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Knowladge of the behavior and properties of ions drifting in gases at
high pressures has wide-ranging implications to a number of basic and applied
areas ranging from the field of interface physics, which is just beginning teo
lay a foundation for connecting the properties of gaseous and condensed
phases, to applications such as radiation and nuclear reactor chemistry,
combustion processes, and the chemical and physical processes taking place in
the earth's enviroament. All of these aepend on attaining a more complete
understanding of the properties of the iloas, cheir degree of excitation in the
presence of a drift field, and their attainment of an equilibrium distribution
which enables measurements of their properties to be uniquely defined.

A major technique for investigating the thermochemical properties of ioms
and their related clusters is the high pressure drifc/mass spectrameter
detection technique which has been utilized in our laboratory for a number of
sears and has provided extensive information on the bonding of wvarious polar
and nonpolar molecules to ions, witi concomitant information being attained on
the depth of the well of interaction between ions and wolecules, and related
inferences concerning the structure of these stable gas—phase complexes. A
crucial question in this regard is the extent to which ilons drifting in an
electric field are thermalized, thereby attaining a Boltzmann discribution
from which thermochemical properties can be derived. This paper is divided
into two parts, one desribing some new laser techniques which are emabling an
investigation of the possible presence of excited ioms in a drift field, and
secondly, a reporting of some recent findings and trends in the stability of
ion clusters of single and mixed constituents.

LASER DIAGNOSTICS OF IONS IN A DRIFT FIELD

In recent years, we have developed a techmique for studying the laser
photodissociation of lons and lon clusters extracted from a high pressure ion
drift cell [l]. The method emables a detailed investigaticn of the
photodissociatiorn cross sections of the ions and their complexes, theresbyv
allowing a direct measurement to be made of the extent to which electric
fields wicthin the drift cell influence the photodissociation cross sections
and tne spectral features such as rotational and vibrational states of the
ions. The method also enables information to be acquired on the dynamics of
photodissociation, energy transfer, and spectroscopic information related :o
the structure of the complexes themselves. Herein, attention 1is focused cu

the photodissociation of CO3™ zo 07 as an example of the power aad utilicy of
the technique.

Basically, the azpparatus consists of an ion drift source, a svstem of ion
optics, Wiea Iilter, a Faraday probe, a laser interaction region, a retardiag
field energzy anmalyzer, and a quadrupole mass spectrometer for measurement of
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product mass and Intensity. Photodissociation is attained using a tunable cw
dve laser pumped with an argon ion laser; the commercial dye laser has teen
substantially modified enabling the lon beam to pass through the cavity of the
dye laser. The ion drift source has provisions for controlling the energy of
the ions which are studled Iin the experiments. In the case of CO03~, ilons are
produced in the source by interaction of electrons omitted from the filament
with a suitable gas mixture comprised of N90, CO9, and H70 in varying
proporticns. 07 is gemerated from N90 and the desired ions and hydrates are
produced via a series of association reactions. The Wein filter serves to
mass select the desired ilon for introduction into the laser/iom interaction
region which 1is accurately located using the Faraday probe. Following
interaction of the ions with the iantracavicy light of the dye laser, the
product ions are accelerated into the quadrupole mass spectrometer.

A typical photodissociation spectrum taken at low field energies
(E/p ~ 20 V/cm—torr) is shown in the lower curve of Figure 1, in good
agreement with observations reported by others [2,3]. At moderate fields, the

photodissociation spectrum becomes significantly altered due to the ilons being
vibrationally excited.

\

A very definitive observation of the influence of the e.ectric field on
relative cross se=tion was observed at even higher field emergies. Near 100
V/cm—-torr an anode plasma condition was attained having the properties
characteristic of a glow discharge, e.g., there was hysteresis in the
attainment and loss of this condition with regard to the electric field
impartad to the drift cell. €03~ produced in this anode plasma had a
structureless photodissociation spectrum with cross sections wmore than an
order of magnitude higher than CO3~ generated at low field conditionms.
Rather dramatic evidence for the influence of drift fields on the ilons is seen
by a moderately high resolution photodissociation experiment on one of the
vibration bands where rotatiomal resolution was attained. The low field
condition of E/p = 19 V/cm—torr displays a rather narrow band with well
defined rotaziomal structure. At moderate field energies E/p = 44 V/cm~torr,
the band becomes significantly broadened and the relative photodissociation
cross section 1s slightly increased (see Figure 2). 7his is in agreement with
the propensity of high rotational states to undergo photodissociation.

The power of this technique, not onlv in assessing the influence of drift
fields but also the influence of collisional excitation and the failure for
ions to sufficiently relax following production even at zero fierd conditions.
One can expect such methods to play a much more prominent role in the field of
ion swarms and in the general area of ion-molecule reactions.

THERMOCHEMICAL PROPERTIES OF ION CLUSTERS UNDER EQUILIBRIUM CONDITIONS

The high pressure drift cell/mass spectrometar technique for measuring
the chermochemcial properties of assoclation reactions has been extensively
developed and vtilized in our laboratory (4] for reactions of the type

ATe3, + B(+M) = ATByq(+M)
Here, A designates a positive or negative ilon, B the clustering neutral

(ligand), and ¥ the third-body necessary for collisional stabiization of the
complex. Taking the standard state to be 1 atm, and making the usual
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assumptions [4] concerning ideal gas benavior and the proportionality of the
chemical activity of am ion cluster to i*s measured intensity, the equilibrium
constant Ky n41 1s given by

o+l AGon,n+l AHan,n+l ASQn,n+l
ann,n+l = In = - a - +
I,Ps RT RT R

Here, Iy+] and I represent the respective measured ilon intensities, Py the
pressure (in atm) of clustering molecules B, AGbn,n+lv AHon,n+lv and 45°; p+°
the standard Gibbs free energy, enthalpy, and entropy changes, respectiveiy, R
the gas—-law constant, and T absoluts temperature. The technique permits
clustering to be investigated sequentially, whereby details of the enthalpy of
clustering can be obtained from slopes of van't Hoff plots and entroples from
appropriate intercepts. Numerous experimental tests are made te establish the
attainment of equilibrium in the drift cell. Omne of thess pertains to the
influence of the electric field where low field conditions are found from a
condition where the equilibrium constant is independent of E/p (see Figure 3..

Data have been determined for numerous negative and positive ion complexes in
our laboratory [4~11].

The results of the present studies have led to an understanding of
factors controlling the strength of the bonding of various neutrals to ions
both with regard tec the role of the ion and of the neutral. The results show
that the strength of the bonding of the ions with the three neutrals C0p (a
non~-polar molecule), H90 (a protic polar molecule), »nd S0y (a aprotic polar
molecule) is comsistent with the inequality

QE™>FT=0>7077>N02 7 >C1l™O>N037>C047>50,7=504™=Br™>1I7

This relatiouship appears to parallel the order of the ,.as phase basicity of
the negative ilons where the strongest bases exhibit the largest bond
dissociation energies (see Reference 5).

Another interesting finding of our work 1is seen by comparing the relative
bond dissociation energies, D(AT-B) for a given ion, with the different
ligands SOp, H90, and COy. The trends are in accord with expectations based
on electrostatic consideratiouns, where polarizability of the neutral dominates

for small ions while permanent moments govern stability for larger lons (see
References 5 and 12).

The thermodynamic parameters derived for positive lon-neutral complexes
have provided unique informatilov. on the strength of bonding and structure of
these complexes too. In addition, structural computations using quantum
mechanical and electrostatic theories have provided further insight into the
nature of bonding and arrangement of ligands about the central ion. Details
of the solvation process of various ions [12,13], esvidence to support proposed
identifications of cluster species in the atmosphere [14], and extended

understandiag of transition metal complexes (8] have vesulted from the
investigations.
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A strong dependence on fonlc radius is observed upon comparing strengths
measured for the first ligand-ion bonds for the case of the alkali metal ion
series [4]. This would be expec:ted for systems having essentially anly
electrostatic comtributions to their bonding. Cur work om the clustering of
molecules to the transitiom metals Ag' and Cu* have shown that the first
ligand binds to these ions much more strongly than to omes in the alkali metal
series [8]. Based or. extended Huckel calculations performed ia our
laboratory, the pregsence of partial covalent hybrid bonding explains the
larger enthalpies of ammenlation relative to hydratiom for the alkall metal
ions [4]. A number of important findings have been derived from our recent
studies of the successive ligand clustering to ilons. The observation of
breaks in plots of successive enthalpy change #s a function of the number of
ligands has beea a valuable 1llustration of the formation of coordination
shells about ions in the gas phase having analogies to solvation breaks
observed 1in the condensed phase [(4,8,11,15,16].

Since the sodium ion is a spherical closed shell entity of intermediate
size, differences in the bonding of a variety of clustering ligands to this
ion reflect properties intrinsic to the individual ligands. A comparison of
thegse results for ligands attached to a particular ion also allows one to
probe the bonding characteristics of that ilon.

The series of neutral ligand molecules chosen for this study include both
the polar species H90, NH3, 309, and CO, as well as the ncn—-polar ones CH4 and
COp. Since the bonding interactions to alkali metal ions are expected to be
primarily electrostatic in nature, trends in the bonding strength should be
directly related to similar trends in the dipole and higher moments.

Ordering the ligand molecules with respect to the enthalpy change
involved in formins the first cluster shows that this is indeed the case. For
the clusters investigated so far, this ozder is: DME > NH3 > SO > CO; > HC1
> No > CH,; (where DME - dimethoxyethane - produces the largest enthalpy change
due to the formation of a bidentate bond). The contribution of ilon-induced
dipole and ion—-quadrupole interactions to the binding strength is indicated by
the stronger bond for the ammonia cluster than for the water cluster.

Although ammonia has the smaller dipole moment, its much larger polarizability
and quadrupole moment further enhances its cluster stability. The role of the
quadrupole is also seen by comparing the bonding of S0 with NH3. Both have
approximately comparable wvalues of dipole moments and polarizabilities, but
the quadrupole moment of SCo leacs to a repulsive interaction compared to the

attractive one of NH4, consistent with the much decreased bonding strength of
S04,
&

An examination of the bonding of neutral molecules oato ions in the gas
phase has particular value in elucidating the propeties which determine the
ligand's ability to cluster onto ioms. For this purpose, the association of
ammonia, water, sulfur dioxide, and carbon dioxide with both ¥at and Cl~has
been investigated. The ion-dipole interaction 1s the most important
electrostatically attractive force between an ion and a neutral molecule.
Both sodium and chloride ions have closed electronic configurations and
spherical symmetry, although the ionic radius of Na¥ is considerably smaller.
Consequently with other factors equal, a neutral molecule would be expected to
bind more strongly to Ma¥. Howaver, factors such as quadrupole moment,
polarizability, hydrogen bonding, and charge transfer may also be important.

Table I lists some of the relevant electrostatic properties of the neutral
molecules considered here,



Table I.- Electrostatic Properties

Oipols Momeaz Quadrupola NHomenc Polarizacilicy AXas
dalacula o] Q. qQ a [} z
(Dabie) ooz Y 3"‘ I S 1
(10 asu=ca*-) (A7) <
4,0 1.33 -3.26  =5.0 5.28 L.33 .65 1.23 a’oﬁ
50, 1.83 2.3 3.0 -10.5 23.45 .27 4.L7 c\g°
¥E, L.a7 .68 .32 02,32 2,39 1 1u _,_/;\3
Q
<, 3 ~3.50 L. L.32 .08 L.3% L.es
]
Q

The experimentally determined stepwide heats of association are given in
Table 1I. Some interesting comparisons are immediately apparent: (1) ounly
sulfur dioxide binds more strougly toe Cl than Nat for the first association
scep, (2) ammonla exhibits the largest difference between Nat and C17, (3)

Table II: Stepwise heats of associacion, “QH°n,n+l' ir kcal/mole for
I1+B, + B e I*Bp4].

{a, o=l)
3 3 (0,2) 1.3 (3.3) (38 (4,5 (5.9
-
1.0 S 16,9 12.% 1.3 10.3 - -
va~ 120 19.3 8.3 3.3 12 0.7
a
sa, e 1.3 12.3 19.9 3.5 - -
Y 18,3 1658 it - - -
ol
8N a1 3.1 - - - - -
Sa 9.1 23.9 7.1 14.7 10.7 3.7
.- 3
co., c:._i 2.0 - - - - -—
la 5.3 1.0 3.7 - - —
Zensea ez al., 1980 d?l:u:cm.. 1982
%521dic acd Tesarla, 1970 Cuys wark
a
:?lrr,v et al., 1980 “GCasclesan dc al., L978b

the relative stability of the lon-molecule complexes for NH3, H0, and SOy are
in reverse order for the two ions, and (%) the absolute magnitude of the

enthalzy changes for the additional clustering of S0 onto ClTare smaller than
for Na”,

Many of these trends are in agreement with expectaticns from
electrostatic properties. For instance water, sulfur dioxide, and ammonia
have similar dipole moments; however, when the dipoles are aligned in the
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electrostatic field of the ion, the small quadrupole moments (Q,;) of water
and the considerably large one of ammonia are repulsive to a negative charge
and attractive to a pesitive omne. In the case of sulfur dioxide, the
situation is reversed. Thus, the ion-quadrupole interaction is consistent
with the different ordering of -AR® 0,1 for water, ammonia, and sulfur dioxide
between the positlve ion Nat and the’ negative ion C17. From electrostatic
considerations, Na*-CO; is expected to be a linear complex (Qzz attractive)
and C17+COp should be a T-complex (Quy and Qy attrative). As has been shown
earlier [S5], charge transfer or cova{ent bonding is ar additicnal
consideration in the binding of CO3 and particularly S0 with C1~. This
covalency increases the stability of the C17+350; couplex but decreases
subsequent clustering due to the dispersal of charge over the S03Cl7ion.

An interesting application is the recent development of a correlation
which relates these gas phase clustering data to properties of ions present in
a sclvent medium. In particular, we have found that the ratio of the enthalpy
of solvation in the condensed phase to the summed enthzlpy of clustering from
gas phase measurements rapidly couverges with respect to clustering number
(13]. This faect has been observed in our laboratory for the case of various
atomic, as well as complex molecular negative ions in the case of hydratioa,
and in the case of ammoniation and hydration of positive 1lons., It was found
that the single ion heat of solvatin values could be deduced from knowledge of
the first six cluster bond energles measured in the gas phase. These findings
suggest that it may be possible to utilize gas phase experiments for

elucidating the molecular aspects of tne condensed phase for other systems as
well,

Studies of mixed clusters provide insight into petential interactions
between the ligands attached to the ion. Questions have been raisad regarding
the influence of the ion on the ligand charge density and its effects on
subsequent clustering, and in reiard to possible interactions bdetween ligands.
Thermodynamic results for the ¥a™/H,0/CQ; system and some preliminary results
for the Va*/H7O/SO7 systzm have been obtained. While it is somewhat more
difficult to obtain appropriate experimental conditions for tne study of mixed
clusters, the results have proven quite interesting.

Some small degree of partial covalent bonding, observed commonly with
transition metal ions, appears to occur 2ven for the simple alkali metal ilonms.
This has been detarmined through a comparison of the experimental results for
the clustering of COp to Na® with electrostatic calculations. The first
neutral molecule bonds more strongly than predicted, the stability dropving
raplidly as additional ligands are added. This behavior indicates a transfer

of charge demsity from vhe CO; to the Nat, decreasing the inceration potential
actracting the second COp molecule.

The mixed cluster system Na+(HZO)nC02 also illustrates the influence of
covalent character on the primarily electrostatic bonding. Electrostatic
pradictions suggest that CO0s addition to Na+'320 is less favorable than to
Na©*+C07 due to greater ligand-ligand repulsion in the former case. This is
contrary to experimental results which show the values to be nearly equal.

To interpret the relative stability of mixed clusters with an equal
number of total ligands, energy scales for the free energy and enthalpy
changes of clustaering as a function of composition (expressed as mn) have
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becn constructed. The mixed ¢ usters Cl7(H90),(S03), show deviations toward
greater stability compared to the tie-lines between the pure clusters
(C17(H20) g4y and Cl7(SJ9)p4y) whereas %a*(H0)(S0;) shows a deviatioa in the
opposite direction for the enthalpy change of clustering and essentially no
deviation for the free energy. Earlier results for the mixed clusters
Na+(H20)nC02 show slight deviations toward greater stability. Cousidering
results from other laboratories, H+(BZO)(HZS) shows no deviations whereas
H+(Hzo)n(ﬂzs)m with otm=3 shows deviations toward greater stability and
HY(350),(NH3)p (o+m<5) also shows substantial deviations inm this direction.
One should note that in none of these systems has a mixed cluster shown heats

of clustering greater than the stabler of the two single constituent
clusters.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
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assumes any legal liability or responsibility for the accuracy, completeness, or use-
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that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does nol necessarily corstitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
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