi-continuua. Table II compares the density of states calculated
using the above expression for a number of poiyatomiq molecules, and

several of the ionic clusters from this work. The cluster ions have
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significally higher densities of states than most of the neutral molecules.
Notice that the density of states is also dependent upon the relative number
of low frequency modes since sum and difference frequency bands
incorporating low frequency modes will be spaced more closely than those
involving higher frequency motions. UF, for example, has a substantially
higher density of states than the structurally similar SF,. The large ionic
clusters are expected to have a great number of low frequency bending
modes accessible to them. These results_sérve to support the a priori notion
that in the case of the ionvic clusters presented in this study, the quasi-
continuum ié dense and low lying and that excitation of the system by a
single photon of tunable infrared light near 3000 cm™ should placé most, if

not all, the systems presented here into the quasi-continuum.
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1.3 THE EXPERIMENTAL APPARATUS:

The experimental apparatus used 1n this work has been well
described in previous publications.”” Some of the salient components will
be described below. Details regarding the cbnditions during the aquisition
of the spectra will be discussed in the follbwing chapters. Modifications
made to the experimental apparatus during my tenure will be disscusse‘d in
the appendicies. Schematic diagrams'of the apparatus and the ion source
appear in Figures 1 and 2, respectively. |

The Corona Discharge Ion Source:

The cluster ions studied in this work were produced in several coréna
discharge ion sources shown schematically in Figure 2. vUnlik.e conventional
ion sources, the corona discharge produces comparatively cold species at the
expense of number density. Ionization takes place in a high pressure, low
current discharge between the source body (the anode) and a nickel coated
sewing needle (the cathode). Typical discharge currents used were in the
10-100 microamp range and pressures inside the source were usually held
at or near 200 torr.

In contrast to low pressure ion sources, the ions prjoduced in the
corona discharge undergo a large number of collisions with the carrier gas
before they find their way out of the source. Typically, an ion undergoes
some 10° collisions during the time it takes it to make its way out of the

ionization region and through the 0.5 cm drift region to the 75 micron
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nozzle. Since the source body can bé maintained at a given temperature
_through contact with a liquified .gas reservoir, the ions are expected to be at
a resonably cool vibratioﬁal temperature (<300K).

Expansion of the weakly ionized gas thrbugh the nozzle results in
rotational cooling of the ions due to the thermodynamic properties of the
supersonic expansion.'® Clustering of neutral solvent molecules around -
the ionized species also takes place, for the most part, in this region. Fits of
the rotational band contours for a number of different cluster ion systems
have consistently shown that the cluster ions have rotational temperatures
less than 50K under normal operating conditions. |

Mass Selection and Ion Storage:

The distribution of clusters produced by the corona discharge source
is directed onto the entrance slits of a 60-degree sector type mass
spectrometer with a mass resolution of M/AM = 250 (See fig. 1.). This level
of resolution is routinely achieved by the experimental apparatus, but relies
strongly upon the monochrométicity of the ion beam. Variations in the
energy of the ions must be minimized, and to some extent, the resolution is
dependenf upon the conditions of the ion source. Large voltage differences
between the nozzle of the source and the skimmer shown in Figure 2 lead to |
degradation of the mass resolution due to fringing field effects.

Following the mass selection, ions of the desired mass are deflected

90° by a dc quadrupole bending field, then decelerated and focused into the
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octupole ion guide whose axis is that of the infrared laser beam. The
octopole consists of eight molybdenum rods, equally spaced on a 1.5 cm
radius. The rods of the octapole carry approximately 350 volts dc, with'
applied radio frequency voltages of typically 300 volts peak to peak.
Adjacent rods are maintained 180° out of phase. The capacitance‘ of the
‘rodvs together with the inductance of a copper coil atop the machine form an
LC tank circuit which is made resonant in the range 5-20 MHz by the
choice of the coil. Smaller ions such as H;* are trapped most efficiently at
frequencies toward the high end of the range.

Trapping is accomplished by means of entrance and exit repellers,
each of which carries a positive =350 volts dc. Upon these a negative 12
volt pulse may be applied to allow the entrance and exit, respectively, of
ions into and out of the octopole. The relative timing is adjustable to vary
the storage time and the ions can be easily stored for t < 1 minute with only
about 50% losses. The upper limit to our trapping tirhe is determined by
the =10 torr background pressure in the UHV region of the octapole. The
number of trapped ions is optimized by adjusting the DC voltage on the rods
of the octépole: the dependence is rather sharp. One thousand ions are
routinely trapped at a time, with a repeat frequency of 40 Hz. The major
limitation in the number of stored ions is the low ion flux from the source.

The trapped ion energy in the longitudinal direction is < 0.5 eV.
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The choice of an octopole ion trap over the simpler quadrupole design
stems from the superior shapé of the effective potential that an octopole
field generates. For the present case of a rapidly oscillating field, the
effective potential governing the motion of a slow moving charged particle in

an ideal electric multipole field with 2n poles is given by:

U - ZKL 28 -2
ey n (’o) | (8)
where K is described by:
2
k- 20 (9)
dmw?r}

\

For an octapole, the effective potential varies as (r/r,)°."* This dependence
is (r/r,)* for a quadrapole, with a well depth only 25% of the octapole depth
for a given voltage, mass, and frequency.

Laser Excitation: |

The trapped, mass-selected, ionic clusters are vibrationally excited by
a pulsed infrared laser derived from the difference frequency mixing, in a
| LiNbO, crystal (Quanta Ray IR WEX), of a Nd:YAG laser fundamental
(1064, nm Quanta Ray DCR 1A) and tunable dye laser radiation (-typically.
740-835 nm Quanta Ray PDL 1). With the aid of a feedback loop, this
commercial unit a_utomatically adjusts the tilt of the crystal to maintain the

phase matched condition for difference frequency generation as the dye
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laser is scanned. Typical laser power is 3.5mj/pulse at 4000cm™ with a
pulse length of approximately 10ns.

For the more strongly bound specieé, .a high powef COzvlaser was
employed (MBP Technologies, 8 Watts C.W at 10.6um TEM) as well to drive
the vibrationally excited molecules over the dissociation threshold.
Excitation times for this source were equal to the trapping time of the
species of interest, as the laser was run in a continuous wave mode.
Typical trapping times were on the order of a few milliseconds.

Detection:

A quadrupole mass spectrometer is used to separate the product ions
produced by the excitaton from the parent clusters. A Daly-type ion
detector is used to monitor the number of fragment ions produced as a
function of laser wavelength. Spectra were normalized for tunable infrared

power using a simple linear power dependence.
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1.4 ASSIGNMENT OF SPECTRAL FEATURES: NOTATION.

Traditionally, the interpretation of liquid and solid phase spectra
relies upon measurments from the gas .phase. Assignment of spectral
features begins with a search for correlations between observed liquid phase
transistions and those from measurements of the isolated molecules.
Although many assignments can be made this way, the relative transition
strengths can vary widely between the gas phase and the bulk, and new
features are often observed in bulk spectra that have no correspondence -
with the gas phase. This phenomenon manifests itself strongly in those
cases where hydrogen bonding is involved between the molecules.

Says Herzburg (speaking of formic acid):

"Here the vapor shows the characteristic O-H vibration (3570 cm™)
only at higher temperatures, when it certainly is monomeric. At lower
temperatures and in the liquid state this O-H vibration does not occur, but
instead a new band at 3080 cm' is observed which must be ascribed to the
O-H vibration in the dimer. The reason for the great change of the O-H
vibration frequency in the dimer is now genrally agreed to be hydrogen
bonding, which is also responsible for the considerable stability of the
dimer..."®

These studies involving ionic clusters are a special case of this strong
hydrogen bonding situation. As stated earlier, the strength of the ion-
solvent bonds in an ionic cluster is very large compared to that of neutral
clusters. Consequently, the influence of the hydrogen bonds upon the
vibrational motions of the absorbing species can be particularly large.

Exactly which vibrational transistions are perturbed, and the extent of the

perturbation, depends to a large degree upon the geometry of the cluster.
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Of the vibrational motions that take place Within the cluster ions
presented here, the only fundamental vibrational transitions accessible to
the present laser system involve the high frequency N-H or O;H stretching |
motions. The numerous low frequency bending motions available to the
clusters are, in the case of this work, observed only as overtone absorptions
or in combination with a high frequency stretch. The higher frequency
stretches we have assigned involve two types of oscillators: those associated
with the ion core of' the clusters and those of the solvent molecules.

For each of these, the frequency of a given transition for a particular
subunit (H;0*, H,0, NH; or NH,) will be shifted from that of the free
molecule (or ion) by an amount determined by the local environment around
the absorbing species. The normal modes of the NH} ion in the NH}(NH,)
system for example, will be split into lower andrhigher frequency
components due to the influence of the NH, ligand. Components of a
normal vibration involving N-H bonds of the ion in a hydrogen bond with
the NH, molecule will be shifted to lower frequencies than components of
the motion that are not involved. Similarly, for large ammoniated
ammoniu£n ion clusters, £he NH; solvent molecules in the first solvation
shell (n<=4) will be strongly influenced by NH, molecules in the second
solvation shell and beyond (n>4).

Because of the lengthy descriptions required to indicate the

assignment of many of the vibrational bands, I introduce a short-hand
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notation: "X°N-H?, to designate the subgroup involved in a particular -

transition and to describe the type of vibrational motion the subgroup
undergoes. Under this notation, X takes on the values 0,1,2,... and indicates
whether the subgroup is in the core, first solvation shell, second solvation
shell, etc., y is the number of equivalent N-H oscillators of a parti_cular bond

type in the local subunit, z is either b (bound) or f (free) to indicate whether

the H of the N-H boﬁd is involved in hydrogen bonding, and piss,aor b
depending upon whether the vibration can be considered as a symmetric or
antisymmetric stretch, or a bending mode, respectively, in the local subunit.
If the symmetry of the stretch is not determined, but we still consider the
_transition a stretching type vibration we omit the "s" or the "a" in the
notation. If a bond is directly affected by two attached subunits, where one
of the subunits attaches to the other, z takes the form b,b. Our notational
system can be used for spectra of other ion clusters as well, by aiiapting the
N-H designation to indicate the appropriate bond type.

Thié system treats the vibrational modes of each subunit separately
from the fest of the complex. This "local subunit” approximafion seems to
work well for labeling spectra of weakly bound élusters, at least for the
present spectral resolution. I will also use mbre conventionalb labels and full

descriptions in many cases, reserving the most extensive use of the new

notation for the tables of assignments in the following chapters.



Table I: The Stepwise Heats of Formation for a Number of Different Ion-

Neutral Pairs.

Ref | Ion Neut. | AH® : A*(M),., + M -> A*(M),
A* (M) | (Kcals/Mol) at 298K
| ————
n=1 |2 |3 |4 5 6 |7
2 I H,* H, 96 |41 |38 |24
2 | H,0* H,0 |36 {223]17 [153 |13 [11.7( 103
# | NH; H,0 |19.9 |14.8(12.2{10.8 | 10.6 |9.1 |8.4
2# | NHYNH, |H,0 [129 |12.7|122
% | NHiNH,), | H,0 |[12.4 | 117
% | NHiNH,), | H,O |11.7
2 | NH} NH, |27 |17 |165|145 |75
% | NH; NH, |215|162|135{11.7 |70 [6.5

23



Table II. Density of States Calculated Using Equation (4) for Several
Neutral Molecules and Cluster Ions at 3500 to 15000 cm™.

P ———

Molecule,
Ion or
Cluster

Frequency

Groups Used:

o at 3500
em?

p at 7000
cm’?

p at 15000
cm’!

H,0

v, 3825 (1)
v, 1654 (1)
vy 3936 (1)

1.25 x 10°

2.61 x 10°

7.57 x 10°

NH,

v,: 3336 (1)
vy 955 (1)
vy 3414 (2)
v, 1628 (2)

1.03 x 102 |

4.43 x 10*

4.31x 10"

NH;

vy 3270 (1)
v,: 1669 (2)

| v, 3343 (3)

v, 1447 (3)

2.99 x 102

1.87 x 10!

3.98

NH;(NH,)

v,: 3000 (6)
v,: 1676 (1)
v, 1578 (4)
v,: 1434 (2)
vs: 954 (4)

| vs: 668 (1)

v,: 105 (2)

459 x 10

1.00 x 10*

2.64 x 10*°

i H;O*(H,0)

v,: 3100 (2)
v,: 2800 (2)
v, 1500 (2)
v 1050 (4)
vs: 1000 (1)
ve: 670 (1)
v,. 180 (2)

2.32x 10

4.47 x 10*

3.59 x 10%




[ o e

ve: 370 (3)

Molecule, | Frequency p at 3500 p at 7000 p at 15000
Ion or Groups Used: | cm™ [ em? emt
Cluster
SF, v;: 965(3) |139x10* |205x10* |3.06 x 10
vy 772 (1)
vy 642 (2)
v, 617 (3)
vy 525 (3)

25
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FIGURE CAPTIONS:
1. Schematic diagram of the experimental apparatus. Showing the ion

source, the two stages of mass selection, and the ion trap.

2. Schematic diagram of the ion source, which consists of a corona '

discharge and supersonic expansion.

3; The stepwise mﬁltiphoton dissociation scheme for a generic ionic cluster
showing the four regimes with different densities of states (Ater Letokhov.
See ref.14.). Regime I. Low state density, strongly resonant excitation.
Regime II: High state density, excitation through the "quasi-continuum" of
states. Regime III: Excitation through the continuum of stateé, leading to
highly excited species and dissociation. Regime IV: Excitation of the

smaller massed product of the original reaction by additional laser fluence.

4. Morse Potentials showing two orthogonal potential energy surfaces.
Excitation of a vibration on one surface may exceed the D° dissociation
energy on another surface. This is analogous to the situation found in the

weakly bound hydrogen- cluster ions.



27
5. Graph showing the stepwise heat of formation for the ammoniated
ammonium ions, NH;(NH;), (A.A.) and the hydrated hydronium ions,
H,0*(H,0), (H.H.). The A A. curve shows a strong discontinuity at the n=5
step. -- The first solvation shell of this clﬁster is expected to fill at n=4.

Molecules in the second solvation shell are bound more weakly in this case.
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CHAPTER II.
The Hydrated Hydronium Ion Clusters:
H;0*(H,0),, (m=3 to 8)

"Clouds may be produced and formed both by the condensation of
the atmosphere owing to compression by winds and by the
interlacing of atoms clinging to one another and suitable for
producing this result..."

- -Epicurus, "Letter to Pythocles"
c.a. 200 B.C.! '
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2.1 INTRODUCTION:

In nature, gas phase ionic clusters are abundant in cold environments
with ionizing particles or photons p‘resenf, including interstellar space and
the earth’s atmosphere.?® It is known from mass spectrometer studies, for
example, that the hydrated hydronium ( H,0*(H,0),, ) species are the
dominant ions in some regions of the atmosphere.*® Hydrated hydronium
ion clusters also play essential roles in atmospheric chemistry,6 nucleation’
and biology,® and are important components of many solutions and
crystalline materials. The hydronium ion in solution can be thoﬁéht of at
some level of approximation as an extremel}; large ionic cluster. |

Charged clusters, as stated in the first chapter, generally have a
higher binding energy than their neutral counterparts. For the small
species with n=1, binding energies similai' to those of weak covaleht
chemical bonds are not uncommon:* AH° is = -36 kcal/mole for the reaction
H,0° + H,0 — H,0,"*° and = -27 keal/mole for the reaction OH' +
H,0 - HOHOH‘.“'.12 For Li* ions solvated by H,0 and a variety of basic
- ligands, the binding energy is extremely high, often 60 kcal/mole or even |
more.z’la'l‘; Because of the small size of the Li*, the ion dipole vintevraction
energy is unusually large, and interactions arising from polarization effects
can play a considerable role. as well. Binding energies for a number of the
ionic clusters discussed in this chapter appear in Table I of Chapter 1.

Among charged clusters, those species like the hydrated hydronium
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ions containing hydrogen bonds are of particular importance. Hydrogen
bonded species are among the most strongly bound ionic clusters. The
strongest hydrogen bond measured in nature, that of FHF, has a
dissociation energy of 58 kcal/mole’ or 2.5 eV, weaker than the average
vcovalent bond but well within the range of covalent bond energies. As one
of the most ubiquitous interactions in chemistry, the hydrogen bund is
profoundly inﬂuéntial in determining the structural organization and
processes that occur in a variety of environments, from hydrogen bonding -
solvents to entire living organisms. The proton transfer reaction,
16.17.18,192021 harhaps the most general and important reaction in
. chemistry, is governed in hydrogen bonding solvents by hydrogen bonded
"cluster” species.

A great many studies have been made of the solvated proton in the
liquid and solid phases, using x-ray and neutron diffraction, infrared and
nuclear magnetic resonance (NMR) spectroscopy and other techniques.'®%

While much has been learned from these studies, the presence of a
distribution of Species in the sample, the impossibility of studying most
samples ut very low temperatures and other problems, often result in
serious ambiguities in data interpretation. Particularly in solutiou, the
structures of H;O*(H,0), have not been well understood. In the solid phaée,

convincing evidence for H;O,* with a centralized bridging proton and H,0,*

with C;, symmetry have been found. Many ammonium salts such as the
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series NH,*X" and NH,"(NH,).X, where X = CI', Br, I have well-
characterized vibrational spectra.?® The solid phase results, however, are
difficult to extrapolate to the liquid or gas phase.

In spite of the substantial effort devoted to the study of the solvated
proton in the bulk phases, predictions of the structures and dynamical
processes relating to hydrogen bonded systems are often unreliable or
computationally int.r_actable.”'24 For larger systems, it is usually
~ impractical to atteh;.pt any detailed predictions. Hydrogen bond lengths, the
distance between the X atoms in X-H-X, and stretching frequencies are in
general far less accurately determined for cluster systeins fhan for
" molecules of similar size and type but containing only covalent bonds. This.
is due in part to the flatness of the potential well even near the bottom, and -
the greatef anharmonicity of the potential surface associated with the
hydrogen bond. There is a need for experimental data from which accurate
potential surfaces can be derived, in order to guide theoretical efforts.

The understanding of neutral hydr(;gen bonded systems has-been :
considerably enhanced reéently by the detailed spectroscopic studies of
species sﬁch as (H,0),,***" (NH,),,” and a host of vaﬁ der Waals
‘complexes.?®? From these, accurate equilibrium geometries can be
determined. While some low resolution data exists for a few of the 1arger
clusters of (NH,),® and (H,0)_,°'%2® which are of direct interest to the

question of the onset of the liquid state, these systems have resisted |



detailed analysis. The study of these neutral cluster species is ¢omplicated_
experimentally by difficulties in obtain_ing the spectrum for a given solvation
number n without contributions from clusters of different sizes.**** This is |
due to the lack of an unambiguous technique for mass selection, which is
not a problem for charged clusters. The spectroscopic study of hydrated
hydronium ion can answer many of the same questions about hydrogen
bonding as similar studies of neutral clusters and further sheds light on the
topics of proton transfer and the solvation of ions in solution.

From the discussion above it is obvious that there is a wealth of
information concerning the hydronium ion in a condensed phase
environment. Gas phase investigations of ionic clusters containing the
hydronium ion have primarily been limited to thermodynamic

measurements of the entropy, enthalpy and energies for the reactions:

HO'H,0), , + HO + N = HO'WHO), + N
Where N is a third body used to stablize the cluster during the reaction.
(The reader is refered to table I of Chapter one, and the references therein
for more information.)  Spectroscopic studies of the hydrated hydronium
ions ( H;0*(H,0),, ) have been limited however, to the pioneering direct
absorption measurements of Schwarz for m=0 to 4, made in 1977, and
the more recent results from this laboratory employing both the two-color
consequence technique described in the first chapter for m=1to 3, and a

messsenger technique employing a weakly bound H, molecule.”® These
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results served to show that the structure of the smallest cluster, H;0*(H,0),
is symmetric with respect to the position Qf the céntral proton, and that the
first solvation shell of the hydronium ion is filled by m=3. The present

work extends these earlier measurements, and probes the spectroscopy of

the larger species (m=3).
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2.2 EXPERIMENTAL DETAILS:
The experimental conditions used in the acquisition of_ the spectra

- presented in the following section are esséntially the same as those listed in‘
the first chapter. The hydrated hydronium ions were produced by the
corona discharge source. Typical operating conditions involved 60 to 190
r'nicroainps of discharge current in 150 to 200 torr of Matheson UHP neon or
hydrogen. The source body temperature was maintained at either liquid
nitrogen, or freon temperatures, depending upon the peak of the cluster ion
distribution desired for the study. The source of water for these
éxperiments came from a trap of Linde molecular sieve material that that
the gas passed over prior to entering the source region. The seive material
.was allowed to reach equilibrium with the ambient water in the air of the
laboratory prior to being placed in the inlet line and subesquently
evacuated. If the trap was not baked after being pumped upon, sufficient
water could be introduced into the system such thvat the only ions observed
from the source were the large mass hydrated hydronium ion series (m>6).
Cooling the trap to liquid nitrogen or dry ice-acetone bath temperatures
could effectively remove most of the water. Under these conditions, for the
same backing pressure and discharge current, the smaller cluster ions were

favored (m<3).
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2.3 RESULTS AND ANALYSIS:

The early studies of the hydrated hydroniﬁm ions performed in this
laboratory have been extended to thé larger cluster ions where m is greater
than 3 and the second solvation shell is formed %" Figure 1 contains the
spectra of the hydrated hydronium ions for m=3-8 in the 2600-4000 cm’!
region (with the exception of m=7 and 8 where only the region 3200-4000
em! was obtained). A list of observed transition maxima and assignments
of the spectral features for the ﬁ1=3 to 8 species is given in Table 'II. A
comparison is made with previous experimental measurements when
possible. Table I contains the spectroscopic Constailts for the hydronium ion
and water. Where available empirical data have been used, otherwise, the
mosf recent high level theoretical calculation for .th‘e constant is given.
Figure 2 shows the preferéd schematic structures for the m=3 to 6 ions
derived from the assignments.

It is instructive to compare séme of the general features of these
data, and the data for the ammoniated ammonium ions discﬁssed in the
following chapter. The spectra of H,0*(H,0),, are similar to those of
NH;(NH,), in several respects, including a) the presence of band series
decreasing in Av/An as n increases, b) a clear separation between those
bands associated with non-bonded oscillators, 1° or 2° ligand bonded
oscillators, and hydrogen bonded oscillators of the ion core, and c)

agreement with the rough empirical correlation of width and frequency of
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the bands with the strength of the hydrogen bond *

Previously, theorists and experimentalists collaborated hea\_/ily to
determine that H;O," (n=1) has a single minimum potenti’al with respect to
the proton involved in the hydrogen bond.*® The minimum energy position
was found tovbe midway between the oxygen atoms. The Schaefer group
has calculated geometries, vibrational frequencies and intensities for
H;0*(H,0),, (m<3) using full configuration-interaction with single and
double excitations in the simulation.® These are the highest level ab initio
calculations yet performed for ionic clusters.

 For larger systems, due to the expense of the Schaefer-type
calculations, other methods have been used such as. Monte Carlo (MC) and
Molecular Dynamics (MD) simulations. These methods assume that the
summation of pairwise interaction potentials between molecular groups will
give an accurate description of the potential energy surface. The MC
method has given predictions concerning the structure and thermodynamic
properties.of solvated ions in solution and in the gas phase.*'*** For
example, Kochanski has predicted that the presence of four water molecules
in the ﬁrsf solvent shell has a significant probability in the H;0*(H,0),,
species if m.is considerably larger than 4, and that successive shells will

1.5 When the pairwise

tend to begin filling before the previous one is ful
potentials are well known, the results tend to be reliable. Recent MD

simulations have been conducted on ion-water systems.**
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The m=3 spectrum (figure 1a) is the only one in this set of data for

which vibrational frequencies have been calculated at a high level of theory.
The vibrational transition of the H,0* core with the largest predicted
intensity is the antisymmetric stretch of the three O-H oscillators. The ab
initio frequency for this mode was 2997 cm™ for a C,, structure, with the
symmetric stretch 23 cm™ higher and a factor of 40 less intense.* The
experimental spectra from Schwarz’s previous direct absorptiqn
measurements and our own consequence technique show a rather broad
band centered at 2670 cm and a weaker one at 3050 cm. Schwarz
assigned the 2670 cm'' feature to the core antisymmetric stretch. This
feature and its analogous counterparts in the spectra of the larger clusters
is designated by series A of figure 1.  If this assignment is correct (.the |
antisymmetﬁc stretch band is expected to be the most infense featurevof the
spectrum below 3000 cm'!, which this band is), it means that the theoretical
calculation is wrong by more than 300 cm’! for the frequency of this
vibration, or more than 10%. :The usual accuracy for small, polyatomi_c
molecules is better than 2 or 3%. The poor accuracy for the cluster systems
results frém an inadequate treatment of the effect of hydrogen bonding.
One obvious difficulty is that the most sophisticated calculations sﬁill do not
consider the influence of anharmonicity directly, and instead apply a semi-
empirical scaling factor to a calculated harmonic frequency. The scaling

factor is often taken to be the same for all modes.
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The symmetric stretch of the m=3_ core has been a source of some
controversy, especially since Schwarz and Newton‘7 identified it with the
weak band at = 3000 cm™ but the recent ab initio calculation placed it only |
23 cm! above the antisymmetric stretch.®® We believe the 3050 cm™ band to
be the same feature Schwarz observed, but assign it to either a bending
overtone, most probably of the solvent molecules, or a combination band
which would likely involve the core antisymmetric stretch and a hydrogen
bond stretching vibration (the harmonic frequency of the antisymmetric
stretch involving vg 40 in the m=3 C,, structure is of the order of 300 cm’
)%, In figure 1b, the band of series A has a less intense companion about
70 cm™ to the blue: this is probably the core symmetric stretch. For a
structure of type similar to the ammoniated ammonium case but with 3
instead of 4 solvent molecules in the first and second shells, series A should
consist of a single band for m=5 (it does), probably with signiﬁcantly
reduced intensity since stretches of the core will only carry high -inﬁensity
for antisymmetric stretches of two or more equivalent oscillators. Indeed,
the intensity is low, as it was for the analogous band of n=7 ammoniated
ammonium.

Series B, which begins at m=4, and continues through m=8, can be
identified quite readily with the stretch of O-H oscillators of 1° H,0 which
are hydrogen bonded to 2° H,O. The width of the m=4 peak seems a bit

large compared to the rest of the series, and might arise from an



46

overlapping band on the low frequency side; m=5 also has a broad feature in
this fegion. A comparisen of m=5 with m=4 and 6, however, after mentally
removing the presence of series B, suggests that the m=5 spectrum might be
anomalous. It has broad absorption in the 3150 - 3450 cm™! region which
appears similar to the m=4 spectrum if the series A band of m=4 is
included, but bears little fesemblence to the m=6 case with or without the -
series A band. One possible explanation is the presence of a second isomer
of m=5.

According to Newton, a structure for the m=5 ion involving an H,O,*
ion core should exist.*® Designated H,0,*(H,0),, this species.should have a
global minimum energy only 2.5 kcal/mole abeve that of the H,0*(H,0);,
structure. Newton prqposed this strﬁcture to be aﬁ important intermediate
in the proton transfer mechanism in aqueous acid solution, with the
symmetry of the H,0,"(H,0), complex being essential to the mechanism.
The expected stretching frequencies of the four eqmiivalent O-H oscillators in
the H;O," core are, of course, unknowh, but should certainly fall somewhere
between 3000 and 3400 cm and carry a large intensity. The low relative
intensity of the series B band in the m=5 spectrum, compared to the trend
of m=4-8, may offer some small support for the H;0,*(H,0), hypothesis.' If
the hypothesis is correct, a very intense, very broad band should exist
somewhere in the 500-2000 cm™' region, arising from the vibration of the

central H,O,* proton.
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Series C and E arise, respectively, from the symmetric and
antisymmetric stretching modes of the ligands which have none of their O-H
bonds involved in a hydrogen bond. As solvent molecules with all O-H
oscillators free, the O-H stretching frequencies are shifted very little from
théir is_olated gas phase values. In n=5, for example, the shifts are = 4 and
=l 15 cm™! to the red for symmetric and antisymmetric stretch, respectively
(see table I). Because of the small shifts, contributions from ligands in more
than one shell tend to overlap. The decreasing relative intensity from m=3-
8 suggests, however, that the absorption crosé section decreases in the order
1°>2°53° for these oscillator types.

| The assignment of a given spectral feature is made primarily on the
basis of the lowest solvation number for which it is present, the frequency
at which it appears, and the change in relative intensity with solvation
number. Series D begins as the second solvation shell begins to form with
the m=4 cluster and increases in relative intensity as a function of cluster
size to dominate the spectrum by m=6. This feature has been assigned to
the free O-H stretch of an H,0 that has one of its O-H oscillators involved
in a hydrogen bond with another solvent molecule. Since molecular species
tend to carry a transition dipole moment which increases with partial
chaz;ge, a general trend with respect to absorption cross section of core>1° is
expected when similar oscillators are compared. Theoretical calgulations

show that the partial charge decreases in the order core>1°>2° so we would
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expect that most of the inténsity associated with thi>sv peak is due to
transitions involving the H,O’s in the 1° shell bound by 2° H,O’s.

A similar series begins very weakly at fn=6 and is very apparent at
m=7, where the third solvation shell is expected to begin filling. This
feature is attributed to the free O-H stretch of species involved in hydrogen
bonding to both 2° and 3° H,O’s. It is labeled F in the figure. If this
assignment is correct it confirms the Monte Carlo predictio.n mentioned
above, that the higher solvation shells may begin to fill before the lower
shells have been completely occupied.

While the vibrational predissociation spectra of NH,*(NH,), becohe
somewhat indifferent to an increase in n above n=7, the spectra of
H,0*(H,0),, evolve considerably from m=6 to 7 and 7 to 8, in spite of the
fact that each shell is thoﬁght to contain only three ligands instead of foﬁr.
This can be attributed to at least two factors: 1) the larger intrinsic
hydrogen bonding interaction of H,O as compared to NH,, and 2) a larger
absorption cross section for H,O than for NH, iﬁ the second'ary.an’d tertiary
solvation shells. Even the specfrum of the gas phase cluster (HZO')17 is
known to have a sharp feature at about 3710 cm™,* corfesponding to the
non-bonded O-H stretch of H,0 ligands where the other O-H is part of the
hydrogen bonded network. The (H,0),, spectrum is more reminiscent of
liquid Wéter in the 3100-3600 cm™ region, however, which consists of a very

broad, featureless absorption. It is not really difficult to imagine that the
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spectrum even of H;O0"(H,0),, is similar in this region. |
| The spectrum by m=8 has several broad peaks, arising f‘rom various

hydrogen bonded O-H oscillator stretching vibrations. These could include
1° O-H to 2° H,0, 1° O-H to 2° H,0 to 3° H,0, and 2° O-H to 3° H,0.
Bending overtones may appear in the 3100-3300 cm' region as well. As the
cluster size grows, the number of possible types of hydrogen bonds increases
further, with a resultant filling effect in the 3100-3500 cm™ s\pectral region.
Further, the ratio of hydrogen bonded to free O-H oscillators is certain to
rise, with a resultant decrease ih the relative intensity contribution of free
O-H oscillators in the 3600-3800 cm™ region. The difference between
spectra of hydrated hydronium and neutral water clusters should become
small when the size of the clusters is very large (hundreds or thousands of
H,0 subunitsj. For the intermediate case, vibrations of the ion core and the

inner shell(s) account for most of the difference.
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TABLE I: Molecular Constants for H;O* and H,0.
(All units are in cm’* except { which is dimensionless. Rotational constants
are for the ground vibrational state.)

Molecule Symmetry | Molecular Reference
or Ion: Constants:
" H,0* C,, v,: 3570 a
| v, 954.40 (I «0) b
vy 525.83 (1"« 0) b
v, 3530.17, 3513.84 c
v, 1564 a
A =B 11.2540 (0%) b
C,: 6.1 c
H,O C,, _ v,: 3656.7 d
| vy 1594.6 d
vy 3755.8 d
A: 27877 e
B: 14512 ' e
C: 9285 i e

® P.R. Bunker, W.P. Kraemer and V. $pirko, J.Molec. Spec. 101, 180
(1983). -- Scaled ab initio value.

®D-J. Liu, T. Oka, and T.J. Sears, J. Chem. Phys. 84, 1312 (1986) and
references therein.

° M.H. Begemann, G.S Gudeman, J. Pfaff, and R.J. Saykally, Phys. Rev.
Lett. Vol. 51, 554 (1983); M.H. Begemann and R.J. Saykally J. Chem. Phys.

82, 3570 (1985).
¢ W.S. Benedict, N. Gailar, and E.K. Plyler, J. Chem. Phys. 24, 1139 (1956).

® G. Herzberg, Electronic spectra of Polyatomic Molecules (Vaﬁ Nostrand,
Princeton, N.J., 1967).



TABLE II. Vibrational frequencies for the hydrated hydromum ions.
Experimental frequencxes from this work were found using the IRMPD

technique; Units are in cm™

This Work

H,0*(H,0),

Previous
Work®

Assignment

2670 2660(S) ‘H,0* v, asym stretch
3050 3000(S). H,0" bending overtone or combination band
3639 3644.9(Y) 1° H,0 v, sym stretch (*1°0-H'))
| 3647 |
3732 3730.4(Y) | 1°H,0 v, asym stretch ('1°0-HY)

H,0*(H,0),

2860(S) H,0* v; asym stretch
H,0" v, sym stretch
3213 3200(S) H,0 H-bonded stretch (}1°0-H®)
3645 3620(S) 1° H,0 v, sym stretch ('1°0-H')
3650
3708 3710(S) H,O free O-H stretch bound by 2° H,0
(*1°0-HY)
3733 1° H,0 v, asym stretch (*1°0-H,)
H,0"(H,0);
2990 H,0" v, asym stretch
3165
3311 1° H,0 H-bonded stretch (!1°0-H®)
3651 1° HzO v, sym stretch (‘1°0-H"))
3711 H,0 free O-H stretch bound by 2° H,0
( 1°0-HY) ’
3738 1° H,0 v, asym stretch (‘1°0-H'))

H,0*(H,0)
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3357 1° H,0 free O-H stretch bound by 2° H,0
(*1°0-H)

3653 1° H,0 v, sym stretch (}1°0-Hf)

3678 1° H,0 free O-H stretch bound by 2° and 3°
H,0 (1°0-HY

3713 1° H,0 free O-H stretch bound by 2°H,0
(! 1°O HY)
1° H,0 v, asym stretch ( 1°O-Hfa)

H,0*(H,0),

3371 1° H,0 free O-H stretch bound by 2° H,0
('1°0-HY)

3651 1° H,0 v, sym stretch (*1°0-H')

3681 - | 1° H,0 free O-H stretch bound by 2° and 3°
H,0 (*1°0-HY)

3716 1° H,O free O-H stretch bound by 2° H,0
('1°0-H)

| 3741 1° H,0 v, asym stretch (!1°0-H',)

L H,0*(H,0),
3650

1° H,0 v, sym stretch ('1°0-H")

3683 1° H,0 free O-H stretch bound by 2° and 3°
H,0 ('1°0-H)

3716 1° H,O free O-H stretch bound by 2° H,0
('1°0-H)

3738 1° H,0 v, asym stretch ('1°0-H')

® Previous measurements made by Schwarz (See ref. 35.) are denoted by
(S). Previous measurements by Yeh et. al. (See ref. 36.) are denoted by (Y).
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FIGURE CAPTIONS:
1. Vibrational predissociation spectra of H,0*(H,0)_ (m=3—8) in the 2600-
4000 cm™ region. Bands forming clear series are connected by dashed lines.
Evidence is seen for the filling of solvation shells at m=3 and 6. See text for

discussion.

2. Prefered structures for the H;0*(H,0),, (m=3-8) complexes. For the m=6
species, there is evidence from the infrared spectrum that the third

solvation shell may begin to fill before the second is complete.
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Figure 1.
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Figure 2 .»
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CHAPTER III.
The Ammoniated Ammonium Ion Clusters:

NH;(NH;), .

"First of all then, we must not suppose that any other object is
to be gained from the knowledge of the phenomena of the sky,
whether they are dealt with in connexion with other doctrines
or independently, than peace of mind and a sure confidence,
just as in all other branches of study... For we must not
conduct scientific investigation by means of empty assumptions
and arbitrary principles, but follow the lead of phenomena: for
our life has not now any place for irrational belief and
groundless imaginings... Now all goes on without disturbance...
when one admits, as we are bound to do, probable theories
about them [the phenomena]. But when one accepts one theory
and rejects another, which harmonizes just as well with the
phenomenon, it is obvious that he altogether leaves the path of
scientific inquiry and has recourse to myth."

-Epicurus, "Letter to Pythocles ,
c.a. 200 B.C.!
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3.1 INTRODUCTION:

3.1.1 Previous Experimental Studies

Early spectroscopic studies of the ammonium ion were confined to the
condensed phases and employed direct IR absorption measurements of
either crystals of ammonium salts, or ammonium salts dissolved in
solution.?®* These measurements revealed spectral features that were
assigned to vibrational modes of the perturbed'NHZ ion (T; symmetry). Of
these, the strongest in the 2000-4000 cm™ region were found to involve the
triply degenerate antisymmetric stretching motion v;, and the first overtone
of the doubly degenerate bending motion 2v,. (See fig. 1.)

Gas phase studies which followed centered for the most part on the
thermodynamics and kinetics of clustering reactions at relatively high
pressures ( < 100 torr ). Many investigators contributed in the effort to
determine the AH" of the solvated ammonium ion NH{(NH,),>*7#*1
Kebarle and coworkers showed that in the larger clusters there was a
discontinuity in the AH’ for the n=4 -> n=5 clustering step. This result was
consistent with the idea that there were four solvent molecules involved in
the first solvation shell of the cluster, with the solvgnt ammonias probably
oriented along the N-H bonds of the ammonium ion due to ion-dipole
interaction. A summary of these results appears in Table I, of Chapter I,
 which lists the AH"® of formation for each clustering step in the NH;(NH,), +

NH, —» NH(NH,),,, reaction series.
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3.1.2 Previous Theoretical Studies

A fairly extensive body of theoretical work also exists, investigating
the structure and thermodynamics of these systems. Pullman -and
Armbruster examined the thermodynamics of the stepwise addition of H,O
or NH; to NH for one to five solvent molecules and managed to reproduce
the qualitative features of the experirhental data.'? The experimental
change in preferential addition from NH, at low levels of solvation to H,0O at
higher levels of solvation was reproduced. Errors in the energies calculated
from the STO 3G basis set were found to decrease with increasing number
of solvent molecules.

A more recent series of calculations on the thermodynamics of the |
NH;(NH,), (n=1-5) ions as well as their detailed structures has been made |
by Hirao et al.”® In this work, ab initio molecular orbital calculations
determined the structure and binding energies of the series in reasonable
agreement with high pressure equilibriﬁm measurements. Values for the |
solvation energies obtained from this work, using 3-21G, 3-21G’, and 6-
31G™ basis sets yielded consistently higher values than experimentally
obtained. |

Gas phase spectroscopic measurements for the ammonium ion and
the ammoniated ammonium clusters have only recently been carried out.
The development of velocity modulation spectroscopy has yielded a great

deal of information for a wide range of molecular ions, including the NH}
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ion."* The v, band of the ammonium ion has been investigated at high
resolution by both Crofton and Oka'® and Schafer and Saykally'® using
this technique. From this data an a;ccurate equilibrium geométry has been
obtained.!* Table II lists the measured rotational constants, and
equilibrium geometry parameters for this ion and the NH; molecule. The
only measurements of the spectra of the ammoniated ammonium ions (n=1
to 4) have been limited to the direct absorption measuremerits performed by
Schwarz in 1980 iﬂ a pulsed radiolysis of a gas cell containing ammonia in a
helium carrier."” |

Schwarz’s measurements made use of the known equilibriufn ,
constants for the clustering reactions to deconvolute the absorption signal
obtained at various pressures into those of individual ammoniated
ammonium ions. These pioneering measufements, discussed later in the
context of the results of the present study, suffered from limited spectral
‘resolution (40 cm™ full-width-half-maximum (FWHM)), relatively high
vibrational and rotational temperatures (> 300K), and some ambiguity
regarding the distribution of cluster sizes present in the sample.
Neverthel‘ess, it was possible for Schwarz to observe the vibrational bands
v, and 2v, of the ammonium ion core for the n=4 cluster, and to show that
the n=3 spectrum was consistent with C;, symmetry. Schwarz was able to
- prove by isotope substitution that the structure of the n=4 ion cluster is

tetrahedral. No transitions were observed that could unambiguously be
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assigned to the solvent molecules surrounding the ammonium ion.

Recently, the infrared vibrational predissociation spectroscopy of the
tetra-ammoniated ammonium ion NH;(NH;,L were studied in this laboratory
using an arrangement of tandem mass spectrometers, a radio frequency ion
trap and a tunable infrared laser.'® In addition to purely vibratiqnél
transitions, spectral features were observed which are due to nearly free
internal rotation of the ammonia subgroups in NH{(NH,),, the first
observation of such a phenomenon in an ionic cluster. This work also
served to verify Schwarz’s spectrum determined by deconvolution of the
time dependent infrared absorbance based on equilibrium and rate
constants, and his assignment of the v; and 2v, bands in the spectrum. The
comparison with our spectra further indicates that the spectra we derive
from vibrational predissociation are similar to those obtained by direct
absorption for this system. In the present work we give a full account of-
our systematic investigation of a series of infrared vibrational
predissociation (IRVPD) spectra of the ammoniated ammonium ions and
present the absorption spectra for NH{(NH,), (n=1-10) over the frequency
range of 2600 to 3500 cm'™.

It will be shown that'correiation of spectral features with cluster size
can provide information about solvation shell structure, the geometry of the
clusters, and the onset of a condensed phase environmenf, around the ion

core. With sufficient laser resolution, rotational information about the



cluster shoﬁld also be obtainable.
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3.2 EXPERIMENTAL DETAILS:

The experimental apparatus used in this work has been described in
Chapter I and in other publications.'®**?'?? Briefly, the ammoniated
ammonium cluster ions were produced from a high pressure corona
discharge source and subsequent supersonic ekpansiqn. Schematic
diagrams of the source and the experimental apparatus are shown in figs. 1 -
and 2 of Chapter I. The corona discharge was maintained in 100-200 torr of
gas (Mathgson ultra high purity (UHP) neon typically seeded with 10%
UHP H, and about 1% NH3)'ﬂowing past a 1.2 KV potential from the
discharge tip of the needle to the source body maintained at approximately
350 V above ground. The discharge current under these cohdi‘tio.ns ranged
from 40-200 uavmps.} The source équld be cooled 4from'outside the machine -
by contact with a liquefied gas reservoir and was usually rnaintained aﬁ
approximately -30° C. Aﬁ:ér passing through thé diséharge region, the
ionized gas undergoes Coilisionally induced vibrationai relaxafion in thg 1.0
mm long by 3.0 mm diameter drift region before-expanding through the 70
um expansion nozzle. Itis estimafed that an ion undergoes some 10°
collisions in this region before leaving the svouréé, resulting in the ion
relaxing to a vibrational temperature near ithat of the s_oﬁrce body by the
time it reaches‘the nozzle. |

Most of the clustering of the‘ neutrai gas around th_é ionic spéciés and

rotational cooling takes place during the supersonic expansion between the
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nozzle and the skimmer. Typical pressures in the source chamber are 4 x
10® to 2 x 10** torr while running the experiment. To prevent internal
excitation and dissociation of the ionic clusters through collisions with the
background gas in the expansion, the potential of the skimmer was
maintained within 5 volts of that of the source body. A shielding grid
surrounding the expansion region maintained at 350 V prevented stray
fields from affecting the ion trajectories in this region.

After the skimmer, the ion beam enters a second differential pumping
region containing collimating and focusing optics. The pressure in this
second region is typically an order of magnitude lower than that of the
source region. The beam is then directed into a third differentially pumped
region maintained at 10°® torr and through the entrance slits of a 60 sector
magnet mass analyzer ( Resolution = M/aM = 200 ). To aid in transmission
of the ion beam and to enhance mass resolution, a set of quadrupole lens
pairs is placed before and after the magnet.?*

The mass selected beam passes into the final differentially pumped
region maintained at 10”° torr. Here, the beam is bent 900 in a DC
quadrupole field, deceilerated to less than 0.5 eV, and focused into a radio
frequency (RF) octopole ion trap through an entrance aperture lens. Ions
are typically allowed into the trap for 1 ms before the potential of the
entrance lens is raised, and the ions confined inside the octopole.

The confined, mass selected clusters are then vibrationélly excited by
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a pulsed, tunable infrared laser. (Quanta Ray, IR WEX 8 ns pulse, 0.3 - 1.2

cm’! resolution, 0.7cm’* absolute frequency accuracy, 0.2 - 1.0 rhj/pulse in the
2600-4000 cm’! region) The density of ionic clusters in the ion trap is not
high enough to allow the measurement of photon absorptions directly. In
order to detect the absorption of an IR photon by an ionic cluster, IR
multiphoton dissociation processes were used to exclusively dissociate the
vibrationally excited ionié clusters. Depending on the density of states and
the dissociation enérgy of the species under study, one of two excitation
schemes described below was employed. |

Because of the large binding energies of the n=1 and 2 ammoniated
ammonium ion.s,. absorption of sﬁfﬁcient energy from vthe tunable infrared
(IR) laser to cause predissociation is not a facile process. In these cases, a
line tunable CO, laser is used (MPB Techndlogies Inc. 8 W cw on R(24) of
the 00°1-02°0 transition) to drive the clusters excited by the tunable IR
laser over the dissociation limit through the absorption of mﬁltiple CO,
laser photons. This process hinges on the initial absorption of the tunable
IR photon, as the density of states 1000 cm above the v=0 level is so low
that mulﬁi-photon dissociation of the ionic clusters by the cw CO, laser
alone is very unlikely even with tens of milliseconds of irradiation time. In
the studies of the n=1 cluster, no vibrational predissociation signal was
observed if the pulsed laser was not present. Further discussion of this

technique may be found elsewhere ?!



69

For the larger clusters, n=3-10, the energy required to predissociate
one solvent molecule is exceeded by absorbing two photons in the ﬁsual
~ tuning range of 2.5-3.8 ym. At an energy in the 2600-4060 cm’! region, all
of the ionic clusters (n=1-10)‘are literally in the "quasi-continuum" region®
(See fig. 3, Chapter I and discussion.) after the absorption of one photon and
| an additional IR photon from the tunable laser may be absorbed to induce
vibrational predissociation. For n=1 and 2, however, fragments were not
detectable with the tunable laser only, presumably because the fluence was
not sufficient for the absorption of more than two photons. For these ions,
use of the CO, laser with an irradiation time of at least 10 msec at >10
watts/cm?® was required to achieve a measurable degree of dissociation of
vibrationally excited clusters. In those instances where spectra of a given
ion were obtained by both one and two color schemes, they were found to be
the same within experimental error, indicating that spectral features in the
multiphoton dissociation spectra normally reﬂect the cross section for
absorption of the first photon rather well.?!

If the clusters absorb sufficient energy through one of the schemes
described\above, the loss of one or more solvent molecules from the parent
cluster may occur. The potential on the exit baperture is lowered 1 msec
after the laser pulse, extracting cluster ions of all masses from the trap.
These ions are filtered by a second mass analyzer, a quadrupole mass

spectrometer tuned to pass only the daughter ions smaller than the parent
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cluster by one solvent molecule.

paughter ions are counted using a Daly ion detector®® for each laser
shot. Background daughter ion counts resulting from the decay of
metastable parent ions in the RF ion trap are monitored in a separate data
cycle with the laser off at each wavelength,-and subtracted from the laser
on signalf Typical background count rates usually amount to no more than
1% of the signal at thg stronger absorption maxima. The spontaneous decay
of metastable parent ions to daughter ions in the trap \was as high as 5 %
for the largest ions and as low as 102 % for NH}(NH,).

‘Laser power is monitored at each data point and spectra are
normalized for the tunable infréred power using a simple linear power
dependence. For a typical experiment, signals were averaged for about 400
laser shots at each wavelength in the 2600 to 3200 ¢cm™ region and longer,
about 1000 laser shots at each ;wavel_ength, in the 3200 to 4000 cm™ region
where signals were typically much weaker. This extra averaging is
reflected in the better signal to noise ratios in the higher frequency region
for some of the traces shown in fig. 7. Relative intesities between the two

frequency regions should be correct.
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3.3 RESULTS AND ANALYSIS:

3.3.1 Mass Spectra

The distribution of ionic}clus.t.ers produced by the corona discharge
source could be shifted by altering the temperature of the source body; the
backing pressure of the supersonic expansion, or the percentage of NH, in
the H, carrier gas. Little dependence was observed between the peak of the
cluster ion distribution and the magnitude of the current usedv in the
discharge for a given value of the above parameters, indicating that the ions
were at a reasonable equilibrium with the temperature of the source body
before expansion through the nozzle.

The distribution of cluster sizes produced by the source could be
easily monitored by sweeping the field of the 60 degree sector magnet and
counting the ions that arrive at the Daly detector with the second mass
filter set to transmit all ions. Two such mass spectra are shown in fig. 2.
Spectrum 2a. waé taken using a low concentration of ammonia in the H,
carrier gas (<1%) , a backing pressure of 200 torr behind the nozzle and
with the source body cooled to -30°C through contact with liquid freon 12.
For these conditions the distribution shows a peak at the n=4 cluster. By
cooling the source with liquid freon 22 ( -40°C ) instead of freon 12, and
using a higher pressure behind the nozzle larger cluster ions could be
favored as shown in 2¢. Figure 2b. shows an intermediate condition. In

this manner it was possible to produce in relatively high numbers the range
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of ionic cluster sizes desired for this study.

3.3.2 Infrared Vibrational Predissociation Spectra:

In analyzing the infrared spectra of the ammoniated ammonium ion
series, it is helpful to examine the general trends observed in the spectra
before delving into a detailed investigation of individual cases. As implied
by the notational scheme presehted in the first chapter, the approach has
been to treat the various subunits in the cluster as essentially isolated
molecules (NH,; or NH}) perturbed by their particular environment. This
approach is helpful from the standpoint of visualizing the types of
vibrations involved in a given transition, and frees us from thinking of these
large systems in terms of a normal-mode type of picture when the Weak
coupling between the subunits makes such an analysis difficult for all but
the smallest clusters (e.g. n=1 and 2).

The spectra of the ammoniated ammonium ion series show a number
vof common features. Both absorptions due to the ammonium core .stretches
and those due to the ammonia solvent molecules can be assigned in every
case. Feqtures of the NH;j core assigned to vibrations involved in hydrogen
bonds with the solvent NHy’s are strongly red-shifted from the gas phase
values obtained from velocity modulation spectroscopy'®'® due to the strong
interactions of the N-H bonds of the ion with the solvent molecules.
Vibrational transitions involving the NH, molecules in the first splvation

shell (1°) of the complex are significantly less perturbed from their gas
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phase values, however because the N-H bonds of the ammonias are not
themselves involved in the hydrogen bond. This situation is changed for an
N-H bond of the 1° ammonia which is involved in a hydrogen bond with a
second solvation shell (2°) ammonia. A larger red-shift will take place for
that N-H bond of the 1° ammonia involved in the hydrogen bond than for
the free 1° N-H’s, although not as large as that for the ion.

The spectral features due to the ion core in particular and to a lesser
extent the solvent ﬁolecules show some systematic trends with increasing
cluster size. The ion core frequencies associated with extensive hydrogen
bonding show a gradual blue shift. The amount of this shift is not constant
with increasing solvation however, and in the extreme case of the largest
clusters (n=9-10), the spectra change very little between the addition of one
solvent molecule and the next, indicating that the core of the system is
perhaps converging towards a liquid-like state.

The most striking feature of the spectra between 2600 and 3500 cm'
for n=1-6 is a band originating at roughly 3400 cm™' composed of a number
of resolved subbands having a éeparation between adjacent components of
about 12 ém“. This spacing is about twice the rotational constant for NH,
about its C,; symmetry axis and arises from the nearly free internal rotation
of the 1° solvent molecules within the cluster. Observed previously in the
NHj;(NH,), spectrum, and assigned to a perpendicular band corresponding to

the v; mode of free NH, ( See fig. 3. ), these transistions indicate that some
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of the solvent molecules in the first solvation shell are relatively unhindered
even when the second solvation shell has begun to fill.

The assignments of the internal rotation subbands were given for
NH;(NH,), and are analogous for the corresponding bands of the other
cluster ions. We use the notation for a strongly prolate symmetri.c‘ top rotor
in the table of assignments ( See Table II. ) and in the text to describe the
subbands. When the *Q, and Q, transistions are Qbservable, their
intensities are consistent with the expected spin weight for transistions in
NH, originating from the K=3 levels (here K is the quantum nufnber for
angular momentum about the NH, C, axis). The only vibrational
transitions for which the internal rotor state of NH, will change are those
involving modes of NH, with the AK=+1. (The usé of K and the notation
RPQx as stated previously” is not strictly correct. It is used in this case
for convenience, as it follows easily from the picture of NH, attached tb a
"wall", along its C, axis. In the standard treatment presented here for the
internal rotation observed in NH;(NH,), both K and K, the internal rotation
quantum number must be used, and the symmetry and interaction of the
rest of thé niolecule, must be included. There is no well developed theory
for the treatment of the larger clusters.) No vibration of the ammonium
core species carries this selection rule for angular momentum about one of
the NH, C, axes; only a perpendicuiar vibration of the NH, subunit satisfies

the condition. This includes the v, type fundamental, but not the v, ( See
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fig. 3. ). It also inclueds the v, type fundamental of NH, (The frequency is

however, too low for the present work to observe.) and perpendicular
components of overtone and combination bandé. The overtone 2v, could
therefore have shown the charactei'istic 12 em™! spacing, but did not. The
most intense component fo 2v, is probably a parallel band. A.detailed
treatment of the internal rotation of the simpler n=1 cluster ion is given
along more standard lines.

For n24, fundamental bands in the 3150-3500 cm™ region derive
entirely from perturbed ammonia subunits. In the region 2600-3150 cm’,
only vibrations associated with the NH; core appear. NHj is strongly
hydrogen bonded via its hydrogen atoms, resulting in a large redshift of the
N-H stretching frequencies. The N-H vibrational frequencie's in NH,; shift
relatively little when binding to the NH; core since the nitrogen atom of
ammonia binds, rather than hydrogen. The hydrogen bonding between first
shell (1°; primary) and second shell (2° secondary) NH; is relatively weak,
therefore the frequency shift of the bonded N-H stretch of 1° NH, is also
relatively small. The separation of NH; and NH; vibrational bands for n>4
in the 2660-3500 cm’’ region is therefore easily understandable. This
| separation of core and solvent bands, taken together with the way in which
several bond types form well behaved series as a function of n, simplified
the asssignment process considerably.

The infrared absorption spectra for NH{(NH,), (n=1 to 10) are
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discussed in detail below. Observed transistion frequencies and
assignments of the vibrational and rovibrational transitions observed
appear in Table III. Where available, observations from previous work are
included in the table. Representative spectra for the n=1 to 8 ionic cluster

series appear in figs. 4 and 7.
3.3.2.1 NH}(NH,)

The smallest ionic qluster studied in this work is the ammonium ion
solvated by a single ammonia. Bound with a AH® of formation of -27
kcanole, it is the most strongly bound of the ammoniated ammonium
cluster ion series. Due to its smal.l number of low frequency vibrational
modes,ﬁthe densisty of st_ates28 is expected to be rather low at 3500 cm'*.
Like the analogous hydrated hydronium ion, it is important to know the
equilibrium position of the proton between the two heavier nitrogen atoms.
The two possible structures for this simplest cluster appear in fig. 5. In the
C,, Stméture, the proton is localized around one of the ammonias suggesting
that the appropriate formulaic description of this system would by
NH{(NH;) whereas in the Dy, structure (D, is probably a more stable
conformation by perhaps 10 cm™), it is equally shared sﬁgg‘esting that
(H,N)H*(NH,) is the appropriate representation.

Ab initio calculations for the structure of the aﬁalogous H,0*(H,0)
cluster ion suggested a double or single minimum for the potential energy

surface for the proton position depending on the level of the calcuation. the
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most sophisticated calculation to date is the as yet unpublished work of the

Schaefer grbup in which the energies of the C, and C, structures were found
to have energies differing by no more than a few kcal/mole.” At the
highest level of theory, (full CISD -- conﬁguratioln interaction including
single and double excitations) the single minimum potehtial (symmetric
(H,O)H*(OH,) where the proton is at the midpoint of the’-oxygenv atoms) was
favored. At low levels of theory, the symmetric structure is usually favored
also, but this order does not always hold.**?*"3%3 Spectroscopic
investigations performed in this laboratory cbncluded that in this case the
proton is centrally located,®*® i.e., associated with a single minimum
potential. Much evidence for the existence of such a structure in the solid
an liquid phases has been presented previously in the literature.® One of
the most plausible proposals for the mechanism of proton transfer in
aqueous acid solutions requires the exsitence of the symmetfic structure at
least as a transition state. Knowledge of the function which describes the
potential energy for the proton as a function of its position and the O-O
separation, is critical to understand and evaluate such a mechanism.
Théoretical calculations on NH{(NH,) are significantly more primitive
than those used for H;O*(H,0), but predict NH;(NH,) to have an
asymmetric C,, structure.’’*® The calculated energy difference, once
again, is only a few kcal/mole. Given the margin for error in such a

calculation and the fact that NH;(NH,) and H,0*(H,0) are isoelectronic and
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obviously very similar molecules, such a conclusion cannot be accepted
without verification. Both species have been theoretically studied
extensively by Scheiner to determine the potential ennergy with respect to
the proton position and the N-N and O-O separation®. His results show
that the potential and its form depend much more strongly on the N-N or
0-O separation than on the proton position, with respect to which the
potential energy is extremely flat.

Assuming a éymmet:ric structure (D,,, see fig. 5b.) for this ion, the
most intense absorption involving a high frequency N-H stretching rhotion
would probably be the antisymmetric stretch of the NH, subunits. This
motion, analogous to the v,, v,; modes in 2-butyne (dimethylacetylene)
would give rise to a degenerate perpendicular transition of Es Eoq
symmetry. From the standpoint of one of the ammonias, this motion is
analogous to the doubly degenerate antisymmetric stretch, v,, of free
ammonia, which occurs at 3444 cm™ in the gas phase* (See fig. 3). The
asymmetric structure for the dimer, in contrast, (C,,, see fig. 5a.) would
have at least two types of antisymmetric stretching vibrations, one
associated” with the H-bonded NH; ion and one associated with the NH,
molecule.

Schwarz detected a weak absorption as a shoulder at 3420 cm™ that
he assigned to this cluster. Any band arising from a stretching motion

involving the hydrogen bonded proton evidently occurs below 2000 cm’, and
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was not observed. The transition we observed for this system appears in fig.
6a, and is centered at 3398.4 cm’!, in reasonable.agreement v§i£h the weak
feature in Schwarz’s spectrum at 3420 cm'. Schwarz assigned this to be v,
of the NH; subunit.

At the higher resolution available to this study, we found this band to
be composed of a series of sub-bands spaced by 10.6 £ 0.3 cm™. For a
prolate symmetric top molecule with the rotational constants A>>B=C, a
strong Q-branch progression of this kind superimposed on vibrational |
transitions is commonly observed.*! Spectra for molecules of this type,
such as CH,Br, have a characteristic separation between the Q-branch
maxima of approximately 2(A-B).*

For the structure observed in the N,H," spectrum to be due to a
simple rotation of the dimer however, the spacing of the subbands should be
~ 5.6 cm, based on the ab initio equilibrium geometry.'? The fact that the
‘actual spacing is roughly twice as large and that similar structure is also
observed in the much larger n=4 cluster (A=B=C = 0.1 cm'!) suggests that
these bands are due to an internal rotation of the NH, subgroups about

their local C, axes, similar to that observed in NH;(NH,),."
3.3.2.1.1 Internal Rotation in NH;(NH,):
Internal rotation of molecules containing C, subgroups has been given

extensive theoretical treatment.** Theories developed by Longuet-Higgins

and Bunker* and Papousek** have been used to explain the structure
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in the antisymmetric stretching band, vg, v,;, in 2-butyne attributed to

internal rotation of the methyl subgroups. In these theories, the rotational
motion of the methyls through the three-fold potential barﬁer is analyzed,
taking into account the torsional barrier height, the degree of vibration-
vibration coupling in the system, and the difference between upper and
lower state rotational constants of the molecule. Using this approach, the
Vg, Vi3 bahd is reproduced to nearly the limit of experimental resolution.
For 2-butyne, it was found that the barrier to vinternal rotation was small,
less than 10 cm".“'z"’ Microwave spectra later démonétrated that the
barrier to internal rotation was 5.6 cm™. |
Exploiting the similarity between 2-butyne and the symmetric form of

the N,H,* cluster ion, Wé have used the same formalism outlined by
Papousek to simulate the antisymmetric stretching band, v,. . For an
ethane-like molecule, Papousek derived the expression for the fundamental
band of a perpendicular transition involving E,; and E,, species.
Frequencies for the fine structuré transitions involved in the rotational Q
branches of a transition from the ground vibrational state are given by the

following:

v+®+[A(1-26Y - B1%2 A'(1-E) - B 1K tEK). (1
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Where:

8 - [(4/-A") + (B"-BHK® + (A'-A")K? + (B,-B'\(J+1). (2)
and
2

E(K) = 24'(1-EDK, + 4 (3)
[164/K(E5-1)]

In these expressions, the vibrational band origin is denoted by v. A
and B are the rotational constants of the molecule, and the single and
.double primes denote the excited and ground state constants, respectively.
K and J are the usual rotational quantum numbers of the molecule. K is
the torsional quantum number for internal rotation and B, is the rotational
constant of one of the rotating subgroups around its local C, axis. {° and
Av are the Coriolis coupling term and the vibration-vibration coupling term,
respectively. Terms with the upper sign hold for AK = +1, the lower for AK
=-1. Fd‘r transitions from single-valued states, the quantum numbers K
and K, have the same parity, for transitions from the double-valued states,
the opposite parity.

Selection rules for the perpendicular transition to the E , state should
follow the selection rules: AJ =0, +1, Ak = +1 (K= k| )and Ak, =0 (K =
l'k;| ). More details may be found in Papousek ( See refs. 41 and 42. ).

In fig. 6a, a simulated spectrum calculated using the above

expressions for K=0to + 1, K, = -9 to +9, and J = K to K+9 is shown. The
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relative intensities of the lines in the spectrum are calculated from the
Boltzmann factors, statistical weights of nuclear spin states and orientation
factors of the groﬁnd vibrational state. A Lorenzian convolution of the line
spectrum so generated is employed with a FWHM of 1.0 cm™ to simulate
the resolution of the machine function.

For this simulation the only parameters that were systerfxatically
varied were the vibrational band origin of the transition, v, the rotational
témperature of the molecule and the vibration-vibration coupling constant
Av. Values for the A’ and B’ rotational constants were selected assuming a
symmetric structure. The excited state vibrational constant A" was set at
3.16 cm™ and B" was set equal to B’. The Coriolis coupling constant and the
torsional barrier height were both neglecfed. Values for the constants used
appear in the ﬁggre caption.

One can see that in spite of the fact that the calculated spectrum
does not include R and P branch structure, there is reasonable agreement
with the experimental results in fig. 8b for the major features.
Unfortuately, the shoulders present to the blue of the Q-branch maxima are
not reproauced. For the "Qy series in a symmetﬁc top, the R branch can be
somewhat more intense than the P branch. Thus the weak feature at 3402
cm’! may be attributable to an R branch of *Q,, as it peaks in the correct
position for the expected rotational temperature of = 20 K and a rotational

constant of 0.3 em™.,
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There is certéinly a possibility that these features might be due to
hot bands. A more likely explanation would be that this anomalous
structure involves a rotation of the entire NH;-H*-NH, ion about its C, axis
rather than just one NH, subunit about its local axis. As stated earlier, this
structure would have half the spacing of the internal rotation. structure, and
could lead to peaks located roughly half way between the internal rotation |
Q branches. Such issues can be resolved by more detailed studies at higher
spectral resolution;‘these are presently underway.

The simulation seems successﬁil in that the relatively large splitting
~ in the AK=0 and AK=-1 subbands are reproduced, as is the smaller splitting
in the AK=+1 subband. This splitting arises in the simulation through the
introduction of a small amount of vibration-vibration coupling into the
energy expression through the Av constant. The fact that the fit obtained
for this spectrum did not require recourse to the formalism for a torsional
barrier sﬁggests, as in the case of 2-butyne, that the internal rotation is
nearly free. That this should be the case is not entirely obvious from the
standpoint of molecular geometries. In 2-butyne the distance between the
hydrogené on different methyl substituents is about 4.9 A. This distance is
about 3.4 A for the ab initio'? structure NH}(NH,) (about 0.2 A less for the
symmetric structure). The N-N distance in this idn is comparable to the N-
C distance in the T-shaped van der Waals complex NH3-COZ, which also has

a low barrier to internal rotation of less than 14 cal/mol.* From the
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relatively successful modeling of the spectrum in the same way as
dimethylacetylene (See fig. 6.) and the strong dependence of the appearance
of the internal rotation bands on the torsional barrier height, we conclude
that an upper limit to the torsional barrier height can be placed at about 10
cm’'. In order to apply this theory to the larger clusters, it must be adapted
for the particular geometry and the complete nuclear permutation inversion
(CNPI) group. |

The frequency of the central *Q, band for n=1 as compared to n>1
(these will be compared later) and the absence of two bands of comparable
intensity (one each for "NH;" and "NH," groups) suggest that, contrary to
the ab initio results, the equilibrium structure of N2H7" is the symmetric
one. With this conﬁguratidn, the cluster would best be described by the
formula H,N-H*-NH, rather than NH;-NH,. If should Be possible to
determine the structure conclusively when a H, messenger study is
performéd as in the case of H.0,* and/or the spectrum is recorded at
sufficiently high resolution to determine the rotational constant B=C. The
rotational constant will allow én estimation of the N-N separation, which in
turn shouid indicate whether the proton is equally shared by the nitrogens.

For the H,O,* system studied previously by a "messenger" technique,
the small perturbation by a H, molecule on the H;O,* cluster is thought to
lead to the formation of an asymmetric structure involving species similar

to H,0* and H,0.%**! Since the isolated H;O," species is best thought of
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as H,OH*OH, rather than H;O*OH,, the presence of the weakly bound

"messenger” led to a dramatically different spectrum, providing qualitative

confirmation that the isolated H;O,* has a symmetric equilibrium structure.

The definitive confirmation, of course, will probably come from a

determination of the much lower vibrational frequencies involving the

hydrogen bonded proton, as these are very sensitive to the structure.
3.3.2.2. NH{(NH,),:

The spectrum for the NI-.I;(NHS')2 cluster ion appears in fig. 4b. With
a AH’ of solvation of 17.5 kcal/mol for the n=1 -> n=2 clustering steb’, this
cluster is too strongly bound for two photons of 3000 cm* light to easily
predissociate a solvent molecule unless a significant amount of internal
excitation is already present. As in the case of the n=1 cluster, the two-
color excitation scheme was used to study this system.

Ab initio calculations for the structure of the n=2 cluster by Hirao et
al.? predict that the cluster should have the C,, symmetry aséumed by
Schwarz. Alignment of the solvent ammonias along two of the four
available binding sites in the first solvation shell yields an ammonium ion
whose stretching vibrations can be roughly divided into two categories:
hydrogen bonded and non hydrogen bonded. In the bonded category we
have a symmetric and an antisymmetric r.node., each involving the solvated
core N-H bonds and appearing at relatively low frequency. In the

nonbonded category we have a symmetric and an antisymmetric mode, each
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involving the unsolvated core‘N-H bonds and appearing at relatively high
frequency. For the NH; solvent molecules, a symmetric stretch (v,) and a
doubly degenerate antisymmetric stretch (v,) is expected; these involve the
three free N-H bonds of the NH; subunit (See fig. 3.). For this study, we
will consider the vibrational bands of equivalent subunits in the complex to
be degenerate for all ammoniated ammonium complexes.

Schwarz observed two broad peaks that he assigned to transitions
involving modes of the NH; ion. A broad feature was observed irl the 2400-
2600 cm! region which was tentatively assigned to the low frequency N-H
stretches, and a relatively narrow unidentified peak was observed at 2280
cm’!. This latter peak we suspect may actually be the symmetric stretch of
the two bound N-H oscillators. A higher frequency feature at 3360 cm’! was
assigned to the two free N-H stretches.

In this work, the low frequency peak lies below the lowest frequency
accessible to the present laser system, but a series of transitions in the 3400
~cm’! region are observed. Shown in fig. 6b, Schwarz’s peak around 3360 cm’
lis resolved into two main bands. The first, which seems tov be split into
two maxirna at 3392 and 3395 cm’! is assigned to the antisymmetric N-H
stretches of the two free N-H oscillators of the ammonium core. Under the
notational scheme discussed in Chapter I, these bands would be designated
20°N-HL.,

The symmetric stretch of these N-H bonds was not observed. This is
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not particularly surprising as it has been observed previously that the
symmetric stretch of complexed ammonia has a particularly low infrared
transition dipole moment.5?

A series of subbands is present slightly to the blue, with similar
structure as the feature in the n=1 spectrum and has been assigned to the
v, band of the ammonia solvent molecules. Under our new notation we
would designate this band as *1°N-Hf,. With *Q, at 3413.7 cm™ and an
average spacing between adjacent components of 12.6 + 0.3 cm’!, this
structure is again dﬁe to internal rotation of the ammonia subgroups. For
this cluster, where the perturbation of the NH, solvent molecules is less, the
subband spacing agrees very well with the 12 cm™ expected for free
ammonia rotation about its C, axis. If the assignment of the v, subbands is
correct with respect to K, then this band falls nicely into the progression
established by n=1 and n=3-7 (we will discuss this series in more detail
1atér). However, this assignment appears to havg some intensity anomalies;
PQ,, for example, appears much more intense than *Q,. While this anomaly
could possibly be due to an experimental artifact, one possible explanation
is that thé v, state of the NH, subunits somehow interacts with the
antisymmetric stretch of the free N-H oscillators of the core. Since the
upper state of FQ, is about 25 cm™ closef to this state than that of the upper
level of *Q,, °Q, is in a position to borrow more intensity. However, it is not

clear why these levels should interact, and there is no corresponding
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frequency anomaly. A more attractive explanation is that the core
antisymmetric stretching band is actually quite broad, 15-20 cm’, and
therefore the intensity of ’Q, appears large because it resides on the

shoulder of this band. We therefore take *Q, at 3414 cm™ as the most likely
assignment.

3.3.2.3. NH{(NH,);:

The spectrum for the n=3 ammoniated ammonium ion appears in figs.
4c and 7a. The expected geometry should have roughly C,, symmetry with
the solvent molecules associating with three of the hydrogens on the central
" ammonium ion. Schwarz analyzed the vibrations for the NHj core under
thése conditions in terms of distorted T; symmetry. Under this frémework,
six fundamentals are expected for the core, all infrared active. Of these,
those that might be of a'high enough frequency for the present laser system
to excite are the stretching motions of the core; v, characterized primarily
by the symmetric stretch of the hydrogen bonded core N-H’s, v,’, the
antisymmetric stretch involving the free N-H bond, and v,", the
antisymmetric stretch involving the hydrogen bonded N-H’s. Of these, v,’
should appear at a higher frequency than either v, or v,", which should
have roughly the same frequency. One would also expect to observe
transitions involving the solvent NH,’s.

In fig. 7a, two strong absorptions are observed at 2660 and 2692 cm'',

in agreement with Schwarz’s low resolut