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Two series of small polyatomic ions,s860" and HN," (x = 1, 2, 3), were systematically characterized
using three correlated theoretical techniques: density functional theory using the B3LYP functional, spin-
restricted second-order perturbation theory, and singfle®ubles coupled cluster theory with perturbative
triples. On the basis of thermodynamic data, the existence of these ions in inductively coupled plasma mass
spectrometry (ICP-MS) experiments is not surprising since the ions are predicted to be considerably more
stable than their corresponding dissociation products (byl3® kcal/mol). While each pair of isoelectronic

ions exhibit very similar thermodynamic and kinetic characteristics, there are significant differences within
each series. While the mechanism for dissociation of the larger ions occurs through hydrogen abstraction, the
triatomic ions (HCO and HN'") appear to dissociate by proton abstraction. These differing mechanisms
help to explain large differences in the abundances of*Hihd HCO observed in ICP-MS experiments.

Introduction each species. Since many polyatomic ions are not very abundant
or long-lived, much of this data cannot be easily obtained
through experiment. Theoretical calculations offer a solution
to such a problem, since they can provide several useful
quantities related to partition functions: electronic energies,
moments of inertia from stationary geometries, and harmonic
vibrational frequencies.

This work focuses on two classes of small polyatomic cations
observed in ICP-MS experiments:x€O" and HN,™ (x = 1,
2, 3). Numerous experimental and theoretical studies have been
reported for many of these ions, particularly theCi*
series?*-39 However, a systematic study of these ions using
different levels of theory and basis sets has only been reported
for thex = 1 triatomic HCO" catior¥® and HN" cation® This
work will analyze the thermodynamics and reaction pathways
of the ions in each series in order to shed light on the existence
of these ions in even the harshest environments. Similarly,

Small, hydrogen-containing cations play an important role
in numerous areas of chemistry and physics. Organic cations
such as the formyl cation (HCQ and the formaldehyde cation
(H.CO") were among the first polyatomic ions observed in
interstellar spacéThese ions have also been observed in dense
clouds associated with formation of stars and gas pl&néts.
These ions play an important part in hydrocarbon combustion
and reactions of Owith simple hydrocarbons such as methéne.
Similar ions, containing nitrogen instead of carbon and oxygen,
have been observed in roles that are similar to their organic
counterparts. The diazenylium ion ") has been observed
in the same type of interstellar media as the formyl cafion,
which is not surprising since they are isoelectronic.

Small polyatomic cations also are prevalent in inductively
coupled plasma mass spectrometry (ICP-MS), where atomic ions

are preferred for multielement analy8ig? Using a high- ) ) . . ; ;
L analyses involving comparisons between isoelectronic species
temperature (6000 K) atomization source such as an ICP_. . AP
will be performed in order to understand similarities and

attenuates but often does not completely eliminate many of thesedifferences observed in ICP-MS experiments. Finally, an

undesirable polyatomic ions. These spectral interferences be'analysis of the performance of various correlated methods in

come more troublesome for analysis at the lowest possible . . S
) S 4 o determining structures and energies of small polyatomic ions
concentrations, which is important in key scientific areas such will be performed

as semiconductor production. Understanding how these ions
forr_n could lend insight int(_) how to eliminate their prod_uction Computational Methods
during an ICP-MS experiment. For example, experimental ) o )
measurement of the dissociation consta&) @ssociated with Geometries for all structures were optimized using three
a pair of ions can indicate where such ions form, since the Methods: density functional theory (DFT) with the B3LYP
constant is a function of temperature. However, the temperaturefu”Ct'onagi‘ja2 second-order Z-averaged perturbation theory
dependence of the constant is determined through use of thelZAPT2),*“¢ and singles and doubles coupled cluster theory
partition functions associated with each species involvéa@his with perturbative triples, CCSD(T). For open-shell systems,
in turn requires knowledge of energetic and structural data for the restricted forms of all of the previously mentioned techniques
were used (e.g., RCCSD(T)) The basis set used in all optimiza-
*To whom correspondence should be addressed. E-mail: mark@ tions was the Dunning tripl§-basis set (TZF with the Pople
si.msg.chem.iastate edu. _ o _ ~ (2df,2pd}° polarization set included. In this work, this basis
Eaupéf;fe”té‘ggrglsas;re'\"s\tﬁrg?oszc'e”ce Center, University of Wisconsin et wjll be referred to as TZ2P(f,d). Frequencies were calculated
*Present address: Department of Chemistry, Villanova University, N Orde_r to determine the nature of the stationary points on each
Villanova, PA 19085. potential energy surface (PES). In all cases, the frequencies were
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1.031 H TABLE 1: Relative Energies of Stationary Points and
it ias Dissociation Limits Associated with NH* (Energies Are in
e = kcal/mol)
/ \
(H s la 1b N+ H* N2+ H
. B3LYP/TZ2P(f,d) 0 48.9 123.5 179.0
1.096 ZAPT2/TZ2P(f,d) 0 512 123.1 160.3
;:'{‘,;;’;; CCSD(T)/TZ2P(f,d) 0 49.9 125.3 171.7
11.093) tljlli':i] CR-CC(2,3)/cc-pVQZ 0 49.0 123.7 167.4
[1.116] aEnergy evaluated at CCSD(T)/TZ2P(f,d)-optimized geometry.
la 1b

Figure 1. CCSD(T)/TZ2P(f,d) geometries of the diazenylium ion and A for all bond lengths) with previously reported geometries at

its transition state associated with hydrogen migration. Values in () the CCSD(T)/aug-cc-pVXZx= T, Q) and MC-QCISD/6-31G-
are ZAPT2 parameters, and those [i | are B3LYP parameters. (d,p) levels of theory>57 '

Experimental values are ifn} and were obtained from ref 61. Bond . . . .
lengths are in angstroms. Table 1 lists the relative energies calculated at various levels

of theory for the structures on the ground-state PES #fN

At all levels of theory, the diazenylium ion is calculated to be
considerably lower in energy than the lowest two dissociation
limits involving abstraction of the hydrogen moiety (either as a
proton or hydrogen atom). Excellent agreement among the
methods is observed for the dissociation energy involving proton

calculated by numerically differentiating analytic gradients using
a central difference formula. Frequencies at each level of theory
can be found in the Supplemental Information. Transition states
were connected to their respective minima through intrinsic

reaction coordinate (IRC) calculations using the second-order ypquaction (within 2 kcal/mol relative to coupled-cluster ener-
Gonzalez Schlegel algorithni®? with a step size of 0.15 (amid gies). However, the agreement is worse for the hydrogen
bohr. IRC calculations were only performed at the B3LYP and gpstraction process, with the ZAPT2 dissociation energy being
ZAPT2 levels of theory. Constrained optimizations using the 13 4 kcal/mol lower than the CCSD(T) value and the B3LYP
multiconfigurational self-consistent field (MCSCF) method were energy being 7.3 kcal/mol higher. The CCSD(T) dissociation
used to determine the hydrogen atom/ion abstraction processenergy for this process is 4.3 kcal/mol higher than the CR-CC/
for each cation considered. Structures along these paths arec-pVQZ energy. This notable difference in the dissociation
expected to be configurationally mixed. For singlet structures, energy associated with hydrogen atom abstraction is primarily
the MCSCF active space consisted of two electrons in two due to differences in the Hartre€ock (HF) energies of the
orbitals: hydrogen-heavy atomando* orbitals. For doublet hydrogen atom using different basis sets (4.2 kcal/mol)raotd
structures, a similar active space was utilized, except the due to inadequacies of the basis set in calculating correlation
unpaired electron and corresponding orbital were also included energy. A trend is observed (vide infra) in which the CCSD-
in the active space (three electrons in three orbitals). (T)/TZ2P(f,d) energies agree quite well with the CR-CC/cc-
Because of the number of low-lying minima on some of the PVQZ energies (within 1.6 kcal/mol) except for dissociation
PESs considered, calculations involving a larger basis set werelimits_involving hydrogen atom abstraction. However, the
performed to probe the accuracy of the CCSD(T)/TZ2P(f,d) CCSD(T) calculations consistently overestimate these limits by
calculations. Single-point energy calculations were performed 3-3~4:3 kcal/mol with respect to the CR-CC values, which is
at each CCSD(T)/TZ2P(f,d) optimized stationary points using clqse to the dlffergnce in th.e HF energies of the hydrogen atom
the cc-pVQZ basis set. The completely renormalized coupled using the two basis sets. Since the CCSD(T)/TZ2P(f,d) calcula-

cluster approach (CR-CC(2,3)2implemented in GAMESS tions appear to adequately describe the correlation energy of

d to calculate th ies. Thi letel i dthese polyatomic cations, the energies of the B3LYP and ZAPT2
was used fo caiculate e energies. 1his completely renormaliz€te q,jations will be compared directly to the CCSD(T) energies.
CC approach correctly accounts for diradical character (near

. ; " Such a comparison should be more insightful and consistent
degeneracies) and is therefore better able than traditional CCSDjnce all three methods utilize the same basis set.

(T) to account for nondynamic correlation gﬁects. All B3LYP, The experimentét energy difference between the two
ZAPT2, MCSCF, and CR-CC(2,3) calculations were performed yissociation limits analyzed in Table 1 is 46.1 kcal/mol. From
using GAMESS, and all CCSD(T) calculations were performed tapie 1 one can see that the coupled cluster energy differences
usmg_AC'ES 1154 Default tolerances were used in all geometry .o quite good (46.4 kcal/mol for CCSD(T) and 43.7 kcal/mol
optimizations and frequency calculations. for CR-CC), while ZAPT2 significantly underestimates the
difference (37.2 kcal/mol) and B3LYP overestimates the dif-
ference by a similar margin (55.5 kcal/mol). Note that the
NoH*. The diazenylium ion (BH™) has been previously vibrational zero point energy (ZPE) correction was not included
characterized both theoreticeflfy?>5° and experimentall§s-63 in these calculations and would only have a small effect on the
Figure 1 shows the structures and optimized geometrical differences €0.3 kcal/mol). The CCSD(T) transition state
parameters for both stationary points associated with the groundcorresponding to hydrogen atom transfer from one nitrogen atom
state NHT cation. The linear structure (1a) is the potential to the other in the diazenylium ion is predicted to be 49.9 kcal
energy minimum, and the ring structure (1b) is the transition higher in energy than the associated minima. The other methods
state associated with proton transfer between the two nitrogenpredict a similar value.
atoms. The B3LYP NN bond lengths calculated for both Note that the calculations indicate that the preferred pathway
structures in Figure 1 are about 0.01 A shorter than the CCSD- for dissociation of NH™ is proton loss to Mand H". However,
(T) distances, while the ZAPT2 distances are about 0.01 A too the ICP-MS experiments measure the abundance ratibpH+
long. The N-H bond length for the BH™ minimum agrees to and use an estimate for the number density of hydrogen atoms
within 0.005 A at all levels of theory, whereas the BSLYP-N in the ICP% Although a peak can be measured for Hom
bond length in the transition-state structure (1b) is 0.011 A the ICP, it is not easy to estimate the sensitivity of the MS at
longer than that determined at the CCSD(T) and ZAPT2 levels m/z 1, since there are no nearby metal ions to use as mass bias
of theory. The present calculations agree quite well (within 0.003 calibrants.

Results
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Figure 2. CCSD(T)/TZ2P(f,d) geometries of the formyl and isoformyl
cations along with that of the associated transition state. Values in ()
are ZAPT2 parameters, and those [i | are B3LYP parameters.
Experimental values are i} and were obtained from refs 68, 73,
and 81. Bond lengths are in angstroms.

TABLE 2: Relative Energies of Stationary Points and
Dissociation Limits Associated with COH" (Energies Are in
kcal/mol)

2a 2b 2c CO+H* CO"+H
B3LYP/TZ2P(f,d) 0 387 767 1472 164.8
ZAPT2/TZ2P(f,d) 0 464 815  150.2 160.3
CCSD(T)/TZ2P(f,d) 0 404 774 1491 159.6
CR-CC(2,3)lcc-pVQZ 0 395 765  147.6 155.3

aEnergy evaluated at CCSD(T)/TZ2P(f,d)-optimized geometry.

HCO™. The formyl cation (HCO) has been characterized
extensively using experimentéi’ and theoreticd? 7477 tech-
niques. The isoformyl cation (COH has received less attention,
particularly in experimental studi€&:8! Figure 2 shows the
optimized structures for both the formyl (2a) and isoformyl (2b)

Sears et al.
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Figure 3. CCSD(T)/TZ2P(f,d) geometries of theo-, cis-, andtrans
diazene cations. Values in () are ZAPT2 parameters, and those in [ ]
are B3LYP parameters. Bond lengths are in angstroms.
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kcal/mol. Similarly, the B3LYP and CCSD(T) isomerization
barriers leading from the formyl cation agree to within 1 kcal/
mol, while the ZAPT2 value is too high by 4.1 kcal/mol. The
predicted dissociation energy for proton abstraction agrees quite
well among all of the methods (within 2.5 kcal/mol), with the
CCSD(T) dissociation energy calculated to be 149.1 kcal/mol.
The ZAPT2 and CCSD(T) dissociation energies for hydrogen
atom abstraction agree to within 1 kcal/mol, while B3LYP
overestimates this dissociation energy by about 5 kcal/mol. The
coupled cluster dissociation energies (10.5 and 7.7 kcal/mol for
CCSD(T) and CR-CC, respectively) are in reasonable agreement
with the experimentéf value of 9.2 kcal/mol. The ZAPT2
dissociation energy difference (10.1 kcal/mol) also agrees well
with the experimental value, while B3LYP is off by nearly a

cations, along with the transition state corresponding to H-atom factor of 2 (17.6 kcal/mol).

transfer between the two structures (2c¢). The@bond length
in the formyl cation is predicted to be 0.009 A longer at the
ZAPT2 level and 0.007 A shorter at the B3LYP level than that
calculated at the CCSD(T) level of theory (1.108 A). Thel®

HoNo™. Figure 3 shows the structures and geometrical
parameters of the three low-lying minima on the ground-state
PES for HN,". The N-H bond lengths for all structures in
Figure 3 are nearly identical regardless of the level of theory.

bond length agrees quite well among the different calculations The spread in the predictedN bond length irtrans-diazene

(within 0.005 A). Similarly, the isoformyl cation ©H bond
lengths agree quite well (within 0.005 A) among the three
methods. The €0 bond lengths determined at each level of
theory exhibit even better agreement (within 0.003 A). TheHC
and O-H bond lengths calculated at the various levels agree
to within 0.01 A in almost all cases with the B3LYP-Ei bond

cation (3a) is larger~0.02 A, with CCSD(T) in the middle
(1.169 A), ZAPT2 too long, and B3LYP too short. All levels
of theory predict a decrease in the-N bond length (by 0.01:2
0.015 A) in thecis-diazene (3c) cation relative to the trans
structure. There is considerable elongation of theNNbond

in the iso-diazene (3b) cation compared to both the trans and

length being the only exception. Geometries determined at eachcis structures. Few theoretical calculations have been reported
level of theory agree quite well with experimentally determined for these systems, with some discrepancies existing among
geometries. The only exception is the—@ bond in the various interpretations of the PES. The present calculations, in
isoformyl cation, which is overestimated by at least 0.015 A at agreement with earlier lower-level studies by Pople and Cur-

all levels of theory. This result is not unexpected based on tiss& indicate that there are three local minima on the ground-

previous studies of this system by Schaefer ef dhe very state PES. Recent RCCSDIT] calculations by Palaudoux and
low frequency bending vibration associated with this molecule Hochlaf® suggest that the cis structure is actually a saddle point
is believed to be the reason for the discrepancies between theoryand that two other nonplanar minima exist on the ground-state

and experiment for this system.

Table 2 lists the relative energies of the various stationary
points on the ground-state PES of COkllong with the lowest
two dissociation limits associated with abstracting the hydrogen
atom or the proton from the €0 fragment. Both the formyl
and isoformyl cations are quite stable compared to either
dissociation limit shown in Table 2, with the formyl cation being
more stable by 40.4 kcal/mol at the CCSD(T) level. The B3LYP
and CCSD(T) relative energy differences between the two
minima are in good agreement, whereas ZAPT2 is off6y0

surface.

Figure 4 shows the structures for two transition states that
correspond to isomerizations between pairs of minima on the
ground state PES of #l,*. The hydrogen-bridging structure
(3d) corresponds to the transition state betweertrémes and
iso-diazene cations. Neither ZAPT2 nor B3LYP is in consis-
tently good agreement with the CCSD(T) geometries. Much
closer agreement is seen for the second transition state that is
associated with the isomerization between ¢ie andtrans
diazene ions (3e).
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1157 Figure 5. CCSD(T)/TZ2P(f,d) geometries of the formaldehyde and
“‘ 145) hydroxymethylene cations along with the associated transition state.
[1214‘6] Values n () are ZAPT2 parameters, and those[i] are B3LYP
5 parameters. Bond lengths are in angstroms.
e
Figure 4. CCSD(T)/TZ2P(f,d) geometries of the transition states TABLE 4. Relative Energies of Stationary Points and
associated withrans-/iso-diazene cation isomerization atrdns/cis- Dissociation Limits Associated with HCO" (Energies Are in
diazene cation isomerization. Values(i) are ZAPT2 parameters, and  kcal/mol)
those n [ ] are B3LYP parameters. Bond lengths are in angstroms. 4a 4b 4c HCO'+H HCO+H*
TABLE 3: Relative Energies of Stationary Points and B3LYP/TZ2P(f,d) 0 54 473 39.6 157.8
Dissociation Limits Associated with NH,* (Energies Are in ZAPT2/TZ2P(f,d) 0 —3.1 334 15.9 146.2
kcal/mol) CCSD(T)/TZ2P(f,d) 0 54 459 31.8 158.5
YT CR-CC(2,3)/cc-pVQZ 0 5.0 455 28.5 157.2
3a 3b 3c 3d 3e +H +H" aEnergy evaluated at CCSD(T)/TZ2P(f,d)-optimized geometry.

B3LYP/TZ2P(f,d) 0 3.1 59 558 135 478 164.3 ; ; ; ;
DTN 0 105 8 Ses i1 Yo imo [ eerment Tie BaP cacuatone inderesiat
CCSD(T)/Tz2P(fd) 0 15 65 540 142 393 1652 S o s
CR-CC(2,3)/ 0 15 6.4 536 144 360 1637 CCSD(T) calculation. Interestingly, the ZAPT2 energy differ-

cc-pvQZ ence is much closer to the experimental value than the B3LYP
and coupled-cluster calculations (132.4 kcal/mol).

H,CO™. The formaldehyde cation (4a) and hydroxymethylene

Table 3 lists the relative energies of all previously described cation (4b) have been previously characterized through numer-
stationary points on the ground-stateN4™ PES. All three ous experimentét—2° and theoreticdP—38 studies, particularly
minima are relatively close in energy, and all levels of theory the formaldehyde cation. Figure 5 shows the structures and
predict thetrans-diazene ion to be the global minimum. All  geometrical parameters calculated for the two minima and the
methods are generally in excellent agreement with each other,associated transition state (4c) on the ground sta®CH PES.
except ZAPT2 predicts a relative energy for the-diazene ion In general ZAPT2 underestimates bond distances relative to
(3b) that is much too high. This leads to an incorrect prediction CCSD(T), and B3LYP overestimates them, but all three levels
that thecis-diazene ion (3c) is more stable than the-diazene of theory are in reasonable agreement. In the transition state,
ion, in disagreement with both coupled cluster and B3LYP, as the ZAPT2 O-H and C-H bond lengths that are associated
well as with earlier G2 calculations by Pople and Cur#sEhe with the bridging hydrogen are considerably different from those
14.2 kcal/mol CCSD(T) barrier to isomerization between the predicted by both CCSD(T) and B3LYP, which agree quite
cis and trans isomers (3e) is in good agreement with the B3LYP closely with one another. The ZAPT2- bond length is
barrier, while ZAPT2 overestimates the barrier by 3.0 kcal/mol. nearly 0.030 A shorter, and the-& bond length is nearly 0.02
The CCSD(T) isomerization barrier connecting the iso and trans A longer.
isomers (3d) is much higher in energy, 54.0 kcal/mol, with  Table 4 lists the relative energies of the various stationary
similar values predicted by both B3LYP and ZAPT2. The points on the HCO" PES, including two related dissociation
CCSD(T) dissociation limit corresponding to the removal of a limits. The most noticeable trend in this table is the severe
hydrogen atom from PH," is only 39.3 kcal/mol higher in underestimation of relative energies at the ZAPT2 level of
energy than the global minimum (3a). While ZAPT2 predicts a theory. While CCSD(T) and B3LYP predict the formaldehyde
similar result, B3LYP overestimates the dissociation energy by cation to be the global minimum and the hydroxymethylene
8.5 kcal/mol. Removal of a proton fromaN,™ requires much cation to be about 5 kcal/mol higher in energy, ZAPT2 predicts
more energy ¥ 100 kcal/mol) than hydrogen atom abstraction. the hydroxymethylene cation to be about 3 kcal/hoover in
Experimentally?* the difference between the two dissociation energy. This inability of perturbation theory to correctly predict
limits was determined to be 133.8 kcal/mol. The CCSD(T) the relative energies of these structures is well documented,
calculations predict the difference to be 125.9 kcal/mol, despite the fact that the geometries are in good agreement with
underestimating the difference by8 kcal/mol with the CR- those obtained from higher-level calculations. ZAPT2 also
CC calculations being in slightly better agreement (127.7 kcal/ underestimates the relative energies of the transition state and

aEnergy evaluated at CCSD(T)/TZ2P(f,d)-optimized geometry.
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(117.0%) [1.033] kcal/mol; B3LYP, ZAPT2, and CCSD(T) Energies
[117.5°)] Calculated Using TZ2P(f,d) Basis Set)
= B3LYP ZAPT2 CCSD(T) CR-CC(2,3)/cc-pVQ@Z
1.024 1.233
(1.025) 11720 (1.230) HsCO* 0 0 0 0
[1.028] digay  21) H,CO"+H 1195 127.0 119.2 115.8
§ 1767 HCOH'*+H 1249 1239 124.6 120.8
'i) H,CO+H" 1783 176.9 179.4 178.4
HCOH+Ht 230.6 2323 230.8 230.1

Figure 6. CCSD(T)/TZ2P(f,d) geometries of the global minimum on aEnergy evaluated at CCSD(T)/TZ2P(f,d)-optimized geometry.
the HCO" and KN, PESs. Valuesi () are ZAPT2 parameters, and

those n [ ] are B3LYP parameters. Bond lengths are in angstroms.

) o o tion of a hydrogen atom from ;" requires a large amount
both dlssomauon_ I|m_|ts by 10616 kcal/mol. Thls is a rather ¢ energy (100 kcal/mol), with the proton abstraction process
Iarge_ error, con_S|der|ng the CCSD(T) relative energy for the requiring approximately twice as much energy. The B3LYP and
transition state is only 45.9 kcal/mol and that for the lowest ccsp(T) relative energies agree quite well (within 2 kcal/mol),
dissociation limit is 31.8 kcal/mol. B3LYP relative energies are \ypile the ZAPT?2 energies deviate from the CCSD(T) values
in relatively good agreement with the CCSD(T) results, py 28 kcal/mol. Table 6 lists the energies of the dissociation
particularly for the bound structures. B3LYP overestimates the |imits associated with the $£OH* cation at the same levels of
dissociation energy for the lowest dissociation limit by almost heory. Qualitatively the energies are similar to those for the
8 kcal/mol compared to the CCSD(T) value but agrees well pitrogen-containing analog: hydrogen abstraction requires a
with the CCSD(T) value for the higher dissociation limit. The |3rge” amount of energy (at least 100 kcal/mol), and the

energy difference between the dissociation limits at the coupled corresponding proton abstraction process requires considerably
cluster levels (126.7 and 128.7 kcal/mol for CCSD(T) and CR- more energy ¥50 kcal/mol).

CC, respectively) compare quite well to the experimental ¥alue
of 126.4 kcal/mol. The ZAPT2 calculations overestimate this piscussion
difference by almost 4 kcal/mol, while the B3LYP calculations
underestimate the value by just over 8 kcal/mol. Since the HCO and NH* cations are isoelectronic, one
HsN,* and HsCO™. The triplet methoxy cation has been expects that they will have similar thermodynamic and kinetic
extensively studied due to its reactivity through nonadiabatic parameters. Tables 1 and 2 show that the thermodynamic
processe& 88 On the basis of preliminary calculations, this stabilities of these species compared with their respective
structure and the isoelectronic triplet dinitrogen species were dissociation limits are both quite large {20 kcal/mol). Despite
not considered in this work since these ions are considerablythe similarities in the thermodynamics associated with these two
higher in energy ¥ 50 kcal/mol) than the corresponding global ions, ICP-MS experimerft3 have shown that the abundance
minima and are probably not important in the relevant experi- ratios N*/CO" and NH*/HCO" are about four and ten,
ments (i.e., in an ICP af ~ 6000 K). Figure 6 depicts the  respectively. While thermodynamic arguments can explain the
geometries for the global minimum structures for theNgt abundance of pH™ compared to M, it provides no insight
and HCO" singlet cations, which are both planar. Although into the differences between the two isoelectronic species. The
these structures are considerably more stable than their tripletionization energies of neutral,N and HCO are in the range
counterparts, few calculations on these species have beer¥?.8 to 8.2 e close enough that differences in the extent of
reportecB’:89-91 The ZAPT2 and B3LYP geometrical parameters ionization are unlikely to be responsible for the different
for the HsN; singlet cation agree quite well with the CCSD(T) abundances of M* and HCO'.
values. Most bond lengths agree to within 0.005 A, and the Examination of the mechanisms for dissociation of HCO
angles agree to within®1 Similar comments apply to the,H and NH™ does give an indication of why there are different
COH" singlet cation; all bond lengths agree to within 0.004 A abundances of these ions. Simple MCSCF calculations reveal
of the CCSD(T) result, and most bond angles agree to within that these ions dissociate smoothly into a neutral diatomic
1°. Attempts to find nonplanar minima comparable in energy molecule and a proton when they are pulled apart. These
to the ground-state minima (within 50 kcal/mol) for both ions dissociation limits are also significantly lower in energy than
were unsuccessful. the corresponding hydrogen abstraction processes. Thus, the
Table 5 lists the relative energies of the dissociation limits association of the neutral diatomic molecule and a proton within
associated with gN,* at various levels of theory. The abstrac- the experimental apparatus could lead to higher than expected
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levels of the triatomic cations. The higher abundance #iN CR-CC single-point calculations indicates that essentially all
than HCO in the mass spectrum may thus be related to different of the structures analyzed have very little multireference
abundances of the corresponding neutraihd CO in the ICP. character, including transition-state structures. The one exception

The thermodynamics of O+ and NeH,* exhibit numerous is the formaldehyde cation, which does exhibit some multiref-
similarities as expected. The minima on each surface are moreerence character (largest T1 amplituge—0.154). This fact
thermodynamically stable than the dissociation products but not could explain the difficulty perturbation theory has in determin-
nearly to the extent seen for the triatomic cations described INg the proper energy ordering of the formaldehyde and
above. The one significant difference between these two systemdydroxymethylene cations.
is that no minimum corresponding to @s-like species was It appears that geometries are not very sensitive to the choice
found for HCO™. Each PES exhibits multiple minima that are  of method used. This is good news for the intended fundamental
relatively close in energy: $¥O" has two minima within 6 studies of polyatomic ions in ICP-MS as a reasonable estimate
kcal/mol of each other, and N, has three minima within a  of the geometry is probably sufficient to allow calculation of
7 kcal/mol range. Despite these closely spaced minima, the PES$he vibrational and rotational partition functions. Also, larger
are not shallow and featureless. Relatively large barriers (45 Systems similar to the ones studied in this work could be
55 kcal/mol) corresponding to hydrogen transfer between heavy accurately probed using relatively simple correlated methods
atoms exist on both PESs. On theH\' surface, a considerably ~ to obtain geometries. However, one must be cautious of using
smaller barrier (14 kcal/mol) was found leading to isomerization Perturbative methods to obtain relative energies, as the dis-
between the cis and trans isomers. The dissociation pathwayssociation constant is highly temperature sensitive.
for the formaldehyde cation and tis®-diazene ion were found
to be similar in that they both dissociate to form a hydrogen Conclusions

: : X . +
?tﬁ.m. anq th}f’ cortqezpfcrmdlntgt:]rlat?rrrlc catlr?n (HO?? H’\(ljzf)' th Two series of small polyatomic ions,s80" and HN," (x
IS IS signincantly difierént than the mechanism found forthe -_ 4 5 3), were systematically characterized using CCSD(T),

triatomic cations themselves, which appear to form through ZAPT2, and B3LYP. Despite a large difference in the abun-
protonation of a neutral diatomic molecule rather than through dances,of HC® and HN_# in recent ICP-MS experiments, these
a radical reaction involving a hydrogen atom and a diatomic isoelectronic ions are found to have similar dissociation energies

Cat'ﬁ n.hS|(;n|IarIy, the dlssochtJrorJrﬁf thEar?s?lazen_e 1on fl%adrs] and pathways based on theoretical calculations. Each pathway
to the hydrogen atom andzN". Thus, the formation of both ¢ esponds to deprotonation of the ion to form a neutral

the HCO* _and NH." cations appears to be depe+nder_1t on the diatomic molecule. This observation could explain the concen-
concentration of hydrogen atoms and HCand NH™ cations. tration differences since the experiments were performed under
Though the singlet BCOH* and HN2" cations appear 0 atmospheric conditions. Also, protonation of the diatomic
be global minima, few calculations have been reported for thesemolecules leads to a much more thermodynamically stable
structures. The two structures are very similar in many respects.species ¥ 120 kcal/mol). For the tetra-atomic speciesCi"
They both have planar geometries and are very stable withand HN,*, both the thermodynamics and kinetics differ
respect to the lowest dissociation limits (about 100 kcal/mol). significantly from the triatomic ions. The dissociation pathway
MCSCF calculations show that dissociation of the hydroxy associated with these species corresponds to hydrogen atom
hydrogen in HCOH' leads to the formation of a hydrogen atom  apstraction leading to the previously mentioned triatomic cation.

and the formaldehyde cation. The similar process falNF1 Though formation of the tetra-atomic cations leads to more
leads to formation of a hydrogen atom and tse-diazene  thermodynamically stable structures, the difference in energy
cation. The abstraction of a hydrogen fromNd* to form a between these structures and their dissociation linit(kcal/

translike species results in the removal of a hydrogen atom to mol) is much smaller than for the triatomic/diatomic systems.
form the trans-diazene cation. These processes more closely One significant difference observed between these two isoelec-
resemble the dissociations of the tetra-atomic cations as opposedronic species is the absence otia-like stationary point on

to the triatomic cations. the HLCO' PES.

The biggest discrepancy between geometries using different The HCO' and HN,™ cations are very similar in that they
methods was observed for the transition states involving a both are roughly 100 kcal/mol more stable than their dissociation
bridged hydrogen. The ZAPT2 hydrogen-heavy atom bond products. The dissociation products for these structures are a
lengths involving the bridging hydrogen are often significantly hydrogen atom and the corresponding tetra-atomic cation. For
different from the B3LYP and CCSD(T) values. These differ- each series, the formation of the larger polyatomic cation is
ences are usually larger than 0.01 A and as high as 0.03 A. Theenergetically favored by a considerable amount, though this
B3LYP distances generally agree to within 0.01 A with the value differs significantly depending on the ion formed. Thus,
CCSD(T) values. The ZAPT2 relative energies are often itis not surprising that such ions are detected in experiments in
considerably different from those determined at the CCSD(T) which even a “complete” atomization source, such as an ICP,
level of theory; in some cases {80" and HN,") ZAPT2 is used. The primary difference within each series is that the
predicts incorrect energy ordering for the minima. In most cases, formation of the triatomic ion is through a protonation process
the B3LYP energies agree very well with the CCSD(T) results rather than through addition of a hydrogen atom, which may
and predict the correct ordering of minima for all structures. be why HCO and HN,' are present at very different abun-
The effect of the basis set has a minimal role in determining dances in ICP-MS experiments.
the energetics of the small polyatomic cations considered. The An analysis of the reliability of the three methods used for
TZ2P(f,d) basis set appears to be adequate in determining thepredicting geometries and relative energies suggests that B3LYP
correlation energy of the species considered. However, theand ZAPT2 geometries typically agree well with those deter-
inadequacies of this basis set in determining the HF energy of mined at the CCSD(T) level of theory. The ZAPT2 calculations
the hydrogen atom did show significant, though predictable, have more difficulty predicting the geometries of transition states
differences in the energies associated with hydrogen atomthat involve a bridging hydrogen. Relative energies determined
abstraction processes. Analysis of the T1 amplitudes from theat the ZAPT2 level are in many cases in relatively poor
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agreement with CCSD(T) values, while B3LYP energies are
typically in good agreement. On the basis of T1 amplitudes

Sears et al.

(34) Ma, N. L.; Smith, B. J.; Radom, IChem. Phys. Lett1992 193
386-394.
(35) Nguyen, M. T.; Creve, S.; Vanquickenborne, L.JGPhys. Chem.

generated at the CR'CC(2,3)/CC'pVQZ level and the very small 1996 100, 18422-18425.

differences between the CR-CC and CCSD(T) energies, there

is very little multireference character in the cations considered.

Therefore, using simple correlated methods to predict geometries

(36) Francisco, J. S.; Thoman, J. @hem. Phys. Letl.999 300, 553—
560.
(37) Francis, G. J.; Wilson, P. F.; Maclagan, R. G. A. R.; Freeman, C.
.; Meot-Ner, M.; McEwan, M. JJ. Phys. Chem. 2004 108 7548~

for such systems appears to be a reasonable approach, thougfesa.
energy calculations are very sensitive to the method used and (38) Levandier, D. J.; Chiu, ¥:H.; Dressler, R. A.; Sun, L.; Schatz,

must be analyzed carefully.
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