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Abstract

Double-charge-transfer (DCT) collisions of HOH" and F 3 keV beam ions with a series of alkyl isocyanate molecules were studied using
mass spectrometric techniques. Measurement of the kinetic energiesiof$iso produced enabled the determination of double-ionization
energies (DIE) for transitions to singlet doubly ionized states of the target molecules; those for triplet doubly ionized states were obtained
similarly from measurements of the kinetic energies of Cathd F ions. Values up to approximately 40 eV were obtained in most cases
and were found to be in close agreement with the predictions of ab initio calculations using propagator theory, also presented here. For
n-butyl isocyanate (and by implication heavier molecules in the series) the density of doubly ionized states above 30 eV was both observed
and predicted to be too large and featureless for meaningful analysis, so establishing an effective upper limit on molecular size for the
current application of these techniques. Significant configuration interaction was predicted for the final doubly ionized states, which justified
theoretical analysis with a relatively complex method that accounts well for correlation effects.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction ergies (DIEs) but experimental difficulties are often posed
by the peaks being weak, broad and difficult to calibrate.
The techniques of double- and triple-charge-transfer spec-Charge-stripping involves ionization of a molecular cation
trometry are well suited to the measurement of the ener-as it passes through a gas, so that cation must be stable
gies of vertical multiple ionizations of the ground states for several microseconds if the second ionization is to have
of neutral gas-phase molecules to both stable and unstable significant probability of occurring. In either technique
states of their doubly and triply charged molecular ions, re- the transient molecular cation state may therefore have re-
spectively. Each possible transition is directly related to an laxed its geometry before the second ionization. In contrast,
observable change in the kinetic energy of a high-energy double-charge-transfer (DCT) transitions may be assumed
(several keV) projectile ion when it undergoes a gas-phasevertical because the transit time in the collision region is
collision with the neutral target molecule of interd4i. very short, so the peaks in a DCT scan may be compared
Other well-established experimental techniques for the study directly with the results of calculations of vertical DIEs. Ad-
of double ionization are gas-phase Auger spectros¢@py  ditional advantages of DCT spectrometry are: the peak po-
and a technigue the development of which Beynon was sition resolution now achievable is typically 0.2—0.4 ¥,
closely associated with, charge-stripp{3y. The former al- the spin multiplicity of the final dication states may be se-
lows examination of a wide range of double-ionization en- lected by an appropriate choice of projectile {ah, so that
separate scans may be obtained for singlet and triplet dica-
B tion states. Ff, OH™ and F~ projectiles are normally used,
* Corresponding author. . . L AR
E-mail address: d.e.parry@bristol.ac.uk (D.E. Parry). for each of which the final anionic state of the projectile is
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dication states, the triplet OHand F" projectiles triplet di- Both OH" and F projectile ions were employed in the
cation states. Studies of singlet states withwere initiated study of the DIEs to triplet dication states, since they pro-
at Orsay[5] over 20 years ago, of triplet states with ®H  vide information on different ranges of DIEs. The quantity
and F~ more recently at Swans¢a]. DIE,(M) — E(A* — A7) is the ‘endoergicity’ of a DCT
Here the results are reported of both DCT experimental reaction; it has been establisHddb] that there is a ‘reaction
and ab initio propagator theoretical studies of the valence window’ range of endoergicity outside which the probability
DIEs of four members of an homologous series of quite of DCT reactions is relatively much smaller than for those
large molecules that lack significant structural symmetries, with endoergicities within that windowE(AT™ — A7) is
the n-alkyl isocyanates, for which relatively complex man- about 14.8 eV for OH projectiles, 20.8 eV for ¥ projec-
ifolds of doubly ionized states are expected to exhibit rel- tiles, the latter therefore extending the accessible range of
atively closely spaced energies and so a correspondinglytriplet state DIEs.
greater challenge to the accuracy of experiment and theory. The isocyanates used in the experiments were purchased
Of particular interest also are (i) the upper limit on the size from the Aldrich Chemical Company, quoted purities being
of molecule that may usefully be studied and (ii) whether greater than 97%. The Hand OH" ions were generated
correlation effects, well accounted for in the theoretical ap- by electron impact of bO in the source of a Finnigan 8230
proach used here, are significant enough to invalidate themass spectrometer (Finnigan MAT, Bremen, Germany).
approximate description of a doubly ionized state in terms CF4 was introduced into the source for the generation of
of the removal of two electrons from a single pair of molec- F* ions.
ular orbitals. The spectrometer was double-focusing with the magnet
situated between the source and the electric sector, the con-
figuration established by Beynon and coworkers as advanta-

2. Experimental geous for Mass-analysed lon Kinetic Energy Spectroscopy
(MIKES) [7,8]. In conventional machines (electric sector

A DCT reaction may be represented by: followed by magnetic sector) ion fragmentations in the first

At +M = A~ + M2 (n) @ field-free region could produce confusing spectra since the

parent ions might be any of the molecular or fragment ions
where A" is the fast projectile ion, M is the neutral target emerging from the source. On reversal of the order of the
molecule in its initial ground state andV(n) is a final sectors[7,8] it became possible to select the parent ion in
dicationic stationary electronic state B andE, represent, the magnetic sector; fragment ions produced in the second
respectively, the initial and final translational kinetic energies field-free region could then be energy analysed with the
of A in this reaction with M, is the translational energy loss electric sector. In this work the positive projectile ions were
of the projectile: accelerated to 3 keV translational energy and mass-selected
Eo— E, = DIE,(M) — E(A* — A7) @) to pass through a <_:o||ision-gas cell Iocate(_j close to the in_-
termediate focal point between the magnetic and the electric
is accounted for by the energy difference (M), between sector. DCT collisions with target molecules in this cell pro-
M?+(n) and M, and the energ(A+ — A™) released on  duced negative projectile ions which were transmitted to the
the capture of two electrons by"Aso that a plot of the mag-  detector through the electric sector. Scanning, through an
nitude of the A" ion current against its final translational en- appropriate range, of the voltage applied to the plates of the
ergy will exhibit a peak at each energy that corresponds  electric sector was equivalent to scanning the negative-ion
to population of a dication state#(n). Recoil and thermal  translational energy (a known function of the applied volt-
energies of the target molecules in these reactions are negage).
ligible in comparison with the current best translational en-
ergy resolution of approximately 0.2 eV. A straightforward
calibration of theE, scale to yield DIEs directly is made 3. Theoretical
possible by also measuririke for a similar DCT reaction
of AT with xenon target atoms, that populates the lowest A theoretical analysis of the DIEs measured for a given
energy state of X& of spin multiplicity appropriate to the ~ molecule requires predictions to be made of the vertical en-
projectile A*. Then: ergy differences between its initial neutral ground state and
various final dication states, which are the stationary elec-

— - — + -
Eo = Exe = DIE(Xe) = E(AT = A7) ®) tronic states of the doubly charged ion having the initial ge-
which, usingEq. (2) yields: ometric structure of the neutral molecule. A straightforward
DIE, (M) — DIE(Xe) =Exe — E, 4) approach would be to perform separate calculations of the

energies of the initial state and of each final state of inter-
so eliminating the need for accurate values Ef and est, but an alternative procedure, much less computationally
E(A*T — A7) because the required values of DIE(Xe) are demanding, is to calculate the energy differences directly
known. using a propagator method. Information required for the de-



M.A. Bayliss et al./International Journal of Mass Spectrometry 230 (2003) 85-97 87

scription of the double-ionization process is contained in Table 1

the pp propagator, the equal-time 2-particle Green’s func- HF/6-311G* va_tlen_ce molecular orbital energies for the isocyanate
tion for the N-electron neutral molecule with both particles Melecules studied in this work

(electrons) created simultaneously at titheand destroyed ~ CHsNCO CHsNCO n-CsH7NCO  n-C4HoNCO
simultaneously at timé”. Matrix elements of the Fourier M.O. ¢(ev) M.O. e(@€V) MO. =(V) MO. ¢ (V)
transform of the pp propagator fof < ¢’ take the form:

8d  —39.29

) () 9d  —35.99

=) _ Xrs Xy (5) 104  —34.57
[T = 2 ENZ2_EN _ . e 74 —39.33 114 -2861
me(N—=2) = 0 8d 3484 124 —25.26

94 —-33.00 134 —22.62

with ¢ = 0T; this exhibits a pole wherevep coincides 64 —39.44 10a -2661 14 -22.01
with a DIE. r, s, t, u can be SCF molecular orbitals and 7d  —3485 1la -2204 144 -19.98
runs over all the stationary states of th€ { 2)-electron g4 2844 12& 2024 154 -19.21
NS y 54 —3951 QA -—2442 14 —20.18 164 —18.62
dication. Here the ADC(2) metho®] has been followed 6d —34.83 104 —1980 134 —1922 24 —17.89
to locate the pole energies. However, an ADC(2) calcula- 74 -26.93 114 -1875 144 —17.90 174 -16.92
tion of the double-ionizations of the isocyanate molecules 84 —20.83 1& -1840 24 -17.60 18a -—16.57
studied here, which have from 22 to 40 valence electrons, 9¢ ~—18.74 124 -17.50 154 -16.98 34 -16.38
; ) . . 1& -18.00 24 —16.83 164 —16.09 194 —14.04
is computationally demanding even with one of the modest , ) (-0 150 1557 34 _1593 44 -1400
split-valence bases that have proved acceptable in ADC(2) >4 _16.28 144 —14.80 174 —13.42 204 —13.12

calculations for smaller molecules. The geometric structuresi11d  -15.79 34 —14.61 44 —12.28 54 —12.17

reported by Jones et 4l.0] (the data reported for GNCO 124  -12.30 15a -11.99 54 -11.34 2la -11.30
were used to construct one foldgNCO) were adopted, 3@ —11.51 44 -11.44 18a -1122 64 -11.22
with reflection symmetry in a molecular plane which gives 134 3.64 164 3.85 194 393 74 3.73
the matrices block diagonal form; also, spin symmetry en- 144 534 17a 4.75 64 4.32 224 3.93
ables further block-diagonalization into singlet and triplet 561 54 518  20a 458 23a 4.40

: . he basi 5.66 184 5.49 214 496 244 4.56
matrices. Neverthele;s, the block matrices fprt e basis set g 693 194 588 204 550 254 545
of atom-centred functions used here have dimensions from 8d’ 6.15

about 2x 10* for CHsNCO, up to 3x 10° for C4HgNCO,
which would require the computation of a very large number
of matrix elements and corresponding difficulty in calculat-
ing the required eigenvalues and their eigenvectors. There- The FORTRAN code for the iterative method has been
fore the ‘diagonal’ ADC(2) approximatiofill] has been linked with the Gaussian9|L.3] molecular orbital program
adopted here as it is the physical basis of a novel and effec-package, so as to employ the 1- and 2-electron matrix ele-
tive iterative computational techniqui#2] for the efficient ments calculated in a molecular-orbital basis by that pack-
calculation of the lower energy DIEs of interest to accept- age. All computations were performed on a Pentium PC run-
able accuracy, using working matrices of dimension equal ning under the Linux Red Hat operating system. A standard
to the number of two-hole (2h) “main” basis configurations 6-311G* [13,14]valence-triple-zeta basis with a shell of po-
of the chosen symmetry. Tests of the diagonal approxima- larization functions on each atom was employed. Following
tion on a variety of small moleculed 2], for which the the initial SCF calculation to obtain the molecular orbitals
DIEs had been previously calculated without it, indicated of the neutral molecules (the SCF molecular orbital data are
that its introduction resulted in systematic small reductions, listed inTable J), the post-SCF propagator calculations were
typically 0.2 eV, in the DIEs of main transitions to dication carried out for double-ionizations to both singlet and triplet
states with significant 2h character, together with insignifi- dication states, exploiting both spin and reflection symmetry
cant changes to the associated eigenvedi@f Its effects to block-diagonalize the ADC(2) matrices. For each ADC(2)
on the energies of transitions to satellite dication states with matrix block, its dimension and also the number of main
effectively no 2h character in contrast can exceed 11y 2h basis configurations of the same symmetry which deter-
but, as such transitions are not anticipated to have signifi- mines the dimension of the much smaller working matrices
cant cross sections in DCT processes, that poses no problenthat are repeatedly diagonalized inst§E2], follow for each

in this application. molecule:
CHsNCO 17082, 424A"), 15984, 24 ¥A”), 23191, 31%A’), 22239, 243A")
CoHsNCO 47175, 65YA"), 44840, 40YA”), 65477, 51%A’), 63288, 403A")
C3H;NCO 105909, 93%A"), 101508, 60%A”), 149072, 76A’), 144688, 60A”)

C4HgNCO 207396, 126'A"), 199794, 84¥A"), 294766, 1069A’), 286824, 84A”)
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Table 2
Double-ionization energies45eV of CHNCO for transitions to singlet states of its dication, calculated in the ‘diagonal’ ADC(2) approximation (see
text) and measured with double-charge-transfer spectroscopy

Term DIE (eV) Main (%) Leading configuration weights Group DIE (e¥)1.0 DCT (eV)

A 29.11 85 73% 3472 30.2 30.0+ 0.3 (1)
a7 29.36 84 74% 12al3q’~1

A 30.47 84 69% 12a2 315 31.0+ 0.2 (2)
a7 31.21 86 49% 1¥a'3d’~1, 31% 2411241 32.2 32.14+ 0.3 (3)
a7 32.70 82 26% 28112471, 24% 114 1341 33.9 33.94+ 0.3 (4)
ia 32.78 83 43% 11al124-1, 25% 241341

ia 33.10 83 39% 257 13d'~1, 23% 114 11241

a7 33.70 84 49% 10a'3d’~1, 24% 1411241 34.7 34.94+ 0.3 (5)
a7 34.38 82 35% 1a 112471, 23% 241114 35.9 35.9+ 0.4 (6)
a 34.50 82 24% 1871341

a7 34.63 84 62% 9al3d’ 1

a 34.74 84 18% 1142

a 34.93 84 40% 9ali2d—1

a7 35.44 84 56% 8al3d' 1

a 36.06 82 34% 8al12d~1, 24% 94 11241 37.4 37.3+ 0.3 (7)
a7 36.39 84 37% 18111471, 37% 104 1241

a7 36.69 73 31% 25711141

a 36.69 75 20% 11a2

a 37.46 75 19% 141341 38.7 38.74+ 0.5 (8)
a7 37.75 82 24% 8al2d' 1

ia 37.89 81 26% 8atl, 11471

a7 38.72 79 24% 9al2d’~1, 20% 84 124’1 40.1 40.4+ 0.4 (9)
a 38.88 77 27% 9ali1d?!

a 39.36 71 30% 10al114-1

a7 39.43 72 23% 10al2q’' 1

A 40.00 84 51% 9a? 41.8 41.7+ 0.3 (10)
ia 40.06 69 29% 1472

a7 40.10 77 30% 14110471, 20% 7413’1

a 40.29 76 36% 10a?

a7 40.62 75 29% 9alig 1

a 40.81 74 19% 9al104-1

a7 41.17 71 56% 8alid—1

a 41.18 71 33% 8al104~1

a 41.56 76 19% 8al104-1

a7 42.18 78 45% 7al3a 1 43.3 43.1+ 0.3 (11)
1a 42.32 77 46% 7alizd—1

a 43.80 75 32% 8alod—1 44.7

ia 4493 64 34% 8a? 458

Eigenvalues in the energy range up to 40eV and above4. Discussion
(32 eV for GHgNCO), together with configuration weights
>20% calculated from the corresponding eigenvectors, are Typical DCT scans for the double ionization of xenon
listed in Tables 2—%or comparison with the experimental with H* [16,17], OH' and F" [18] ions have been reported
data also presented there. Entries in italics are for satellites,previously; data from those sources were used, together with
here defined as having total 2h weight @20%. In the singlet and triplet values d¥;(Xe) measured in this work,
diagonal ADC(2) approximation used here the interactions for calibration inEq. (4) A typical DCT scan, for the colli-
between different satellite configurations are neglected, sions of H™ with CH3NCO, is shown irFig. 1. Those peaks
resulting in DIEs for transitions to satellite states being pre- that are exhibited consistently in repeated scans (at least 10
dicted less accurate[t2]. However, the DCT intensities of ~ for each projectile-target combination) are labelled (numer-
such transitions may be regarded as negligibtg, so that ically for singlet states as iRig. 1, alphabetically for triplet
errors in their predicted energies are of no consequence instates) and represented the negative ion currents from reac-
this investigation. tions populating the dication states. The utility of employ-
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Table 3
Double-ionization energies45 eV of CHNCO for transitions to triplet states of its dication, calculated in the ‘diagonal’ ADC(2) approximation (see
text) and measured with double-charge-transfer spectroscopy

Term DIE (eV) Main (%) Leading configuration weights Group DIE (e¥)1.0 DCT (eV)
SpA7 28.49 81 78% 12al3d’ 1 29.5 29.94+ 0.2 (A)
SA 30.93 86 81% 2a 1341 32.1 32.44+ 0.3 (B)
G 31.00 85 60% 11a'3a’ !
A 31.34 85 81% 11al124-1
Sp 32.00 80 58% 2a1124~1 33.0 33.54 0.2 (C)
37 33.39 81 58% 10al3a’~* 34.6 34.3+ 0.3 (D)
A/ 33.46 83 81% 1a 1341
S 33.76 80 68% ra 11241
Sp 33.80 81 61% 9al3d’ !
SA 33.88 83 51% 10al124-1, 26% 9411241
A 34.16 81 48% 9al12d4~1, 26% 104 11241 35.2 35.2+ 0.2 (E)
SAY 34.62 81 72% 8al3d’ 1 36.1 36.1+ 0.3 (F)
A 34.95 81 71% 9al124-1
SA” 35.37 75 56% 2a 1114t
3A7 36.23 83 47% V& 111471, 31% 104 11141 375 37.3+ 0.3 (G)
A/ 36.23 84 74% 10a'11d4-1
A 36.33 82 77% V12—t
3p” 36.85 78 37% 9al2a’—1, 32% 84 12a' 1
A 36.85 78 38% 9ali1d—?
37 38.10 73 32% 10at2a’~1, 23% 1411141 39.1 38.7+ 0.4 (H)
SA 38.18 82 37% 8al11d~1, 30% 94 1114~!
SA7 39.14 75 59% 1411041 40.3 39.74+ 0.2 (1)
SA 39.29 73 43% 9al104-1
SA7 39.38 74 40% 9alia’—1
A 39.98 85 81% 8alod 1! 41.1 40.84+ 0.2 (J)
SA7 40.17 76 55% 8alia’~1
A/ 40.24 77 53% 8al104~!
SAY 40.99 79 74% 7al3d’ 1 422 41.94+ 0.4 (K)
A 41.43 78 74% 7al124-1
3p 44.96 79 66% 7allld—?! 46.0
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Fig. 1. A typical DCT scan for the reactions of 3 keV"Hprojectile ions with gaseous GNCO molecules.
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Table 4
Double-ionization energies45 eV of GHsNCO for transitions to singlet states of its dication, calculated in the ‘diagonal’ ADC(2) approximation (see
text) and measured with double-charge-transfer spectroscopy

Term DIE (eV) Main (%) Leading configuration weights Group DIE (e¥)1.0 DCT (eV)
a7 27.76 83 63% 18al4a’ ! 29.2 29.14+ 0.2 (1)
1A/ 27.93 84 48% 4a72, 27% 34~ 14d' 1

i 28.37 82 60% 13a?

a7 28.67 84 49% 14at4d’—1, 29% 3411541

a7 29.08 84 36% 3411541, 24% 134 144’1 30.3 30.14+ 0.2 (2)
a 29.46 83 38% 3alad' 1, 24% 442

a 29.61 84 51% 14a'154-1

a7 30.56 82 40% 13at4a’ ! 31.6 32.1+ 0.2 (3)
ia 31.77 81 53% 13al154~1 33.0 33.04+ 0.1 (4)
a7 31.92 81 59% 24 1154 1

a7 32.29 82 28% 12at4d’~1, 23% 1341341

a/ 32.66 83 26% Valad'—1, 22% 241441 34.1 33.8+ 0.2 (5)
a 32.70 81 28% 2a713d'~1, 23% 241441

a7 32.85 82 31% Tali5d -1, 23% 2411441

a 32.94 82 22% 13al144-1

a7 33.17 81 No dominant configuration

n 33.31 82 23% 13a?, 22% 114 11541

a7 33.45 81 No dominant configuration

i 33.45 82 No dominant configuration

a7 33.48 82 No dominant configuration

a 34.02 81 22% 11a'154-1 35.2 34.94+ 0.3 (6)
a7 34.08 82 39% 11al4a’ 1

i 34.10 82 32% 3472

1A/ 34.31 81 20% 10al15d4-1

a7 34.63 80 No dominant configuration 35.8 35t90.3 (7)
ia 34.68 79 No dominant configuration

a7 34.73 79 30% 14a'3d’~1, 27% 124 1341

a7 35.03 82 41% 10at4d’ 1

a 35.04 80 22% 14a?

a 35.34 77 23% 13al144-? 36.8 36.9+ 0.2 (8)
a7 35.62 76 No dominant configuration

a7 35.89 82 28% 11a'3d’ !

a/ 36.16 73 No dominant configuration

a7 36.18 78 No dominant configuration

a/ 36.29 80 27% 12al134-1

A 36.79 79 25% 10al134-1 37.9 38.04+ 0.3 (9)
A/ 36.97 75 21% 2&a°2

a7 37.38 78 27% 12at2d’ ! 38.7 39.04 0.3 (10)
a 37.50 77 28% 17al144-1!

a7 37.53 77 39% 9alda’ 1

i 37.72 78 22% 12a?

a7 37.73 81 23% 10alia’ 1, 23% 104 124’1

a7 38.00 79 24% vat12d4 -t

1A/ 38.62 78 22% 11al12d4-1! 40.0 40.1+ 0.3 (11)
a 38.79 73 No dominant configuration

1A/ 38.82 77 No dominant configuration

a7 38.89 76 No dominant configuration

a7 38.94 72 29% V& l124 1

i 39.16 73 No dominant configuration

A/ 39.44 71 No dominant configuration

a 40.07 75 No dominant configuration 41.4 4110.2 (12)
a7 40.10 75 37% 11atia’t

a 40.32 69 22% 11a2

a7 40.41 69 36% 10at1a’ !

A 40.67 75 25% 142
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Table 5
Double-ionization energies45eV of GHsNCO for transitions to triplet states of its dication, calculated in the ‘diagonal’ ADC(2) approximation (see
text) and measured with double-charge-transfer spectroscopy

Term DIE (eV) Main (%) Leading configuration weights Group DIE (e¥)1.0 DCT (eV)
G 27.21 81 72% 18at4d’~t 28.2 28.6+ 0.2 (A)
A 28.19 84 81% 3a14d'~1 29.4 29.44+ 0.1 (B)
Sp” 28.51 83 58% 14a'l4d’~1, 20% 3411541

SA” 28.84 83 49% 3a 11541 29.9 30.4+ 0.2 (C)
A 28.91 82 77% 14at154-1

A/ 29.77 84 76% 13al154-1 31.4 31.54+ 0.2 (D)
37 29.96 81 54% 15al3a’ 1

34/ 31.04 84 70% 2a 41

SA7 31.50 80 64% 2411541 325 32.4+ 0.2 (E)
3p7 31.95 81 51% 12al4a 1 33.1 33.2+ 0.2 (F)
SA 32.03 81 66% 12al154~1

A 32.25 80 38% 2a13d'~1, 30% 14144t

SA” 32.50 78 33% 14711541 34.1 34.1+ 0.2 (G)
37 32.58 81 20% 13al3a’ 1

SA 32.61 80 46% 13al144-1

SA7 32.90 79 No dominant configuration

SA 33.20 82 27% 10al154-1, 22% 114 11541

3A7 33.23 82 No dominant configuration

A 33.36 82 40% Yalaa—1, 29% 241341

37 33.56 79 35% 11al4a 1

SA 33.63 81 29% 10al154-1, 27% 114 11541

37 33.75 80 39% 14al3a 1

A/ 34.00 81 25% 10al144-1 35.5 35.24 0.3 (H)
37 34.08 78 27% 10at4d’~1, 26% 124 13a'~1

Sp” 34.36 77 No dominant configuration

A 34.59 79 37% 12al144-1

Sp” 34.82 75 23% 2a1134-1

SA 35.01 80 48% 12al134~1

A 35.47 82 70% 1a13a 1 36.8 36.3+ 0.2 (1)
SA7 35.69 80 35% 12at2d’ 1, 27% 1411341

37 35.76 81 30% 17al3a’~1, 24% 1411441

SA 35.82 76 26% 17a'13d-1, 25% 10411341

A 36.07 80 51% 17al14d-1

SA 36.41 80 77% 1a 1241 37.6 37.54+ 0.3 (J)
37 36.65 75 30% 12al2a—1

SA 36.75 80 37% 11a'134-1, 27% 104 11341

SA” 36.77 77 No dominant configuration

Sp” 37.16 79 29% 9alad’~1, 25% 104 12d' 1 38.8 38.84 0.2 (K)
37 37.43 79 39% 9alda’-1

Sp” 37.76 76 35% Tal12d-1

A 37.81 78 68% 9al154—!

A/ 38.00 76 63% Tal2a'—1

S 38.08 75 30% 11atoa’ 1

A 38.35 79 60% 10al124-1

SAY 38.95 72 28% 10alid’~1, 23% 114 11a'~1 40.3 40.1+ 0.5 (L)
A 39.36 77 67% 10al11d-1

SA7 39.66 76 36% 1rat1a’~1, 31% 104 11a'~1

37 40.80 77 67% 8alda'~1 41.9 41.1+ 0.3 (M)
A/ 40.97 77 33% 8alisd—1!

SA7 41.28 79 60% 9al3a’~1 42.4 42.44 0.4 (N)

A 41.44 78 35% 8all54~1, 33% 94 114471
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Table 6
Double-ionization energies40eV of n-C3gH7NCO for transitions to singlet states of its dication, calculated in the ‘diagonal’ ADC(2) approximation
(see text) and measured with double-charge-transfer spectroscopy

Term DIE (eV) Main (%) Leading configuration weights Group DIE (eV)1.3 DCT (eV)

a 25.30 85 78% 45 1541 26.9 26.94+ 0.3 (1)
a7 25.43 84 65% 5411841

A/ 25.58 83 71% 18a?

a7 25.81 84 63% 44511841

a 28.00 83 66% 5a72 29.4 29.04+ 0.3 (2)
a7 28.10 81 43% 17als5d’~1

i 28.88 81 34% 17al184-1 30.5 30.24+ 0.2 (3)
a7 29.08 82 33% 17al4d 1, 20% 164 14d~1

a7 29.17 83 28% 345118471

1A/ 29.47 82 25% 16al18d~1, 21% 17411841

i 29.56 80 40% 3al4d' 1, 34% 24~ 14q'~1

a7 29.97 82 21% 25711841 31.3 31.2+ 0.3 (4)
a 30.06 83 28% 4472

a7 30.06 82 30% 16at4a’ !

a7 30.45 82 30% 15als5a’ 1 32.2 32.2+ 0.2 (5)
i 30.54 82 27% 18al184~1

a7 30.71 81 49% 13at4a’ 1

ia 30.84 83 23% 18al184-1

a7 30.85 80 No dominant configuration

A 30.96 82 30% 13al184-?!

a 31.35 80 No dominant configuration

i 31.84 81 35% 24 144’1, 25% 34 ~14a' 1 33.4 33.44+ 0.2 (6)
a7 31.91 82 27% 15at4a’ !

a7 32.13 82 No dominant configuration

a7 32.34 80 23% 14alsa’ 1

i 32.44 80 30% 18al17d-1, 24% 12411841

a7 32.78 81 31% 28117471, 22% 1411841 34.1 34.3+ 0.4 (7)
a 32.79 80 44% Va a1

i 33.07 79 26% 16a? 34.7 35.1+ 0.5 (8)
a7 33.17 80 29% ral184-1

i 33.38 81 No dominant configuration

a7 33.46 79 32% 13alsa’ 1

i 33.49 79 No dominant configuration

a7 33.64 80 No dominant configuration

i 33.79 80 26% 13al174-1

a7 34.01 82 24% 12alsg’ 1 35.7 36.14+ 0.4 (9)
a7 34.12 80 31% 11al5a’~1

a7 34.33 78 No dominant configuration

a 34.39 80 31% 11a'184~1

a 34.50 81 No dominant configuration

a7 34.54 79 No dominant configuration

a7 34.76 79 No dominant configuration

a 34.77 79 22% 18al16d-1

a7 35.17 78 No dominant configuration 36.7 3400.1 (10)
i 35.21 75 No dominant configuration

A/ 35.32 79 21% 15a?

a7 35.59 77 23% 25117471

i 35.89 73 No dominant configuration 38.0 3490.1 (11)
a7 36.16 79 30% 13al3a’~!

ia 36.19 81 No dominant configuration

a7 36.23 78 28% 15117471

ia 36.35 79 No dominant configuration

a 36.52 7 No dominant configuration

ia 36.71 76 32% 2a7134'~1

a7 36.97 77 23% 15811641

n 37.03 76 21% 14at16d4-1

ia 37.12 77 29% Igl2g—1
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Table 6 Continued)

Term DIE (eV) Main (%) Leading configuration weights Group DIE (e¥)1.3 DCT (eV)

a7 37.15 78 No dominant configuration

a 37.45 75 No dominant configuration

.Y 37.50 77 30% 12a'3a’ !

a 37.83 75 No dominant configuration 39.3 39:00.1 (12)
A7 37.88 74 24% 14at2d’ 1

a 37.88 75 No dominant configuration

a7 38.07 79 38% 1a1134~!

a 38.23 75 No dominant configuration

a7 38.61 78 No dominant configuration 40.3 40:20.3 (13)
a 38.65 68 40% 2472

a7 38.77 76 No dominant configuration

a 38.86 76 21% Yalag'—t

.Y 39.04 75 24% 11a'16d~!

a7 39.17 76 No dominant configuration

n 39.24 77 No dominant configuration

a7 39.30 77 27% lal14d-1

.Y 39.31 73 22% 12al144-1

a7 39.35 3 97% 44 15422141

n 39.64 75 32% 10al184~1 NB DIEs > 40eV

a7 39.72 69 No dominant configuration Not calculated

n 39.74 2 96% 44 15a'~118d-1214!

- 39.80 77 46% 10at4a’ !

.Y 39.95 74 29% 11a'134~!

ing F™ as well as OH projectile ions is clear; the reaction The detailed theoretical predictions indicate that, except

window for F' is in a range of higher DIEs and there is con- for a few low-energy dication states, it is not possible to re-
sistency in the values of the DIEs for those peaks exhibiting solve individually, with the current experimental technique,
significant intensity for both projectiles. most of the peaks associated with the dication states of these

Table 7
Double-ionization energies40 eV of n-C3H7NCO for transitions to triplet states of its dication, calculated in the ‘diagonal’ ADC(2) approximation (see
text) and measured with double-charge-transfer spectroscopy

Term DIE (eV) Main (%) Leading configuration weights Group DIE (e¥)1.3 DCT (eV)

A 25.12 84 81% 441541 26.7 26.5+ 0.3 (A)
SA7 25.18 83 70% Sa 11841

SA” 25.63 83 66% 44711841

A/ 26.20 83 82% 17a'184~1 27.5 27.9+ 0.2 (B)
S 27.51 79 57% 17a'5d 1 28.8 28.84+ 0.2 (C)
Sp” 28.55 81 57% 17at4a 1 30.1 29.8+ 0.3 (D)
SA7 28.95 82 24% 16a'5d’ 1, 22% 3411841

SA 29.00 82 64% 16at18d—?t

SA 29.30 80 33% 3471541, 25% 34144’ 30.8 30.8+ 0.3 (E)
SA 29.48 82 44% 3571541, 21% 34~ 14d' 1

A7 29.54 80 40% 3a118471

SA” 29.65 81 56% 16al4d ~1

A 29.65 81 34% 15at18d~t

S 30.11 80 27% 2118471, 21% 154 1541 31.8 31.8+ 0.3 (F)
3p” 30.30 81 22% 18alsd 1

SA 30.38 80 29% 15at184~t

3p” 30.50 81 53% 13al4d 1

A 30.78 82 51% 13al1841!

A 31.15 81 45% 2alad’ 1, 32% 341441 325 32.7+ 0.2 (G)
Sp” 31.69 77 25% 311741 335 33.74+ 0.2 (H)

3A” 31.76 79 35% 15al4a’~t
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Term DIE (eV) Main (%) Leading configuration weights Group DIE (e¥)1.3 DCT (eV)
SA7 31.83 81 30% 14als5g’ 1
S/ 31.90 79 30% 16al174-1, 27% 14411841
3 31.96 82 48% 2471541, 250 141441
3A7 32.12 81 42% 15311741
SA7 32.41 78 52% 14alsd’ !
SA” 32.53 80 32% 257117471
37 32.73 80 49% 14154 ~1, 23% 241541
3A” 32.76 79 55% 13al5q’~1
37 32.79 78 20% 12al184~1
SA” 33.10 79 32% 15711841 34.6 34.7+ 0.2 (I)
3 33.21 80 41% 14317471
3A” 33.39 76 43% 12als4’ -1
SA” 33.52 75 30% 16al3a’~1
3A 33.52 81 28% 18al164-1
SA” 33.84 80 40% 11alsd’~1 35.1 35.54+ 0.2 (J)
SA 33.84 79 No dominant configuration
SA” 34.17 79 29% 1lalsa’ ! 36.0 36.4+ 0.2 (K)
3 34.35 80 37% 11al184 1
3A” 34.43 78 35% 12al4d’ 1
3 34.65 80 70% 251341
S/ 34.69 79 23% 12a1174-1
SA7 34.77 80 29% 257116471
S/ 34.90 79 No dominant configuration
SA7 35.12 78 33% 25711541
S/ 35.16 80 29% 12a1174-1
SA” 35.44 76 37% 13al3a’ 1 37.2 37.3+ 0.1 (L)
3/ 35.66 80 31% 14al154-1
SA” 35.73 78 31% 158117471
3 35.74 81 73% 151441
SA/ 36.02 78 No dominant configuration
3A” 36.28 74 21% 15117471
SA” 36.62 76 35% 14al2g’~1 38.6 38.54+ 0.4 (M)
37 36.84 79 49% 11341
S/ 37.03 80 49% 11311741
SA7 37.15 78 26% Ta 11641, 21% 1241341
SA/ 37.30 76 20% 13al144-1
sp7 37.30 77 No dominant configuration
3A” 37.52 78 30% 11al4a’ 1
3pA7 37.73 76 No dominant configuration
SA 37.80 76 37% 12al154-1
3A7 38.01 75 22% 12al154~1
S/ 38.32 79 50% 14 124’1, 27% 1413’1 39.8 39.94+ 0.3 (N)
SA7 38.32 77 33% 11al3ad’~1, 21% 114 1241
SA” 38.40 76 No dominant configuration
3 38.44 76 62% 11al164-1
SA” 38.62 75 36% 12al2a’~1
3 38.86 76 70% 10al184-1 40.6 41.04+ 0.3 (O)
3/ 38.98 77 50% 12al144-1
SA” 39.12 75 63% 10alsa’ 1 NB DIEs > 40eV
3 39.13 0 100% 441541184 12141 Not calculated
3A 39.16 81 69% 12al1341
3A” 39.21 3 96% 44 159'—22141
SA” 39.41 75 33% 1411541
3A 39.54 78 47% 1131341
SA” 39.56 77 32% 10aldd’ 1, 24% 14114471
S/ 39.68 0 100% 44 15d'~1184 1214
SA” 39.73 75 32% 10alsa’ 1
S/ 39.82 1 98% 44 154/ ~1184- 12141
429+ 0.4 (P)

443+ 0.3 (Q)
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Table 8
Double-ionization energies32 eV of n-C4HgNCO for transitions to singlet states of its dication, calculated in the ‘diagonal’ ADC(2) approximation
(see text) and measured with double-charge-transfer spectroscopy

Term DIE (eV) Main (%) Leading configuration weights Group DIE (e¥)1.3 DCT (eV)
A 24.70 86 58% 54 16’1 26.2 26.24+ 0.3 (1)
-\ 24.78 84 38% 21a'éd’~t, 37% 204 ‘6d' !

X 24.96 84 65% 5a121d41

a 25.09 83 55% 2132

a7 25.88 83 25% 20aled’ 1, 24% 194 l6d'~1 27.3 27.24 0.3 (2)
.Y 26.20 83 44% 20at214~!

n 26.60 84 62% 44al6d 1 28.1 28.3+ 0.1 (3)
a7 26.95 83 66% 44121471

- 27.94 82 38% 19a'6d’~1, 20% 204 1541 29.3 29.14 0.3 (4)
.Y 28.08 82 50% 642

A 28.47 82 31% 19a'204-1 No match attempted between

a7 28.67 81 33% 19alea’ ! theory and experimental

A 28.89 83 36% 34 1541 values above 30eV 30.2+ 0.2 (5)
-\ 28.99 83 51% 18al6a !

X 29.14 82 29% 3g712041

a 29.25 83 35% 54?2

X 29.26 82 48% 18alsa’ 1

.Y 29.35 82 38% 18a'214-1

.Y 29.56 80 20% 19at214-!

Y 29.73 82 No dominant configuration 31400.3 (6)
a 29.91 82 No dominant configuration

a7 30.06 83 No dominant configuration

a7 30.18 82 No dominant configuration

a 30.20 82 34% 451541

A 30.28 81 No dominant configuration

n 30.43 83 No dominant configuration

a7 30.45 81 No dominant configuration

-\ 30.55 82 33% 19al4a’ !

a7 30.86 81 No dominant configuration

'\ 30.91 81 No dominant configuration

a 31.03 82 33% 314’1

a7 31.20 81 No dominant configuration 3246 0.3 (7)
.Y 31.25 81 26% 20a?

- 31.38 80 23% 18a'4d’ !

a7 31.36 82 No dominant configuration

v\ 31.46 81 No dominant configuration

a 31.57 82 No dominant configuration

.Y 31.62 81 25% 3 ted !

ia 31.94 81 No dominant configuration

larger molecules. However, the theoretical DIE distribution theory which, for the neutral molecule ground state usually
for each molecule and spin multiplicity exhibits groups of includes most, but not all, of the contributions to the cor-
states, separated by clear energy gaps, which should be conrelation energy. As a consequence, the energy of the initial
sistent with the DCT peak distributions. Each DCT peak neutral state is, here implicitly, predicted to be a little higher
position may be matched with a calculated average DIE than is actually the case. Such contributions to the excited
for a group of states (the midpoint energy for the group is states are much more random in their effects, so a system-
used here) with which that peak may then be associated.atic small reduction in the predicted transition energies may
Tables 2—dist both the experimental results and computa- be expected with the ADC(2) approximation.

tional predictions of the DIEs for the isocyanate molecules  Shifts of +1.0eV (CHNCO, GHsNCO) and+1.3eV
studied. As has proved to be the case in previous studies of(C3H7NCO, GGHgNCO) appear to be optimal and consistent
other molecules, see for example, R¢f%,19], the ADC(2) with the above argument. Once applied, the relative energy
predictions of DIEs for a molecule require a uniform addi- separations of the experimentally observed peak structure
tive shift in energy to align them acceptably with the exper- and the groups or bands of predicted DIEs tally very well,
imental values. The origin of this shift may be attributed to usually well within the experimental uncertainties. At higher
the ADC(2) approximation being equivaldg@i to a descrip- energies above 30 eV, especially for the larger molecules, it
tion of the initial and final states to second order perturbation is clear that there are places in the tables where alternative
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Table 9
Double-ionization energies32 eV of n-C4HgNCO for transitions to triplet states of its dication, calculated in the ‘diagonal’ ADC(2) approximation (see
text) and measured with double-charge-transfer spectroscopy

Term DIE (eV) Main (%) Leading configuration weights Group DIE (e¥)1.3 DCT (eV)

SA 24.53 85 81% 5&a led 1 26.4 26.94+ 0.2 (A)
SA” 24.63 84 44% 21aled’ 1

3A” 24.84 84 65% 55121471

3A 25.26 84 75% 20al214-1

3A” 25.66 83 32% 20aled’~1, 22% 2141641

sA/ 26.48 83 76% 45 l6d 1 27.9 27.8+ 0.3 (B)
37 26.64 82 74% 19al214-1

SA” 26.79 82 67% 45121471

sp” 27.74 81 35% 19alsa’ 1 29.2 28.8+ 0.3 (C)
3A” 28.01 79 39% 19alea’~t

3’ 28.53 81 62% 19al204-1 30.2 29.74+ 0.3 (D)
37 28.73 82 33% 3515471, 32% 441541

SA” 28.76 82 59% 17al6d’~t

3A” 28.93 82 30% 20al5d’~1, 20% 194 1541

SA” 28.97 82 No dominant configuration 30480.3 (E)
3A/ 29.03 81 60% 17al2141

SA7 29.12 81 54% 18als5a’~1

3A/ 29.16 81 39% 18al21d-1, 22% 18412041

3A 29.24 82 42% 4a 5y -1

spA” 29.74 80 22% 45712041 31.3 31.64 0.2 (F)
SA7 29.89 81 28% 35712141, 20% 3412041

3 29.91 83 63% 3al6d 1

SA” 30.01 82 25% 15al5a’~t

37 30.14 81 40% 18al20d-1, 22% 184 12141

SA/ 30.23 82 No dominant configuration

SA7 30.32 81 30% 19al4a’~1

SA” 30.61 80 26% 18aled 1 32.3 32.24+ 0.2 (G)
SA7 30.79 79 30% 25121471

S/ 30.94 80 57% 3a 144’1

SA7 31.00 81 37% 17al5a’ 1

3A 31.11 80 21% 18al214-1

SA7 31.12 81 48% 18al4d' 1

S/ 31.23 81 No dominant configuration

3A 31.26 81 45% 2a7 1541, 24% 341541

S/ 31.37 81 26% 17al20d4-1, 26% 144 12141

SA” 31.74 79 27% 16al6d’~t No match attempted between 33.1+ 0.3 (H)
SA” 31.87 81 29% 2&°121d-1, 21% 34121471 theory and experimental

3A/ 32.00 78 27% 14a'214-1 values above 33eV

groupings of the theoretical DIEs might be acceptable. For much below 100%, showing that simpler theoretical anal-
C4H9NCO the number of valence electrons is large enough ysis based on a single-configuration orbital-pair model of
to result in a very large density of dication states which does each doubly ionized state will in general not be well suited
not exhibit enough significant structure at higher energy to to these molecules. In such an orbital-pair model the energy
facilitate sensible groupings. Above 30 eV for singlets and to create a doubly ionized state is the sum of the energies re-
32 eV for triplets, the theoretical DIE distributions are dense quired to remove two electrons from the orbitals they occupy
and quasi-continuous and therefore are not reported hereand a repulsive interaction energy between the two positive
above 32 eV (although calculations up to 36 eV were per- ‘holes’ thus created. The latter energy would be expected
formed), as they provide no useful insight into the similarly to be comparatively smaller for larger molecules because of
featureless associated experimental data. the greater average separation of the holes; although detailed
Most of the doubly ionized states reported in the tables calculation of this energy is not sensible here because cor-
exhibit a significant degree of configuration interaction asso- relation effects mix significantly various orbital pairs into
ciated with the systematic inclusion of correlation effects to these doubly ionized states, trends that reflect its concept
second order in the ADC(2) theof%3]. The weights of the may be identified in the tables, for example, the lowest cal-
dominant configurations for each state listed are, in general,culated DIEs (in eV) are, with increasing molecular size: for



M.A. Bayliss et al./International Journal of Mass Spectrometry 230 (2003) 85-97 97

singlet states, 29.11, 27.96, 25.30, 24.70; for triplet states, Acknowledgements
28.49, 27.21, 25.12, 24.53.

Overall, the consistent agreement between DCT experi- M.A.B. thanks both the Royal Society of Chemistry and
ment and ADC(2) theory for this series of larger molecules is GlaxoSmithKline plc for financial assistance. The British
very good and indicates that both the experimental and the-Mass Spectrometry Society is thanked for grants to F.M.H.
oretical methods used here are reliable. However, this inves-and D.E.P.
tigation does indicate that, while the doubly ionized states
of molecules of relatively complex low-symmetry structure
may be investigated with them, increases in either the rangeReferences
of DIEs examined or the size of the molecules studied will
encounter the natural limit to their useful application, above [1] F.M. Harris, Int. J. Mass Spectrom. lon Processes 120 (1992) 1.
which the distribution of DIEs becomes effectively continu-  [2] M. Thompson, M.D. Baker, A. Christie, T.F. Tyson, Auger Electron
ous. Here, GHgNCO with 28 valence electrons was found Spectroscopy, Wiley, New York, 1985.
to have distinguishable features both experimentally and the- [3] M. Rabrenovic, C.J. Proctor, T. Ast, C.G. Herbert, A.G. Brenton,

; . : . J.H. Beynon, J. Chem. Phys. 87 (1983) 3305.
oretically only for DIEs less than 30 eV; this effectively in- [4] S.R. Andrews, F.M. Harris, D.E. Parry, Chem. Phys. 194 (1995)
dicates the current limit on the size of organic molecule to 215.

which these methods may be sensibly applied. [5] J. Appell, J. Durup, F.C. Fehsenfeld, P.G. Fournier, J. Phys. B 7
(1974) 406.

[6] D. Mathur, Int. J. Mass Spectrom. lon. Processes 83 (1988) 203.

[7] J.H. Beynon, R.J. Cooks, Research/Development 22 (1971) 26.

[8] J.H. Beynon, R.G. Cooks, J.W. Amy, W.E. Baitinger, T.Y. Ridley,
Anal. Chem. 45 (1973) 1023A.

The achievements of Professor John Beynon in the field [9] 3. Schirmer, A. Barth, Z. Phys. A 317 (1984) 267.

of mass spectrometry are too well recognized to need further[10] L.H. Jones, J.N. Schoolery, R.G. Shulman, D.M. Yost, J. Chem.
acclamation here. All the authors have, in different ways, Phys. 18 (1950) 990.
been the fortunate beneficiaries of his leadership, particu- 121 A-B: Trofimov, J. Schirmer, J. Phys. B 28 (1995) 2299,

. . . . [12] D.E. Parry, Proceedings of the Third European Workshop on Quan-
larly in being associated with the Mass Spectrometry Re- tm Systems in Chemistry and Physics, vol. 2, p. 27; Series:
search Unit he established at Swansea. Both .W.G. and,  progress in Theoretical Chemistry and Physics, Kluwer, Amsterdam,
later, M.A.B. were research students there; D.E.P., whose  2000.
collaboration with E.M.H. began soon after J.H.B. had of- [13] Gaussian94, Revision B.3, M.J. Frisch, G.W. Trucks, H.B. Schegel,
ficially retired from the Unit (but not of course from the P.M.W. Gill, B.G. Johnson, M.A. Robb, J.R. Cheeseman, T. Keith,

. ; . G.A. Peterson, J.A. Montgomery, K. Raghavachari, M.A. Al-Laham,
occasional check on the workers!), happily recalls the calm V.G. Zakrzewski, J.V. Ortiz, J.B. Foresman, C.Y. Peng, P.Y. Ayala,

and positive encouragement J.H.B. gave him as he became w. chen, M.W. Wong, J.L. Andres, E.S. Replogle, R. Gomperts,

involved with an extended and fruitful project. R.L. Martin, D.J. Fox, J.S. Binkley, D.J. Defrees, J. Baker, J.J.P.
It is appropriate here for colleagues of Professor Frank ?.t;w;”' r’:"-P':\eal%';Ode”v C. Gonzalez, J.A. Pople, Gaussian Inc.,

; ; ot ; ; ittsburgh, PA, .

Harris to record their apprematlon of him as a fine research [14] AD. Mcgleam G.S. Chandler, J. Chem. Phys. 72 (1980) 5639

leader, colleague and friend. Sadly, he lost his brave battle[15] N. Jefireys, S.R. Andrews, D.E. Parry, F.M. Harris, Rapid Commun.

with motor-neurone disease soon after his work for this paper Mass Spectrom. 10 (1996) 1693.

was completed. He joined the Unit shortly after its forma- [16] P. Fournier, C. Benoit, J. Durup, R.E. March, C.R. Acad. Sci. Ser.

tion and his enthusiasm for, and achievements in, mass spec- _ B279 (1974) 1039.

trometry continued throughout his career there. He would 7! E;.J':ct(rsc:;nt’lo?\lﬂ.rot:‘:g:s ?ﬁ' (ﬁgg;"’ﬁff' Parry, Int. J. Mass
have insisted on submitting a contribution to this special is- [18] S.R. Andrews, F.M. Harris, D.E. Parry, Chem. Phys. 194 (1995) 215.

sue in honour of J.H.B. and his co-authors are glad that this[19] 1.w. Grifiiths, D.E. Parry, F.M. Harris, Int. J. Mass Spectrom. lon
can still be so. Processes 185-187 (1999) 651.

5. Appreciations



	Double-ionization energies of some n-alkyl isocyanate molecules; studies with double-charge-transfer spectrometry and ab initio propagator theory
	Introduction
	Experimental
	Theoretical
	Discussion
	Appreciations
	Acknowledgements
	References


