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The sputtering dc glow discharge is a stable and intense source of a wide variety of metal ions for use in
ion/molecule studies. We have examined factors influencing the formation of metastable excited states of
sputtered species in this device using the electronic state chromatography (ESC) technique. These determinations
are essential if the glow discharge is to be used as a source of metal ions for subsequent reaction, since the
electronic configuration of the metal can dramatically affect its reactivity in the gas phase. Further, the ability

to manipulate excited-state production provides the means for the study of state-specific behavior of these
species. We have obtained evidence in a series of experiments that indicates that the glow discharge is capable
of producing several metal ions in metastable excited states as well as the ground state. Identification of
specific configurations for several first-, second-, and third-row metal ions has been made on the basis of
reduced zero-field mobilities in He. Results suggest that significant population of excited states higher than
approximately 3.4 eV above the ion ground state does not occur in an Ar discharge for the metals examined
here. Examination of the dependence of configuration distributions for several metal ions has revealed that
excited-state production is sensitive to certain discharge parameters including pressure, distance to sampling
orifice, and working gas composition. These results suggest that production of excited metal ions in the
discharge involves energetic electrons. Further, some degree of deactivation of excited states occurs prior to
extraction for ions whose excited states are collisionally coupled to lower states via interaction with the
discharge gas. Metastable deactivation is enhanced in the third-row ions as a result of largelspaffects.

Introduction Here, we examine the excited-state production for several

The utility of the sputtering glow discharge for elemental transition metal ions produced in the GD. Even though many
analysis in both optical and mass spectrometric applications is excned metal ion states are energetically apcesable within the
well-recognized. More recently, the glow discharge (GD) has discharge plasma, many of these are rapidly depopulated by
also been employed as an ion source for use in the study Ofoptlcgl emission. Thus, these states _need not be con_S|d_e_red in
transition metal ion chemisti7 In this application, the GD reactions carrle_d out exte_rnal to the dlscharg_e. More significant
offers the benefits of intense ion signals, along with excellent With regard to ion chemistry is the production of metastable
stability. Further, the GD is capable of producing a wide variety eXC|ted_ states suff|C|e_ntIy long-lived to |nf|uen_c_e reactivity after
of metal ions for subsequent reaction. These advantages mak&xtraction from the discharge. For the transition metals, these
the GD an attractive alternative to other metal ion production @ré states for which radiative relaxation to the ground state is
methods, such as surface ionization and electron impact, whichSPin- and/or parity-forbidden. This work also addresses the
can suffer from low ion currents or are not as versatile in terms degree to which excited-state populations can be controlled by
of the number of different metal ions that can be formed. One Manipulation of various discharge parameters, demonstrating
feature that the GD shares with several of these other ionizationthe effectiveness of the GD in studies of state-specific processes.
techniques is that it is capable of producing metal ions in excited
states. The presence of excited species can have a profoun
effect on the observed chemistry of the metal ion, since the Experiments were carried out using a drift cell apparatus,
specific reactivity exhibited by the ion can be strongly influenced which has been described in detail previousBriefly, this
by its electronic configuratioPr.” This is apparent in compari-  instrument incorporates a sputtering dc glow discharge ion
sons of the reactions of metal ions within a transition series, as source to produce metal ions that are then directed to a 4.0 cm
well as those of a given metal ion in different electronic states. drift cell containing 3-5 Torr of He. Temperature control of
Although the state specificity of metal iefmolecule reactions  the drift cell is accomplished via a copper jacket through which
has yielded a wealth of information regarding the electronic heated or cooled gases can be circulated. Temperatures within
requirements for access to specific product channels, it can alsahe drift cell are monitored using a thin-film platinum ther-
complicate product analysis if the state distribution of the mometer. lons are drawn through the drift cell via a weak
reactant ions is unknown at the time of the reaction. For this electric field. In this work, the field strength was adjusted such
reason, studies of transition metal ion chemistry are usually thatE/N ranged from 2.2 to 8.9 Td. lons exiting the drift cell
accompanied by some attempt to determine the degree to whichare mass-analyzed via a quadrupole mass filter and subsequently
excited states are populated in the ionization step. detected using an electron multiplier. The output of the electron
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multiplier is then sent to a multichannel scaler and the data can TABLE 1: Reduced Zero-Field Mobility Data for Selected
then be displayed in a number of formats on a laboratory First-, Second-, and Third-Row Transition Metal lons

computer. Typical metal ion signals measured after mass ion configuratiof Ko (this workp Ko (lit.) P©
f||ter|ng_ under these (_:qnd|t|on_s arein the range ocH410* cps. v+ 3q* 16+ 1 16.7

In this work, specific configurations of several metal ions 34d 21.440.2 22.0,25.4
produced in the GD were identified within the drift cell using crt 3d° 18.0+£0.3 175
a technique called electronic state chromatography (ESC), 3d4s' 20.4,21.4
which characterizes them on the basis of the their mobilities in 7€ 3d:3 g 16.9
He. ESC is most effective in distinguishing between electronic Co* 3384 igi % ig:g
configurations that differ significantly in size, such as those that 3d74< 2242 229
differ by the presence or absence of an s electron. The larger Ni+ 3d° 16.2+ 0.2 16.3
size of the s orbital results in a greater repulsive interaction 3P4 24+£2 24.2
between the ion and the He bath gas, which reduces the number CU" 3d1° . 158+ 0.6 15.7
of capture collisions. In terms of the first-row ions, this means . 23?3’45 . gii% 23.4
that ions with 3614s!' configurations have higher mobilities " 0 S > 3
. ! g : Pd+ 4d 18.2+ 0.6
in the bath gas than those with Bdonfigurations. As a AcB5s 232+ 0.4
consequence, a pulse containing a given metal ion in both Ag* 440 1841
configurations will be separated within the drift cell such that ~ Hf" 5d265i 18+1
the higher mobility configuration arrives at the detector first. \R‘}i 2342; ié j;ilo 9
Thu;, conflguratlon_s of sufﬂqlently d|ffe_ren_t mpbmtles appear Re" 54564 194+ 04
as different peaks in an arrival time distribution (ATD). lon Ir+ 54765 202405
mobilities used in assigning configurations were obtained from Pt 5¢° 20.6+0.9
the ATD’s by measuring the flight time of the different 5d%6st 23+2
configurations as a function of the reciprocal of the drift —~ AU” gg;;sl ;giiz 0.5

voltage® These were then normalized to°C and 760 Torr
and reported as reduced zero-field mobilitiks,

The purities of the sputter targets used were as follows: V, a Ground-state configurations are indicat_ed by bql_dfade.units
99.7%: Cr, 99.5%: Co, 99.8%; Ni, 99.9%: Zn, 99.9%: Pd, of cn? V_*1 s L ¢Reference 8, unless otherwise specifitiore than
99.9%; Hf, 99.7%; Ta, 99.96%; W, 99.9995%; Re, 99.97%; Ir, °"® excited state observétReference 9.

99.8%; Pt, 99.95%; Au, 99.9985%. The purities of Fe, Ag, and
Cu were not known; however, mass spectra collected using these
sputter targets revealed no discernible contaminants. V, Fe, Ni, 000 [ /
Cu, Zn, Pd, Hf, Ta, W, Re, Ir, Pt, and Au were all obtained in -

rod or wire formats. The remaining metals were obtained as
powders and pressed into pellets prior to sputtering. Argon and

Hg* 5d1%d* 19.1+1 19.6

1100 |
1000 |- 3d®

S

neon used as discharge gases had purities of 99.999% andE [
99.9995%, respectively. Helium was used in both the drift cell 8§ 5[ adas
and the discharge with a purity of 99.9999%. § “°or
300 |

Results and Discussion 200 L

ESC analyses of several first-, second-, and third-row 100 [
transition metal ions were carried out using Ar, Ne, and He of
discharges. Reduced zero-field mobilities measured in helium T T P T R S P EPY H S SP SP R
are summarized in Table 1, along with the available literature 0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400
values and configuration assignments, which were made on the Arrival Time (us)

basis of theKg values®® Agreement between ol values and Figure 1. Arrival time distribution for Cd produced in an Ar
those reported previously for specific configurations is excellent. dischargeT = 303 K; E/N = 8.9 Td.
ATD’s of metal ions extracted from the discharge clearly Low-lying states for the first- and second-row ions examined
indicate the presence of two configurations with significantly here are listed in Table 2.In some cases, high- and low-spin
different mobilities for \, Cr*, Fe", Co", Nit, Cu*, Pd", Pt", states of the same configuration have sufficiently different
and Au". The ATD for Co" is given in Figure 1. The relative  mobilities to be distinguished via ESC; however, this does not
intensities of the two configurations shown in this ATD are always occur. This was the case for out WTD’s, where
typical of what is observed for Cowvhen sampling from a-1 features attributable to severalF3d states reported by Kemper
Torr Ar discharge at a point well-removed {0 mm) from the and Bowers were not observétf.more than one state is present
cathode. Under the same discharge conditions, the configuratiorwithin the 3d4s' manifold for V" in our experiment, we are
ratio for V* was comparable to that of Cpwhereas the ATD’s unable to resolve them. However, resolution for theATD’s
for the remaining ions listed above indicated excited-state was consistently poorer than that obtained for"GAITD’s,
configurations in lesser amounts relative to the ground state. despite the fact that tH€, values for the two V configurations
However, as we will show, configuration ratios often exhibited are comparable to those of €uWe believe that this is an
significant variability with respect to discharge parameters, Pd indication that both high- and low-spin states of a given V
Ptt, and Au™ are notable in this regard in that the excited-state configuration are present and that the slight differences in their
configurations were not observed at all unless specific dischargemobilities result in broadening of the peaks.TCATD'’s
conditions existed. contained a large fraction of a low-mobility feature consistent
Because several states may have the same configuration, thevith the 3¢ configuration. A high-mobility feature was also
ATD’s for these ions may be indicative of more than two states. observed for Ct that we attribute to the 3ds! configuration.
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TABLE 2: Low-Lying Electronic States for Selected First- and Second-Row Transition Metal lons

ion state configuration energeV) ion state configuration energieV)
v+ aD 3d 0.026 Co* aF 3¢ 0.086
&F 3P4 0.363 ar 3d4s 0.515
aF 3P4 1.104 5F 3d4s 1.298
aP 3d 1.452 ar 3d 1.655
a&H 3dt 1.566 apP 3d4s 2.228
bF 3dt 1.681 5P 3d4s 2.998
aP 3df4gt 1.692 Ni* @D 3cd® 0.075
aG 3dt 1.807 ar 3d4s 1.160
aG 3P4 2.370 ar 3d4s 1.757
b%P 3cf4st 2.374 5D 3cf4d 2.899
all 3d* 2.379 Cut a's 3d° 0.00
als 3d* 2.468 aD 3d°4¢ 2.808
cP 3cf4s 2.509 aD 3P4 3.257
Crt &S 3¢ 0.000 Znt s 3d%st 0.000
aD 3d4s 1.522 D 3d4¢ 7.909
aD 3d4st 2.458 Pd* D 4° 0.219
aG 3cb 2.543 F 45 3.442
Fet a&D 348t 0.052 Ag ) 4d° 0.0
a&F 3d 0.300 D 458 5.110
aD 348 1.032
apP 3d 1.688
&G 3d 1.993

a]ons for which excited configurations were observed are in boldfaBeference 10; averaged owktevels.

In this case, however, the high-mobility feature could not be eV. The lower bound on this range corresponds to*héirst
completely resolved at room temperature and no reli#le  excited state of Pd which is the lowest energy state to which
value was obtained. FeATD’s were dominated by the single  the observed 4#8s! configuration can be assigned. The upper
peak for which the mobility is reported. Here also, a feature limit is the 3D (4d°5s!) state of Ag, which is not observed.
was observed (this time at a longer arrival time than the main Potentially accessible states (those less than at least 3.442 eV)
peak) that was incompletely resolved from the higher-mobility therefore include all of the low-lying states listed in Table 2
feature. We believe that this is a’3elxcited state that is colli-  with the exceptions of 2D)Zn™ and ¢D)Ag™. This is an
sionally relaxed to a lower-energy state of higher mobility within additional indication that the different configurations observed
the drift cell. This effect has been previously noted specifically in our ATD’s are likely the result of several states. The
with regard to the @(3df4s") ground state and*B(3d) first approximate upper limit given above is useful in estimating
excited state of Febut can occur whenever a lower-energy which states are likely to be formed by the GD; however, metal
state possesses a higher mobility than a higher-energy®gfate. ions within dc discharges are well-known to produce emissions
Because the high-mobility state experiences a more repulsivefrom states higher in energy. The apparent energetic limit
interaction with He than the low-mobility configuration, the observed here simply illustrates that the state distribution, which
potential energy surfaces describing the interactions of the twois actually extracted from the GD, is influenced by both
Fe" configurations with He cross. This allows the low-mobility/  excitation and relaxation processes. In other words, the con-
high-energy configuration to be converted within the drift cell figurations that we observe via ESC may be populated by both
to the high-mobility/low-energy configuration. A similar process promotion from lower states as well as deactivation of higher
has been proposed previously for'Sn which the3D ground states and are themselves not rapidly depopulated within the
state and théD first excited state (both 3ds!) are coupled via discharge. Having said this, we again note that the amount of
the 3F(3cP) second excited stafeConfigurations with different excited state present at the point of extraction is influenced by
mobilities that are converted in this manner within the drift cell discharge conditions. We show below that the relative amount
exhibit intermediate arrival times resulting in a bridging of the of excited configuration(s) sampled varies as a function of both
two peaks in the ATD. A similar explanation likely accounts the distance between the sampling orifice and the cathode as
for our inability to resolve the high-mobility feature in the®™Cr  well as the pressure and identity of the discharge gas. Manipula-
ATD’s and would suggest that thé@(3cP) state lying above tion of these discharge parameters will affect either the
the @D and 4D states (both 3W@s!) is being populated by the  availability of a necessary energetic precursor or the number
discharge. This seems reasonable given the minimal energyand/or efficiency of relaxing collisions that the ions experience
difference between the €D and &G states shown in Table  prior to extraction. Our observations suggest that in some cases,
2. Finally, we note that in cases where such “configuration both effects contribute to the metal ion state distributions.
crossings” are possible, sufficient collisions with the discharge  Spatial Effects. Figure 2 shows the high-mobility/low-
gas prior to extraction would result in some degree of relaxation mobility ratios for Cu™ and Nit with respect to the cathode

of the excited configuration within the discharge itself, thus position in both Ar and Ne discharges. For both ions, the relative
reducing the relative population of the higher energy configu- amount of the high-mobility (excited) configuration is enhanced

ration at the time of sampling. ATD’s for Znand Ag" consist as metal ions are sampled closer to the cathode but drops to a
of only one peak, indicating that only one configuration constant value several millimeters from the cathode. Figure 3
(presumably the ground state) is present in the drift cell. shows absolute peak areas of the high-mobility and low-mobility

Upon examination of the specific cases in which excited states configurations as a function of cathode position for"Ga an
were observed, it is possible to establish approximate energeticAr discharge. Examination of this figure illustrates again that
limits on the excited states that are accessible in an Ar dischargeproduction of excited Clireaches a maximum value closer to
under the conditions employed. Relative to the ion ground state, the cathode than the ground state. Further, production of both
this upper limit falls within the range 3.442 e¥Eqnax < 5.110 configurations falls dramatically within-23 mm of the cathode.
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Figure 2. High-mobility/low-mobility configuration ratios as a function
of distance to sampling orifice for Cuand Ni* ions produced in Ar
(1 Torr) and Ne (2 Torr) discharges. Discharge curren6.25 mA
(Cu*, Ni* in Ar), 5.50 mA (Cu in Ne), 8.00 mA (Ni in Ne).
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Figure 3. Cu' high-mobility and low-mobility peak areas as a function
of distance to sampling orifice. lons produced in Ar discharge; discharge
current= 6.25 mA; discharge pressure 1 Torr.

This drop in the sputtered ion signal indicates the onset of the
transition zone between a region of large potential drop known

as the cathode dark space (CDS) and the intensely luminous

negative glow (NG). Any positive ion that is formed within or

migrates into the CDS is subjected to a large field gradient and

drawn to the cathode surface instead of being sampled.
lonization of sputtered metal atoms within the discharge is

thought to occur as a result of several possible mechanisms,

including Penning ionization via metastables of the discharge

Taylor et al.

ion and electron and thus likely produces ions primarily in their
ground state&® Our results suggest that the metastable metal
ions are produced from processes involving energetic electrons.
The observation that Cuand Ni* high-mobility/low-mobility
ratios increase nearer the cathode is consistent with the two
configurations being formed by different mechanisms and that
these mechanisms exhibit different spatial dependencies. This
is also supported by the configurations that are observed for
Pd" and Ag', two of the ions examined here with the highest
energy first excited states. Simply on the basis of energetics,
the 4Fg, and “F7, states of Pd (both 4d5s') should be
accessible from ground-state Pd atoms via the Ar metastables
at11.5and 11.7 eV. Likewise, the Ne metastable states at 16.6
and 16.7 eV possess ample energy to produce numerous
Pdr (4?54 states, as well as tH® and!D states of Ag (both
4P55Y). However, despite favorable energetics, no high-mobility
configurations of Ag are observed in either Ar or Ne
discharges, and the 8gk' configuration of Pd is observed in
small amounts only when the ions are sampled near the CDS/
NG boundary. The spatial dependence of @df5s') indicates

that an energetic precursor is required that is not present in the
NG but becomes more abundant nearer to the cathode. Meta-
stables of the discharge gas occur throughout the NG as well
as in the CDS/NG region, while the electron energy distribution
function (EEDF) becomes richer in high-energy electrons nearer
the cathode. Thus, our Pdbservations argue against Penning
ionization as the source of excited metal ions and are consistent
with an electron impact ionization/excitation process involving
energetic electrons. The 12.686 eV (ionization energy
excitation energy) necessary to populate ID¢4d5s) first
excited state of Ag from ground-state Ag atoms would require
an EEDF shifted to even higher energies, necessitating sampling
even nearer the CDS/NG boundary in order to observe this
excited configuration. The apparent absence of excitetiAg

Ar and Ne discharges could be an indication that these states
are formed too close to the cathode fall to be sampled. Langmuir
probe measurements within the NG region of Ar/Cu discharges
operated under similar conditions to those employed here
indicate EEDF’s with maxima in the range of 1 é¥interest-
ingly, these distributions are thought to indicate a depletion of
high-energy electrons, which are presumably facilitating excita-
tion processes such as the one described here. It has also been
shown that the identity of the cathode material has little effect
on the electron energy distribution, which is in agreement with
our observation of similar energetic constraints on excited-state
ion production regardless of the metal.

Asymmetric charge transfer has also been implicated in the

gas, asymmetric charge transfer with ions of the discharge gasProduction of some excited metal ions in certain glow discharge
and electron impact ionization. Of these, Penning ionization is @Pplications:®1&19This excitation mechanism is thought to be

generally believed to be the most significant within the NG

important only in discharge geometries where the current

under the discharge conditions employed here, although electrordensities are much higher than those employed here; therefore,
impact ionization is also thought to contribute to the formation We do not consider this to be a significant contributor to the
of metal ions near the boundary between the CDS and the €xcited metal ion population in thege experiments. .ThI.S dpes,
NG.1213n this region, fast electrons enter the negative glow hqwever, suggest that much_ h|gher internal energy distributions
after being accelerated across the CDS. Electron energies reacANght be obtained for some ions with the use of hollow cathode
a maximum at this boundary, and then decrease to an averag®" Grimm-type discharge geometries, both of which operate at
constant value within a few millimeters of the cathode as a result Nigher plasma densities.
of relaxing collisions within the NG. Further, the electron density ~ Pressure EffectsFigure 4 illustrates the effect of discharge
is highest near the edge of the CBYSBecause metastable pressure on the ratio of the high-mobility configuration to the
species of the discharge gas are also produced via collisionslow-mobility configuration for \f, Co*, Nit, and Cu. All ions
with fast electrons, the number density of these species is alsowere produced using Ar as the discharge gas under constant
high near the CDS/NG boundaty. current conditions. Also, metal ions were extracted well away
It is thought that Penning ionization becomes more probable from the CDS/NG boundary. This was done in order to minimize
the greater the energy difference between the resulting metalany spatial influence on the high-mobility/low-mobility ratios
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Figure 4. High-mobility/low-mobility ratios for V', Co", Ni* and Cu

as a function of discharge pressure. Discharge curredi6, 1.5, 3.0,
3.0 mA respectively; sampling distanee 13 mm for V", Nit, Cu*

and 16 mm for Co. All ions sampled from Ar discharges.

that might arise from pressure-induced changes in the plasmaC

dimensions. For all four ions, the low-mobility configuration
predominates under these conditions. Given that the lowest-
lying excited state for each is a high-mobility configuration,

we interpret these ratios to indicate that the ground state is inc%

greatest abundance. However, this does not mean that excite

states of the same configuration as the ground state are not

present, since several states may have the same configuratio
Thus, the measured Bd4s/3d" ratio will reflect the total
contribution to each configuration by the existing state distribu-
tion at that particular discharge pressure and/or position within
the plasma.

the GD are formed very near the sampling orifteéf so and
given the premise that fast electrons are required for excitation,
then the configuration distribution that we observe is largely
the result of the electron energy distribution function at that
distance and pressure within the NG. The spatial dependenc
noted above is consistent with this idea; however, our observa-
tions, particularly the behavior of Coaand V*, suggest that at
least a portion of the sampled ions experience a number of
relaxing collisions with the discharge gas prior to extraction.
The data in Figure 4 would appear to contradict this relaxation
argument since both Goand V* clearly indicate an enhance-
ment of the high-mobility configuration at higher discharge

pressures, but the enhancement of the high-mobility peak may

in fact be due to deactivation of one or more higher-lying low-
mobility states. Examination of Table 2 reveals that for these
two ions, there are low-lying states of both"3t4s! and 3d
configurations. In particular, the ordering of the excited states
for both of these ions is such that interaction with the discharge
gas results in curve-crossing (such as that described above fo
Fet) between excited states, resulting in enhancement of a
lower-lying 3d%4s' configuration. This effect can be qualita-
tively modeled using a parametrized6-4 potential energy
surface that has been developed previo#ly.

Ne «
[N@+y) — 12(1+ y)]

e ol -] o

Potential energy curves constructed using this modedteoen
in Figure 5 for the Co/Ar system. The specific shapes of these

V(r) =

4
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Figure 5. n-6-4 potential energy surfaces for low-lying Catates
interacting with Ar. Parameter values used: 83d= 49.1 kJ/mol,y
= 0.34,n = 12.2; (3d4s") € = 21.0 kJ/mol,y = 0.067,n = 12.4.

curves depend on the three adjustable parametetise well-
depth,n, the exponent on the repulsive component, anthe
ontribution to the attractive component by the*ldnd 1f6
terms.ry is the equilibrium distance for the interaction, which
is defined in terms of the other three variables. Values for these
parameters for the two Coconfigurations in He and Ne have
een previously determined by fitting temperature-dependent
obility data in each ga®.No data are available for metal ions

n Ar since its higher polarizability results in unresolved arrival

Nimes for the two metal ion configurations. Valueseofy, and

n for the two Cd configurations in Ar used in Figure 5 were
estimated from published data for Cin He and Ne. Given
these estimations, these curves indicate that crossing occurs
between the low-mobility ¥ state and the high-mobility’la

Mand BF states, both of which are lower in energy. Variations

of £10% in the values o, y, andn do not alter the fact that
these curve crossings occur as long as thdSdurfaces are
more repulsive than the 8durfaces. It has also been shown
that spin-orbit coupling in the metal (not considered in Figure

%) should result in multiple curve crossings for tHf@ aerm2°

Thus, it seems likely that efficient quenching of th#® astate
can occur prior to extraction from the discharge given sufficient
numbers of collisions with the discharge gas.

Presumably, similar curves could be constructed for thg V
Ar system; however, values fer n, andy are not available for
this metal in any gas. Nonetheless, given the ordering of the
states, similar curve crossings occur. High-mobility/low-mobility
configuration ratios for Cti and Ni* do not appear to be
significantly influenced by discharge pressure. Examination of
Table 2 reveals that all accessible excited states for both of these
ions are high-mobility configurations. As a result, these excited
states are not coupled to the low-mobility ground state via curve-
crossing for either ion. Inefficient collisional relaxation of
isolated Ni excited states has been observed iAlded should
occur in Ar as well; however, complete deactivation is believed
to require many (in excess of 1000) collision¥he observed
insensitivity of the configuration ratios of Niand Cu as a
function of discharge pressure suggests that few relaxing
collisions occur prior to sampling.

The observed influence of interaction with the discharge gas
suggests that the efficiency of an individual relaxing collision
between excited metal ions and the discharge gas will also be
important in defining the state distribution of the metal ion. We
have previously reported that the high-mobility/low-mobility
configuration ratio for Cti can be increased by the addition of
He to the discharge Similar effects are observed with Ap
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Pt" (see below), and Ni In the cases in which it has been 800 - 800 -

used, Ne appears to be comparable to He in its ability to enhance I I

formation of excited-state ions and has the added benefit of a [ o or 5d°

much higher sputter yield than HéKemper has also noted 600 L e 600'_ /

that the relative amount of Niexcited state produced in dif- I

ferent rare gas discharges followed the trend>HRe > Ar > 500 | 500

Kr.23 While these observations are consistent with the expected ¢

behavior based on the relaxing efficiencies of the discharge § 400 |- 400 |-

gases, it is difficult to conclude that this effect is solely the <

result of collisional efficiency, since the identity of the discharge £ 3°[ 300 -

gas influences the plasma conditions governing potential excita- 200 | 200 | 5d'6s!

tion mechanisms as well. These factors include differences in | e’

the EEDF'’s, as well as selective population of excited metal 100 L 00 L

ion states by ions or metastables of the discharge%4s. A \ I }\
Third-Row Metal lons. The behavior of third-row ions o s s a0 200 e e B ro0

extracted from the discharge further supports the idea that some
limited interaction with the discharge gas occurs that can facili-
tate changes in the internal state distributions of the ions when Figure 6. Arrival time distributions for Pt extracted from (a) a pure
relaxation pathways are available. ESC analysis of the stateAr discharge and (b) a Ar/He discharge= 186 K; E/N=2.2 Td.
distributions of sputtered third-row ions is more challenging than 900 900 -

that with the first-row ions because the resolution of the ATD’s -
is inherently poorer. This arises for several reasons. First, the 809
difference in the sizes of 6s and 5d orbitals is less than that of I
the 4s and 3d by approximately 30%«® This results in a
reduction of the differences in the mobilities of the"5ds 600
5d"16s' configurations. Further, several of the third-row ions I
possess low-lying excited states that differ from the ground state § |
by either the presence or absence of a second 6s electron. WeS 400

(@) Arrival Time (us) b)

800
700
600
500

400

have no evidence to indicate that the mobility of £58< 5

state is sufficiently different from that of a 5d6s! state to be %or soe
resolvable via ESC. Because of these potential difficulties, all 200
of the third-row ATD’s except for HYj were acquired with the

drift cell at a reduced temperature in addition to room temper- 100 100

ature to improve chromatographic resolution. All low-temper- . _ 0 y -
ature ESC experiments were carried out between 180 and 208 200 400 600 800 1000 200 400 600 800 1000
K. @ Arrival Time (us) ®

One notable feature of the third-row ATD’s is that all of them  gigyre 7. Arrival time distributions for At extracted from (a) a pure
exhibited tailing at long arrival times at low temperature, and Ar discharge and (b) a Ar/He discharge= 203 K; E/N=2.7 Td.
those of the early metals (Hf Ta", W*, and Ré&) exhibited
tails at all temperatures. This feature does not necessarily Clear indications of the presence of excited configurations
indicate the presence of excited states, although the presencevere observed with only two third-row ions, Pand Au'.
of a small amount of a low-mobility configuration could be Partially resolved ATD’s were obtained for both ions at low
obscured within the tail of a large high-mobility feature. Instead, temperatures which show that species possessing higher mobili-
we attribute tailing in these ATD’s to the presence of some ties than those of the ground states for these ions are being
associated species involving the metal ion. Without exception, extracted from the discharge. These ATD’s are shown in Figures
tailing was noted when mass spectra of the ions exiting the drift 6 and 7. As previously noted, the relative amount of the high-
cell indicated the presence of species containing the metal ionmobility species for both ions increases when He is added to
combined with either oxygen or water or both. The effect is the discharge gas. Indeed, the enhancement of the high-mobility
more pronounced with the early metals due to their propensity configuration in the He-enriched discharge was used to confirm
to form oxides, but at reduced temperatures, the late metals werehe presence of a second peak in the less resolved\PD.
also observed to participate in reactions, primarily clustering We have assigned electron configurations di6sHand 5@6s!
with water. Because these metal oxides and hydrates possesg the high-mobility species for Ptand Aur, respectively.
lower mobilities than the bare metal, they have longer residence Estimates of th& values for these high-mobility configurations
times in the drift cell. If dissociation occurs within the drift based on differences in arrival times are given in Table 1. For
cell, the flight time of the subsequently detected metal ion is Au™, the only states that are energetically accessible based on
longer than that of a “never-reacted” metal ion. Because the our first- and second-row observations are g, 3D,, and
dissociation may occur at any point within the drift cell, a range 3D; states at 1.865, 2.187, and 3.442 eV above the ground-
of arrival times is observed, with the shortest being attributable state, respectively; however, we note that!ibe state at 3.672
to metal ions never involved in a reaction. For most metals, we eV above the ground state possesses the same configuration
observed a decrease in the amount of reaction productsand would be indistinguishable from téB3 » ; states via ESC.
accompanied by an increase in the symmetry of the ATD’s as Pt" has several —S terms with the appropriate configuration
the cathode was sputtered. This suggests that some portion ofvithin the accessible energy range includfirg*P, 2F, and the
the observed molecular ions is produced within the discharge lowestJ terms of the’D and?P states. The lowestterm of the
and diminishes as the cathode surface is sputtered. 4F(5d'69) state is also accessible; however, as has been stated,
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we do not anticipate that the increase in size arising from a
doubly occupied 6s orbital will substantially alter the mobility
from that of a 586s! configuration.

While no configuration crossings of the type described above
for Fet, Co", and V" occur among these low-lying PL—S
terms, several of these terms exhibit significant overlag of
terms due to spinorbit coupling. If the interaction of each
individual spin-orbit state with the discharge gas is considered,
we see that similarJ-crossings” can occur. Specifically, if the
configurations of the twal terms are such that the more
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S(5db65Y), and its first excited state RD(5d*6<), for which

the lowest spir-orbit term lies 1.7 eV above the ground state.
Higher excited states possess thegsHconfiguration and should
be converted to th&D term via configuration crossing. This
type of curve-crossing should not occur between 1Bestate
and the’D state since the 86 configuration should experience

a less attractive interaction with the discharge gas than ts'5d
configuration. Further, the ground state is a singlet state;
therefore, the interaction of this term with the discharge gas
will occur on a single curve. As a result, efficient quenching of

attractive surface lies above the less attractive surface, then’D States to théS state should not occur. Thus, Represents

coupling between overlappinfiterms must occur in the same
manner as has been described fof ,Fe&o", and V*. In the Pt

ion, crossings of this type occur between g, (the upper

term of the ground state) and thigy, term (the lowest] term

of the first excited state). Depending on the specific shapes of
the potential energy curves, othéiterms in the*F manifold
could be coupled to thD3; state as well. The possibility must
also be considered that the interaction with any given (non-
singlet)J term with the discharge gas actually occurs on multiple
curves correlating to different molecular states. This must occur
in states with 58configurations, but may also occur in5d6s
states as a result of the similar sizes of the 5d and 6s orbitals.
This behavior is thought to give rise to efficient quenching
within a given spir-orbit manifold® and should also facilitate
guenching between overlappiihg-S terms in ions with large
spin—orbit coupling. In Pt, this would result in efficient
conversion of*F ions to the?Ds), state (the lowesd term of

the two interacting states). Thus, we feel that the low-mobility
feature in the Pt ATD is likely attributable to this state. No
explicit J-crossings occur between tfie and?F terms because
the configurations of these two states are bott68¢dhowever,

the presence of multiple curves could result in efficient
relaxation within these two manifolds as well. Exactly how
much or how little coupling between these two excited terms
occurs is not known, yet a high-mobility ion is clearly extracted
from the He-enriched discharge. This indicates that, even if the

a case where energetics suggests that estate can be
populated and no efficient relaxation mechanism is apparent.
Therefore, we feel that it is likely that some amount of this
excited state is present in the Réons sampled from the
discharge but is not resolved in the ATD.

Summary

Clearly, the sputtering glow discharge is a viable means of
producing a wide variety of metal ions for use in iemolecule
reactions. This work has illustrated that this ion source produces
long-lived excited metal ions in many cases. Given the sensitiv-
ity of metal ion chemistry to the electronic configuration of the
ion, the possible presence of these excited ions must be
accounted for if they are to be used in subsequent reactions.
Ideally, it is desirable not only to quantify the state distributions
of the metal ions but to establish some degree of control over
them as well. The ESC experiments detailed here indicate that
excited metal ion configurations within approximately 3.4 eV
of the ion ground state can be populated in Ar, Ne, and He
discharges. Further, the mechanism by which excited ions are
formed appears to involve fast electrons entering the negative
glow after being accelerated across the cathode fall. This
excitation mechanism produces a distribution of states that can
be subsequently influenced by collision in some cases. Evidence
suggests that collisional deactivation is a factor in ions where
crossings occur between the potential energy surfaces describing
the interaction of the different ion electronic states with the

‘P and?F terms are coupled to each other to some degree, oneyigcharge gas. This idea is further supported by the observation

or more*P or?F spin—orbit states is isolated from lower states.
We therefore conclude that the high-mobility feature we observe
is some distribution of the spirorbit terms of the*P and?F
states, with possible contributions from low-lying spiorbit
terms of the highek—Sstates of the same or indistinguishable
configuration(s).

ATD's for Hf ¥, Ta", W', Re", and Ir" indicate no significant

that collisional deactivation within the discharge appears to be
enhanced in heavy ions where large spambit coupling results

in numerous such curve crossings. The influence of collisions
with the discharge gas is not as pronounced for ions (such as
Cu' and Ni*) in which different electronic states are not coupled
in this way. Taken together with the observed spatial effects,
this indicates that extracted metal ions are formed very near

contribution by species of different mobilities. All of these ions  the sampling orifice and excited state populations are therefore
possess excited states of sufficiently low energy such that weenhanced by sampling nearer the cathode. Other factors that
would expect significant population of them in the absence of enhance excited state populations include lower discharge
efficient relaxation. Accessible excited states of bott kifhd pressures and for some ions, a working gas composition that
Ret possess either the same configuration as the ground stateelaxes the excited states less efficiently. Thus, while it does
or a configuration expected to be unresolvable from the ground not appear that “discharge recipes” exist that would selectively
state; however, Tga W', and Ir* all possess excited states that produce a specific excited state, it is clear that some degree of
should be observable based on their mobilities if present. manipulation of the internal state distributions is possible, thus
Examination of the accessible terms for these third-row ions enhancing the utility of the glow discharge in examinations of
(see ref 10a and 10c) reveals that numerous configurationmetal ion chemistry.

crossings and-crossings such as those described above for Pt
can occur. Here also, as in the case df, Rtultiple interactions
betweenJ substates can further enhance conversion between
spin—orbit terms and therefore between overlapgirgSterms. . .

This suggests that the majority of excited states for these ionstetSh(?arCh Fung, administered by the ACS, for partial support
are relaxed to either the ground state or to isolated states of the”! thIs research.
same (or indistinguishable) mobility as the ground state. In the References and Notes

case of Ré&, the presence of excited states unresolvable from (1) Glow Discharge Spectroscopiddarcus, R. K., Ed.; Plenum: New
the ground state seems likely. This ion’s ground state is York, 1993.
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