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Abstract

Modification of a method for processing positive ion ionization efficiency curves of polyatomic molecules, as developed earlier by Mark and
coworkers, has been described. Based on the method, the first, second, and third ionization eneggievef@en re-examined and found
to be in excellent agreement with the most reliable literature data. The ionization energieg-Harahd GoHss have been measured for the
first time and were established a8 Z 0.3 eV and 7014 0.25 eV, respectively. Although the appearance energygfiG>t (18.7+0.2eV)
has been determined to be lower than thatfC(18.98+ 0.35 eV), the reverse scenario is true for the second ionization energiggHyC
and Go.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction etry employing state-of-the-art electron monochromators.
The energy spread of the electron beam generated by the
lonization energies (first, second, etc.) are important monochromators can be easily varied from several meV up
thermodynamic characteristics of a molecule. The exper-to hundreds of meV depending on the desired ion signal
imental determination of the vertical ionization energies intensity. The implementation of modern monochromator
is commonly based upon the measurement of the appeartechnology has paved the way for the “aged” technique of
ance energies of the corresponding positive ions (singly-, electron ionization to continue in modern uses of great fun-
doubly-charged, etc.) as a function of the energy of ion- damental importance. With respect to the energy resolution,
izing radiation or particles. The appearance energies of mass spectrometry-based appearance energy measurements
positively-charged fullerenes were studied intensively over thus represents a major competition for modern photoelec-
the last decade. In contrast to the vast majority of organic tron spectroscopy. Photo and electron ionization are char-
molecules for which ionization energies were determined acterized by a different ionization cross-section behavior
by the different means of photoelectron spectroscopy, the near the threshold. The earliest studies gf By electron
ionization energies of the gg fullerene have been studied ionization already revealed that processing the ionization
equally thoroughly by electron ionization mass spectrom- efficiency curve at threshold constitutes a most challeng-
ing task for the technique. It is generally recognized that
the theoretical description of the atomic electron ionization
* Corresponding author. cross-section near the threshold has been established by
E-mail address: y.vasilev@orst.edu (Y.V. Vasil'ev). Wannier[1] for the case of the simple singly-charged atomic
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ion H*: aware, more sophisticated processing procedures have not
been tested for the use with fullerene ions. It should also be
o x EP, (1) : N : L
emphasized that ionization energies of fullerene derivatives,
whereE is electron energy ang ~ 1.127 is the Wannier ~ Wwith the exception of isolated ggF3s and GoF4s [7], and
exponent. Although there is no general theoretical consid- mixed GsoF46 48 and GoFs4s6 [8], have not been reported
eration for the case of polyatomic molecules, it is believed in the literature. Based on proton-transfer reactions, Comp-
that the same power laws hold true for each single ionic ton and coworker$9] predicted the ionization energies of
state of the molecule. Because a number of different elec- CeoHx (x = 2-18) to be lower than 7.53 eV. However, diffi-
tronic, vibrational, and rotational states may be present in a culties associated with the thermal lability of the compounds
polyatomic molecule, its ionization cross-section becomes during evaporation into vacuum prevented a more precise
a complex function of electron energy even near the ion- determination. In the present experiments, thermal decom-
ization thresholdE;. As a result, the ionization efficiency  position was successfully prevented, allowing for the first
curve may show a pronounced curvature neéarand the time accurate measurements of ionization energies of hy-
exponentp may well exceedz, the charge of the ion un-  drogenated fullerenes.
der study. This is particularly true in the case of fullerenes
that possess an enormous density of states at typical tem-
peratures applied to their efficient evaporation into the gas 2. Experimental
phase. Mark and coworkers was amongst the first to indicate
this problem and contributed greatly to the determination of =~ The experiments have been performed with a single focus-
appearance energies of single- and multiple-charged parentng magnetic sector mass spectrometer (Ml 1201, Russia).
[2,3] and fragmenf4] ions produced from g and Gg by The instrumen{10] is equipped with a custom-built inlet
electron ionization mass spectrometry. system for thermally labile solids and a custom-b{flt]

In earlier attempts to analyze the ionization efficiency trochoidal electron monochromator (TENAR] for the gen-
curves of Go and Gg [2,4], Mark and coworkers raised  eration of a quasi-monoenergetic electron beam (full-width
the original data points to a certain powerg)l/in order at half-maximum, FWHMAE from 100 to 300 meV). The
to linearize the lower part of the curves near the ioniza- energy scale was calibrated using singly and doubly-charged
tion onset. Surprisingly, this approach led especially in the positive Ar ions. In operation, the pressure measured with
case of multiply-charged ions to much lower appearance an ion gauge outside the ionization chamber did not exceed
energies than those expected for a simple extrapolation of10~7 Torr, which corresponds to single-collision conditions.
the linear-appearing part of the positive ion ionization effi- The temperature of the oven, from which the samples were
ciency curve. However, it was recognized later that such a introduced into the ionization chamber, can be varied and
procedurd3], leads to a slight systematic overestimation of was set to approximately 30€ (CsoHss), 350°C (CgoH1s),

p andEy, which is associated with the issue of linearization and 450°C (Ceo). The samples were initially loaded into a
and with prominent background contributions. To overcome glass capillary, which was then inserted into the oven. Cap-
the problem, Mark and coworke[3,5] applied a weighted,  illary and oven had good thermal contact, so that similar
non-linear least-squares fitting procedure to the raw data,temperatures could be assumed for both. To avoid direct
using the Marquardt-Levenberg algorithm. The weights contact of the samples under investigation with the metal
were chosen as Mi-1) whereN is the total number of  surfaces (which usually serve as good catalysts for decom-
counts per energy bin. The fitting function was as follows position reactions of the fullerene derivatives), the tip of the
[3,5]: capillary was positioned slightly outside the oven exit. Then
the oven was introduced at the closest distance possible to
the ionization chamber to achieve a high molecular density
in the reaction zone. Sinceg@Hig and GoH3zg are known
whereb stands for background aralis a fitting constant ~ to decompose very easily intoggcand fullerenes of lower
that depends on the particular instrument. The last refine-hydrogen contenfl3], the abundance of the positive ions
ment of the original data processing procedure is taking into of Cgg and neighboring hydrogen containing fullerene ions
account the convolution of the fitting function (2) with the have been used as a measure to keep the possible decom-
electron energy distributiof6]. As instrumental function,  position of the samples under control. Usually, each sample
Méark and coworkers used a Gaussian funcfigin loading allowed experiments to be conducted for approxi-

The present paper details a modification of this approach mately 1 h without dramatic decomposition of the samples.
and its application to multiple-charged fullerene ions g§ C  In this period, the intensity of thegg™ signal did not ex-

b if £E<E,
JE) = {b +c(E— E1)? if E> Eq, @)

and the hydrogenated derivativegglHszs and GoHig. As ceed 5% of the molecular ion signalsdalg/35+, both be-
mentioned above, the determination of ionization energiesing measured at an energy of 80 eV.
from ionization efficiency curves of §g ions has employed The Gyo fullerene sample was purchased from South-

a simple procedure whereby raising the original data points ern Chemical Group, LLC, (99.5% purity).s6H3s and
to a certain power (p) [2,4]. As far as the authors are CgoH1g were synthesized by hydrogen transfer reduction
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[14] from DHA (dihydroanthracene). Details of the syn- presentwork, another approach has been used which is based

thesis have been published elsewhgr®]. The purity of on an earlier contribution by Winkler and Mafk7]. An

the hydrogenated fullerene samples has been established bgbservable ion signal, associated with a separate ion state

matrix-assisted laser desorption/ionization (MALDI) mass h, S,(F) = C(E — AE)?, having an appearance enewjy,

spectrometryf16]. is convoluted with the energy spreadE>Eg, AE) of a
real experiment, wherg is the electron energ¥y is the
maximum of the energy distribution, ardE is width of the

3. Data analysis distribution. In the case ahionic states being superimposed
near the threshold, the observed ion sigi®E), can be

The phenomenological model of the process of electron written as:

ionization as proposed in ref8,5,6]and based upoBg. (2) m n

considers the full ionization cross-section of a molecule as g(g) — Z Z Sy(E +jdE) x [G(E, E + jdE, AE)dE].

the sum of the partition contributions from separate chan- hedj——n

nels: )

o(E) = ZAi exp{pilno(E — Ei}, In contrast to[17], where a fixed exponent was used,
i the present work considers the variation of all four param-
E<E: - 3) eters E;, C, p and background), applying a weighted
E>E: In(E—-E)" non-linear least squares procedure on the basis of the
Levenberg-Marquardt algorithm and minimizing:

where In(E — E;) = {

To prove the validity of the approach, Fiegel et [&l] ex-
amined a model case with three different cross-sections f = Z{gi[yi — S(E)¥? — min, (6)
characterized by different threshold energigsand Wan- ;

nier coefficienty;. Next, the resulting cross-section (3) was
fitted by a model function (4):

o(E) = Aexp{pIn(E — E1)}, (4)

where E;,y;) is the measured data set and a weighting factor

g; is determined by formula (7):
1

using a Marquardt-Levenberg algorithm fitting technique. & ﬁzl: <ﬁ> Zgl =t )
Thus, instead of searching for three partial cross-sections, ) o o
the single function (4) characterized by a singlend A In experiments on the determination of negative ion
was used. Such an approach is quite reasonable since ifffoSS-sections, the apparatus function of the instrument
general, the number of single ionic states in the vicinity USed in the present works, was found to be a Voigt func-
of the threshold region is unknown. It is worth noting tion, provided the energy spread is less than 100 meV. The

that both fitted magnitudes qf and A were found to be
larger than any initial partiab; and A;. The smallestg;

of Eq. (3) (i.e., real threshold in the model) and the fit-
ted threshold fronEq. (4) were found to coincide within
25meV][6].

Similar modeling carried out in the present work con-
firmed these findings. Based &mg. (2) the modeling used
the same initial partial cross-sections as in @] and
employed the Marquardt-Levenberg algorithm fitting tech-
nigue. The background level and coefficieghtwere kept
constant, while powep and the threshold magnitude were
varied. For a more general scenario whereby all four param-
eters were varied, the agreement was slightly worse. The 0.00
thresholds would agree only within 35 meV and, compared ' ' '
to the above mentioned case, the absolute values of the '
theoretical threshold and were determined to be of 3.3%
lower and 10% higher, respectively. Fig. 1. Results of the convolution of the simulated cross-sectios 0,

The electron distribution adds additional complexity tothe ¢ =1; p = 1.13, E; = 10eV) with a Gaussian function, FWHM 0.3 eV
processing of ionization efficiency curves. The influence of (open squares). The solid curve was obtained by a weighted non-linear
the electron energy spread can be considered in two ways. Aditting of the convoluted data based &. (6) The dotted curve is the

.. . . f result of a similar fitting on the basis d&q. (2) without taking into
applled In rEf'[G]’ the convolution of the fitted cross-section account the energy distribution; after convolution with the same Gaussian

can _be considered on the basis E]jis- (2) or (3) taking function, a practically identical behavior to the data of the solid curve is
the instrumental function (Gaussian) into account. In the obtained.

0.204

0.15 1

0.104

0.05 1

Cross-section (a.u.)

Electron Energy (eV)



168

100 E

104

lon current (a. u.)

0.1+ T T T T T T T 1
16 18

Electron Energy (eV)

Fig. 2. Experimental ionization efficiency curve 0$@ (open circles). The
fitted curves were obtained by the non-linear least squares method with
(solid curve—Eq. (6} AE = 12.62+0.01 eV, p = 1.215+0.010) and with-

out (dashed curveEq. (2)EA = 12612+0.011eV; p = 1.267+0.011)
taking into account the energy spread of the electron bégg = 4.2eV.

instrument function can be approximated by a Gaussian
function if the energy distribution exceeds 100 meV.

To demonstrate the capability of processing the ionization
efficiency curve, the method was first applied to handle a
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result of convolution of a model function (2 & 0, ¢ = 1,

p = 1.13,E, = 10 eV) with a Gaussian function, FWHM
0.3eV, (Fig. 1. Itis of interest to compare the fitting results
of the two aforementioned approaches. Fitting on the basis
of Eq. (6)resulted in a very good agreement with the original
data and the value op = 1.131 is practically equal to
the original value. The second method, which applies the
convolution procedure to the fitted data separately, also gave
good fitting to the original data, but resulted in higher values
of p = 1.21 ando (standard deviation).

Similarly to the conclusions drawn by Méark and cowork-
ers[3,5] on the basis of their approach, one can certainly
conclude that processing of the raw data on the basis of
Eq. (6) as used in the present paper, removes the arbitrari-
ness in the search of the four unknown parameters. The only
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Fig. 3. (a) Values ofE; + o, (open squares; left ordinate axis) apd
(open circles; right ordinate axis) obtained by fitting the experimental
curve inFig. 2 on the basis oEq. (6) and constrained vEnigh in the
case of the KO ion; (b) x? values corresponding to the same fitting
procedure and taken as a functionEyig for the HO* ion.

Fig. 4. (a) lonization efficiency curve of thes& formation (open circles)

as a function of electron energy plotted on a semi-logarithmic scale (for
clarity of the presentation, only every fourth experimental point is shown);
solid curve is the fitted curve obtained by the non-linear least squares
method on the basis dEq. (6) (b) values ofx? vs. Enigh; values of
exponents; (c) and E1 + o, (d) vs. Enigh both obtained by fitting the
experimental curve of §* on the basis ofq. (6)
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Fig. 5. (a) lonization efficiency curve of theg§2™ formation (open circles) as a function of electron energy plotted on a linear scale (for clarity of the
presentation, only every fourth experimental point is shown); (b) the same as (a) plotted on a semi-logarithmic scale (open circles) incluidg the fit
curve (solid curve) obtained by the non-linear least squares method on the bsjs(6j (only every fourth experimental point is shown); (c) ionization
efficiency curve of the g3 formation (open circles) as a function of electron energy plotted on a linear scale (only every fourth experimental point is
shown); (d) the same as (c) plotted on a semi-logarithmic scale (open circles) including the fitted curve (solid curve) obtained by the nontlinear leas
squares method on the basiskyd. (6) (only every fourth experimental point is shown).

exception is the choice of an energy rangg, Enign] over come very largeKig. 3b), signifying the bad quality of the
which the non-linear fit is executed. In complete agreement model. The quality of the fitting procedure can be checked
with refs.[3] and[5], it was found that the choice oW by comparison of the pD ionization energy determined

is not crucial if it is well belowE; and if the background in the present work (182 4+ 0.01eV) with the recom-

is constant. The value dhigh has, however, a pronounced mended value (1B124 0.010) [18]. Finally, it is worth
effect on the results. The present fitting procedure demon-noting that at low signal-to-noise ratio, the dependence of
strated that higher values dhign tend to produce larger  E; uponEnigh is not always monotonic. Nevertheless, even
values ofE; and smaller values gb with small statistical in these cases it is still possible to distinguish the range
errors,o. Smaller values oEnigh result in smaller values of  of E; values that are approximately constant, allowing the
E; and largep combined with large uncertainties, Figs. 2 averaging ofE; in this region. Another important point
and 3clearly indicate these findings for the case of positive concerns the display of? values versusEnign, Which,
H,O™ ions. In this respect, these findings differ from those unlike the situation shown irfFig. 3 very often results

of Mark and coworkerg3,5], who found that high values in a minimum, corresponding to the optimal value of
of Enigh lead to the enlargement of boly andp at small Enigh.

errorso, while low Epign values result in smaller values of

E; andp combined with a larger. The peculiarity of the

present fitting procedure to produce lower valuegpofs 4. Results and discussion
certainly an advantage of the method, as lower values are
closer to the Wannier exponefii]. The method described in the previous section has been

Fig. 3aclearly shows that there is a range Efigh over applied to the processing of the ionization efficiency curves
which the theoretical threshold; (EA in the figure) is of singly-, doubly-, and triply-charged positive fullerene
approximately constant, so that the derivativeEaf with ions. The raw data of §T, Cso?t and Go®" are shown
respect toEnigh is insignificant. Thereforelz; can be cho- in Figs. 4 and 5together with the theoretical images ob-
sen as a mean over this rangeBfgn. E; values can be  tained by the fitting procedure. The resulting data and
rejected at largeEnigh values, because the? values be- the comparison with the literature data are presented in
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Table 1

Appearance energies of the positively-charged molecular ions of the compounds under investigation and the exponential factor of the power law

lons Present work Literature data AE (eV) [reference]
AE (eV) Exponent

Ceo™ 7.65+ 0.20 1.89+ 0.05 7584093 [19]; 7.64 + 0.02[20]

Ceo?t 18.98+ 0.25 3.7+ 0.1 19.0+ 0.5[4]

Ceo®t 35.8+ 0.3 44+ 0.1 35.6+ 1 [4]

CooHzs™ 7.01+ 0.25 1.59+ 0.02 -

CeoH1s™ 7.3+ 0.3 1.36+ 0.05 -

CooH36>" 18.7+ 0.2 2.50+ 0.06 -

Table 1 The errors given inTable 1 are mostly statis- (1169 + 0.3eV; determined as the difference of the ap-
tical errors and for enhanced ion abundances, the errorspearance energies ofgfHzs™ and GoHsg?t) has been
could be much less, because the energy resolution of thefound to be slightly larger than that ofs6(11.3 + 0.4 eV).
monochromator is lower than these statistical uncertain- Efforts to determine the energetics of thgoB1g2t for-
ties. But even in this case, the agreement of the presentmation were unsuccessful in the present experiments for
results with the most reliable literature data is indeed the following reasons. First, it was impossible to achieve
satisfactory. a high enough density of ggH1g vapor in the ionization
According to theoretical predictions for hydrogenated
fullereneg[21], the ionization energies of these compounds
should be lower than for the puresgmolecule. As men-
tioned earlier, Compton and coworkd@ provided a ten-
tative hint that this tendency indeed exists. Nevertheless,
up to now there has been no experimental determination of
the appearance energies for the molecular ions of the two
most prominent hydrofullerene representativegHzg and
CsoHss. The ionization efficiency curves for these ions are
depicted inFigs. 6 and 7(see alsorable 1), together with

~ Intensity (a.u.)

—~
Q

the details of the fitting procedure. The figures clearly in- 0707 o °
dicate that there is indeed quantitative agreement with the ~ 9657

aforementioned theoretical predictiga1] of lower ion- 00071 & L 6 6 o o o

ization energies of the hydrogenated fullerenes. The data 0-55 7

also reveal a slightly higher ionization energy o§o81s (b) 050 s 9 10 1 12
compared with goHsg. This finding seems to contradict

recently reported calculations of the most stable isomers of 1.8 E

CsoH2: (x = 1-30) with three-fold symmetry axd22], 16

showing a lower value for §gH1g. However, a direct com- S 4] o 0 T T

parison of these values is probably not as straightforward. 1.2 o .

There exists at least two isolated isomers gftdzg of C3 1.0 =
and T symmetry23], which may possess different ioniza- (¢ & 9 10 1 1
tion energies. Therefore, depending on the experimental

conditions, the isomers may contribute quite differently to- % 8 o =
wards the measured ion signal. Based on our negative ion 1 T g =
experiments with ggF1s~ (unpublished) and §H(D)1s™ o 74 ] =

[24] we would assume that there exists at least one more LTJ' i §

stable isomer for these molecules in addition to the well < I ————
established &, geometry[25]. As a consequence, the 8 9 10 11 12
measured ionization energies ofdEl1g and GoH3zes may @ Epgn (eV)

well be influenced by a collective effect caused by several

isomers, so that the comparison with only the most stable Fig. 6. (a) lonization efficiency curve of theggHig™ formation (open

isomer[22] may not be justified. circles) as a function of electron energy plotted on a semi-logarithmic
FinaIIy the appearance energy 0%(ﬁ362+ has been scale (for clarity of the presentation, only every fourth experimental point

. is shown); solid curve is the fitted curve obtained by the non-linear least
measured as Weng' § Table ]) AIthOUgh the appear- squares method on the basis Bd. (6) (b) values ofx? vs. Enigh; (C)

ance energy of gHze?" is lower than that of g?2", the values of exponentp and (d) E1 £ o, Vs. Enigh both obtained by fitting
second ionization energy of the hydrogenated fullerene the experimental curve ofdgHig* on the basis oEq. (6)
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(d) Ehigh (eV) Fig. 8. (a) lonization efficiency curve of theggHzg?" formation (open
circles) as a function of electron energy plotted on a semi-logarithmic
Fig. 7. (a) lonization efficiency curve of thegfHzs™ formation (open scale (for clarity of the presentation, only every fourth experimental point

circles) as a function of electron energy plotted on a semi-logarithmic is shown); solid curve is the fitted curve obtained by the non-linear least
scale (for clarity of the presentation, only every fourth experimental point Squares method on the basisE. (6) (b) values ofx? vs. Enign; values

is shown); solid curve is the fitted curve obtained by the non-linear least of exponentsp (c) and (d) E1 + og; VS. Enigh both obtained by fitting
squares method on the basis B. (6} (b) values ofx? vs. Enigh; (C) the experimental curve of dgHzs>" on the basis oEg. (6)

values of exponents; and (d) E1 +og, Vs. Enignh both obtained by fitting

the experimental curve ofggHzs™ on the basis oEq. (6)

5. Conclusion
chamber, because compared tgldss this sample needed
a higher temperature for the evaporation (S==tion 2, A modification is presented of a method initially devel-
which in turn facilitated the decomposition ofgH1s. As oped by Mark and coworkers for the processing of ionization
a result, the signal of His™ (Fig. 6) was much weaker efficiency curves of polyatomic molecules, as used for the
with respect to that of ggHzg™ (Fig. 7). Consequently, the  determination of ionization energies by electron ionization.
CgoH1g2t ion signal was also weak and did not markedly The new method is based on the minimization of differences
exceed the background level which typically increases to- between the experimental raw data and a theoretical curve
wards lower masses. In the present experiments, it wasconvoluted with an instrumental function and obtained by a
not possible to reduce the background level at the nominal weighted non-linear fitting procedure. The method has been
mass of GoH1g?t as to allow the unambiguous record- checked by handling a known model function and in com-
ing of its ionization efficiency curve. The same problem parison with tabulated data omgt, Ceo?t, and Go®t. The
was encountered for ggH1g3" and GyoHzg>t, although main advantage of the method is the ability to produce reli-
both these ions were clearly present in mass spectra wherable appearance energies combined with lower values of the
recorded at a fixed electron energy of 80eV. It is hoped effective Wannier coefficients of the fitted theoretical curves.
that in the future one can overcome these technical prob-Next, the ionization energies of hydrogenated fullerenes
lems in order to measure the corresponding ionization CgoH1g and GsoH3zs have been determined on the basis of
energies. this method. It was found that the single ionization energies
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of the hydrogenated fullerenegdt1g and GoHse are both [6] T. Fiegele, G. Hanel, I. Torres, M. Lezius, T.D. Mark, J. Phys. B:
lower in value with respect to that of puresd; which is At Mol. Opt. Phys. 33 (2000) 4263.

. . . . - i [71Y.V. Vasilev, O.V. Boltalina, R.F. Tuktarov, V.A. Mazunov, L.N.
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