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The mechanism of formation of fluorofullerene (FF) negative ions derived from the compogyias CsoFss,

and GoF4s was studied by matrix-assisted laser desorption/ionization (MALDI) time-of-flight (ToF) mass
spectrometry (MS). A combined experimental/theoretical approach provides compelling evidence of
nondissociative, thermodynamically controlled electron transfer from matrix-derived negative ions to the FF
analyte as the main secondary-ionization process. Consistent with this thermochemical model, analyte parent
molecular ion yield and degree of fragmentation for a particular MALDI experiment was found to depend on
the nature of the matrix material (the five matrices investigated were strfins-2-[3-{ 4-tert-butylpheny} -
2-methyl-2-propenylidene]malononitrile, 9-nitroanthracene, 2,6-bis((furan-2-yl)methylene)cyclohexanone, and
2,6-bis((thiophen-2-yl)methylene)cyclohexanone). For mixturessgf&ompounds with different values

and therefore different electron affinitites, unwanted electron-transfer reactions, which can lead to the
suppression of gF,~ ions with lown values, were successfully blocked for the first time by judicious choice

of the matrix. Therefore, reliable qualitative MS analysis of FF mixtures with wide ranges of composition is
now possible.

Introduction was suggested that charge-transfer reactions took place in the
laser ablation plume, involving matrix ions formed in the
primary ionization process and excited neutral species of the
analyte, so that electron transfer was largely responsible for the
generation of the intact parent molecular radical cations of the
analyte. Importantly, the presence or absence of analyte ions
could be predicted on the basis of the thermodynamics of the
charge-transfer process. For this process to be thermodynami-
cally feasible, the ionization energy (IE) of the analyte must be

Mass spectrometry (MS) is one of the most successful
analytical methods for the characterization of fullerenes and their
derivatives. However, the product analysis following halogena-
tion, alkylation, or fluoroalkylation is challenging as these radical
reactions normally yield a wide range of complex mixtures of
polysubstituted compounds. The MS analysis of fluorinated
fullerene (FF) derivativés® is often hampered by significant
degradation/dissociation of FFs, thereby preventing adequate . . .
characterization of their molecular compositions. This is par- lower t_han the IE of the matrix, otherwise analyte species
ticularly true for methods based on desorption/ionization such exceedmg the IE Of the matrix wc_;ulpl not be det(_acted.
as MALDI-MS. However, the high sensitivity of this method, In this work, a similar mechanistic approach is developed
which requires only minute amounts of sample, makes it for molecular systems, in which the formationr@gatbe ions
desirable to develop MALDI protocols for decomposition-free 1S the preferred |on|_zat|on_process. A va_rlety of individual FF_S
analysis of these molecules. Progress toward improved ap-Nave become available in macroscopic amounts. The high
plicability of MALDI-MS is connected with an improved electron_egatlvny of the F-atom-pegnng fullerene an_d the strong
understanding of the underlying mechanisms of essential corrglatlon between electron afﬂmty (EA) and fluorine content
processes such as desorption and ion formation. Recent MALD| Provide a convenient and versatile model system for the
studies of specific FFs and related halofullerenes provided a Mechanistic studies of in-plume ionization processes. Taking
strong indication of the importance of electron-transfer processes@dvantage of the ionic properties and energetics that were
in the formation of various charged species in the plifiehe gathered for fluorine derivatives of¢€in recent year§;'*"1%
present paper describes a comprehensive investigation, base@nd applying a careful selection of matrix materials of varying
on these initial reports, into one of the fundamental questions ionization characteristics and molar absorbances, the study
in MALDI: In general, is electron exchange between neutral provides a rationale for the formation and relative distributions

analyte molecules and charged matrix spettiesnajor process of negative FF ions_ in MALDI mass spectra and, in particular,

that determines the final ion distribution? allowed us to explain (and then predict) the presence or absence
Previous work detailed the importance of electron-transfer Of parent molecular anions of the FF analytes.

reactions in MALDI for the formation opositive ions210 It

Experimental Section
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latter compound was purified by sublimation, anghkzs was
used as prepared. Direct fluorination afy@as used to prepare
CeoF4s,1 the purity of which was estimated as 95 mol % by
MS and NMR spectroscopy. IR spectra showed that all three

compounds contained, at most, a negligible amount of unreacted

Ceo (i.e., Goo bands at 526, 577, 1182, and 1428 ¢émvere
absent). The matrix materialeans 2-[3 4-tert-butylpheny} -
2-methyl-2-propenylidene]malononitrile (DCTB; Fluka), 9-ni-
troanthracene (9-NA; Sigma-Aldrich), and sulfur (Sigma-
Aldrich) were used as received. The matrix materials 2,6-
bis((furan-2-yl)methylene)cyclohexanone (DFMC) and 2,6-
bis((thiophen-2-yl)methylene)cyclohexanone (DTMC) were a
gift from Professor N. V. Zyk of Moscow State University and
were used as received.

Instrumentation. All mass spectrometric experiments were
conducted with a Kompact MALDI IV (Kratos Analytical,
Manchester, UK) reflectron time-of-flight mass spectrometer
in the reflectron mode. A 337-nmNaser was used for target
activation. Each mass spectrum was the average-e180 laser
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Figure 1. Negative ion LDI mass spectra of (akdEis, (b) CeoFss,

and (c) GoFss recorded with similar 337-nm laser fluences. The peaks
marked with asterisks are due to trace amounts of oxofluorofullerene
ions such as £F3sO~ in spectrum b and £&F4sO~ in spectrum c.
Drawings of the X-ray structures of the three fluorofullerenes are shown
above and to the right of each spectrum.

shots. For measurements of ion abundance as a function of laselTABLE 1: Experimental Gas-Phase Electron Affinities,

fluence, the laser fluence was varied from 70 to 180 arbitrary
units, which for a pristine laser cartridge would correspond to
a fluence of ca. 40 to 1140 mJ cf The actual fluences may

have been lower than these values at the time of the experiments.
While the succession of ion appearances with increasing laser

fluence should remain unchanged, the actual value of the
appearance threshold fluence may differ when different instru-

mentation is used. At each laser fluence increment, ions were

accumulated for five laser shots to construct the ion-yield curve.
MALDI Sample Preparation. Fluorinated fullerenes and
matrices (DCTB, sulfur, 9-NA, DFMC, DTMC) were dissolved
separately in toluene. The matrix:analyte mole ratio was
typically 100:1 unless otherwise noted. A droplet of the prepared

lonization Energies, and Mean C-F Bond Dissociation
Energies of GoF, Derivatives (n = 18, 36, 48}

compd EA/eV IE/eV mean €F BDE/eV
Ceo 2.667(1% 7.57(1%>

CeoFlg 3.1 (8563 8(1)24 323

CsoFss 3.5 (est}® 11.1(2% 3.06(6)?
CooFss 4.1(3)* 12.1(2§% 2.98(4¥3

2 0ne estimated standard deviation in the least significant figure
shown in parentheses; the mearEBDE is 1h times the standard
enthalpy change for the gas-phase reactiggC— Cso + nF; est=
estimated from electrochemical reduction potentiaSalculated by
DFT methods in ref 27.

TABLE 2: DFT Calculated Enthalpies of Fluorine Atom

solution was deposited on the stainless steel slide with use of aLoss from Selected Fluorofullerenes and Fluorofullerene

capillary under a strong cool air stream from an air-sprayer/
brush to achieve uniformity of the sample surface.

Theoretical Methods. The computations were performed at
the DFT level of theory with the program PRIRODAa TZ2P
basis set specially optimized for DFT calculations, and the PBE
exchange-correlation function&All of the computations were
performed with full geometry optimization. Electron affinity
values were obtained by using thecr procedure.

Results and Discussion

lonization Processes in Direct LDI Experiments. (a)
Fluorofullerene Negatie lons.In earlier investigations involving
laser ablation (i.e., direct LDI) of FFs, the samples were complex
mixtures of FFs with a range of compositighsThis precluded
an unambiguous assignment of the origin of some of the
observed ions. The present work allowed, for the first time, an
in-depth analysis of FF LDI-MS data because three composi-
tionally pure FFs, GFis, CsoFzs, and GoFss, were used.

Negative lons

AH°leV AH°/kJ mol?
gas-phase reaction  per F atom per F atom ref
CeoFas— Ceo+ 48F 3.0 (2.98(4) 290 27
CeoFlg e Ceo + 18F 3.2 310 27
CeoFas  — CeoFs7 +F 2.0 190 this work
CooF3s — CeoFzs” + F 2.4 230 this work
CeoF1s” — CeoF17” +F 2.6 250 this work
CooFas— CeoFza +2F 3.2 310 27
CeoF1s— CeoFi6 +2F 3.4 331 27

a Experimental value from ref 13.

It has been shown that an important ionization process in
LDI-MS is the capture of free electrons (i.e., electrons generated
by photoelectric emission) by neutral analyte molecdfes.
Therefore, we will assume that reaction 1, followed by
subsequent unimolecular fragmentations and/or collision-induced
reactions of the highly energetics§F,~ ion or less energetic

Negative ion LDI mass spectra of these three compounds areCeoFn-m_ i0Nns, accounts for most of the observed FF negative
shown in Figure 1. In each case, the spectrum was recorded atons in the LDI mass spectra shown in Figure 1 (EAelectron

or near the laser-fluence threshold; at higher laser fluences, moreaffinity):

extensive fragmentation was observed. There are several

interesting features that can be understood by using the
experimental and theoretical thermodynamic data listed in Tables

1 and 2. These are (i) a smaller range of compositions of
CsoFn—m_ ions forn = 18 than fom = 36 or 48, (ii) the absence

of CgoF~ parent molecular ions fan = 36 or 48, even at the
lowest laser fluences used, (iii) the presence oggrG 1~ ion,

but only forn = 18, and (iv) the presencesgF,—n~ ions with
both odd and even — mvalues forn = 18 but with only odd

n — mvalues forn = 36 and 48.

CBOFn +e — CGOFn7 ArH ~ _EA(CBOFn) (1)
Therefore, the internal energy of thesdE,~ ion formed in
reaction 1 increases monotonically frors= 18 to 48 (see Table

1). At the same time\H for reaction 2 decreases monotonically

from n = 18 to 48 (see Table 2):

CeoFn — CooFn-1 tF 2
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The result of these two trends is (i) more extensive fragmentation
for n = 36 and 48 than fon = 18 and (ii) complete loss of the
parent GoF3s~ and GoFss~ molecular ions, but not complete
loss of the GoF15~ ion, formed in reaction 1. Specifically, the
enthalpy change for overall reaction 3 is e&2.1 eV forn =

48, ca.—1.1 eV forn = 36, and ca—0.5 eV forn = 18:

+
) CeoF15

+
Co0F17

intensity

_ _ C
Cof, t€ —Cefy +F (3) 58

| CooF1g"
shown in Figure S-1 (Supporting Information). There is a minor
difference in the laser-fluence threshold fogoEis than for
CeoFas Or CsoFas. We cannot rule out that the slightly lower 600 800 1000 1200 m/z
Ia_ser fluen(?e used to colle(_:t th%_oem LDI mass spectrum in  gigyre 2. Positive ion LDI mass spectrum ofsE:s. The intensity of
Figure 1 might be responsible, in part, for the smaller degree the truncated &' signal is five times higher than that of¢E:17".
of fragmentation. However, we believe that this factor is far
less important than the above-mentioned differences-tFC  methods of ionization were used, including negative ion
bond enthalpies and electron affinities. chemical ionization and thermal ionizatiéh.

Since the sample of gF15 used in this work was an HPLC- (b) Fluorofullerene Positie lons.The high ionization energies
purified sample that did not contain any trace @3, or higher (IEs) in Table 1, especially for §gFss and GoFas, lead to the
FFs, the most likely explanation for the strong signal due to expectation that the generation of FF positive ions under LDI
the GoF1g~ ion in the LDI spectrum of gyFigis that it is formed conditions should be difficult. Indeed, the positive ion LDI mass
via exothermic reactions 4 or 5 (Fons have been shown to  spectra of GgFss and GgFas (not shown) exhibit a signal for

. Cse
Plots of ion current vs laser fluence for all three samples are m

be abundant during LDI of FF%: Cso™ but no signals for any FF positive ion. However, the
corresponding spectrum forsg1s, shown in Figure 2, exhibits
CeoFist F — CyFig (4) signals for the FF positive ionsg@n-m-1" (n—m—1=11—
17) in addition to a higher intensity signal due tgoC This
CeoFis + F—~CoFio (5) represents the first reported observation of FF positive ions with
LDI-MS. Apparently, FF positive ions cannot be easily gener-
It is sensible that gF,.1~ ions are not formed fon = 36 or ated from FFs with 36 or more F atoms (i.e., with 1Es10

48 because of the extremely stable structures of the two majoreV). Since these highly substituted FFs have, on average, weaker
CeoF36 isomers (each has four stabilizing benzenoid ritff¥) C—F bonds than, for example,sfF1s the accumulation of
and because the six remaining=C double bonds in both ~ multiple photons may lead to complete defluorination (perhaps
isomers of GgFsg are sterically inaccessible to external re- promoted by the metallic sample holder) before the ionization
agents! There is little doubt that reactions 4 and 5 are more threshold of GoFss and GoFas is reached (note that evensC
favorable, both thermodynamically and kinetically, than the must absorb at least three 337-nm photons fes"Qo be
corresponding reactions far = 36 or 48 species. An entire  observed under similar LDI-MS conditiotfy

hemisphere of gFisis sterically free and therefore accessible ~ Primary and Secondary Electron-Transfer lonization

for facile addition reaction¥ Processes in MALDI Experiments.A notable recent review,

We previously reported that LDI-MS could provide a reliable primarily covering the generation of MALDI positive ions,
estimate of the highest degree of fluorination in FF mixtdres, highlighted the importance of in-plume reactions in MALDI-
and the high sensitivity of the method led to the detection of MS.3 It was shown that, in most cases, the final distributions
even minor impurities. This conclusion must now be tempered of positive ions in MALDI mass spectra could be understood
because of the presence ofoFio~ in the LDI mass spectrum  on the basis of the thermodynamics of charge transfer (i.e.,
of CsoFie. some fullerene derivatives with relatively few proton or electron-transfer reactions) between the various species
substituents can undergo in-plume association reactions that maypresent in the plume. Our results, discussed below, demonstrate
lead to an erroneous prediction of the maximum number of that the thermodynamics of electron-transfer reactions is an

substituents. important factor in determining the distribution of negative ions
It has been shown that the difference in EA values for a in FF MALDI mass spectra.
consecutive pair of fluorofullerenessgE, and GoFn—1 varies It is well-known that a significant number of free electrons

from ca. 0.5 eV fon = 18 to ca. 1.0 eV fon = 48 (the species  are present in MALDI plumes along with various ions derived
with the odd number of F atoms have the higher EA valdés). from the analyte and the matri%?° As in LDI-MS, free
Therefore, electron-exchange reaction 6 is more exothermic for electrons play an essential role in the primary step of anion
higher than for lower values af — m (n — mis a positive formation in MALDI-MS. The difference is that free electrons

integer): are only directly responsible for the generation of matrix-derived
anions in the plume, and the observed analyte anions are
CooFnem Tt CooFnem-1— CooFem + CooFem1~ (6) primarily formed by secondary in-plume electron-transfer reac-

tions between the matrix-derived anions and neutral analyte
Hence, the probability for the simultaneous existence of molecules. Therefore, it is essential to know the electron

consecutive gFn—m and GoFn—m-1~ anions is greater fon affinities of the matrix molecules used and relevant matrix-
— m < 18 than forn — m values between 30 and 46, in derived molecular fragments. With the exception gff&g-
agreement with the presence afis~ and GoF16 in the LDI ments, experimental EA values have not been reported for the
spectrum of GoF15 but the absence ofdgFn—m~ ions with even matrices used in this work. Instead, we calculated the necessary
n — mvalues in the LDI spectra of dgFss and GoFss. It is EA values at the DFT level of theory. The results are listed in

noteworthy that similar observations were reported when other Table 3.
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TABLE 3: Electron Affinities and Laser-Fluence Thresholds

for MALDI Matrix Compounds 2 A0 1
gas-phase  EA/eV of laser-fluence threshold CooF1r OOO
matrix matrix for matrix, arbitrary
matrix species species units (min—max: 0-180) ANO
ri

sulfur S 2.077104(3) 125-135 \L#gi_
sufur - S 1.57(5¥ £ CooFas)

sulfur & 23(]_} g 160 180 200 220 240 m/z
sulfur S 2.22(3y e CeoFas

9-NA 9-NA 1.4 ca. 100 CooFas™

9-NA ArO 2.2 b

DCTB DCTB 2.0 80-90 CoFun= | ConFr
DFMC  DFMC 1.3 86-90 GoTas |} e0TAT
DTMC DTMC 1.3 80-90

aAll EA values calculated by DFT methods in this work unless
otherwise indicated. Abbreviations: 9-NA, 9-nitroanthracene; ArO; 9-

anthracenyl; DCTB trans-2-[3-{4-tert-butylpheny} -2-methyl-2-pro- 800 1000 1200 1400 1600 m/z
penylidene]malononitrile; DFMC, 2,6-bis((furan-2-yl)methylene)cy- Figure 4. Negative ion 9-NA-MALDI mass spectra of¢fF1s (a),
clohexanone; DTMC, 2,6-bis((thiophen-2-yl)methylene)cyclohexanone. CeoFss (b), and GoFas (C) recorded with similar 337-nm laser fluences.
b Experimental value from ref 38.Experimental value from ref 39.  The inset is the expanded region franiz 160-240 in spectrum a,
which shows the major matrix anions present in these experiments.

Ss CsoFn~ parent molecular ions with lower internal energies than
CeoF1g - - are produced in matrix-free LDI plumes:
s Sz S,
C, - J4° : 80 ‘ 120l 1éo m/i Sx_ + CGOFn - Sx + Cean_
F
a e CooFas AH = EA(S) — EA(CF) (7)

For all combinations ot = 2, 3, or 4 anch = 18 or 36, reaction
7 is less exothermic than1.9 eV. Since the dissociation of an
F atom from both GFis~ and GgFss is more endothermic
than 2.3 eV (see Tables 2 and 3), the appearance of significant
signals for these parent molecular ions has a straightforward
, . , , thermochemical basis. On the other hand, &gl values for

1000 1200 1400 1600 m/z reaction 7 involving GoFss, —2.4,—1.8, and—1.9 eV forx =
Figure 3. Negative ion $MALDI mass spectra of (a) &Fis, (b) 2, 3, and 4, respectively, are similar in magnitude to the
CeoFae, and (c) GoFas recorded with similar 337-nm laser fluences. The  predicted value of 1.97 eV required to remove an F atom from
inset is the expanded region from'z 30-200 in spectrum a, which ¢, = - |t was clear from these experiments that matrices with
shows the major matrix anions present in these experiments. higher electron affinities thanySnoieties might lead to even
less fragmentation in MALDI mass spectra. However, such

() Sulfur as the MALDI MatrixNegative ion @MAI‘.DI matrix materials are rare. Alternatively, matrices with higher
mass spectra of daF18, CooFss, :_and GoF4g are shown in Figure molar absorbances at 337 nm thaym®uld allow lower laser
3. The matrix:analyte mole ratios spanned the narrow range fromfluences to be used. and these were examined next

50:1 to 100:1. Signals due to parent molecular anions are present (b) 9-NA and DCTB as MALDI MatricesThe 9-NA- and

in the GeoF1s and GoFse spectra but not in the spectrum of - porg AL DI mass spectra of &Fs, CsoFss, and GoFas are
CeoFz. Note that the intensity of the g S|gn_al in Figure shown in Figures 4 and 5, respectively. The parent molecular
3a is nearly th? same as the '”tf‘r?s'ty of theRy~ signal and anions GoF1s~ and GoFss~ were observed in both cases. In
that a small S|g[1al dug tOGGF.lQ IS also present. However, fact, these anions dominate over the fragment ions in the DCTB-
except for GoFss , the signals in Figure 3b are due only to FF MALDI experiments of these two FFs. As with thg-BIALDI

negative ions with an odd number of F at.oms. . . spectrum of GgFss, the GoFag parent molecular anion was not
Sulfur has been used as a MALDI matrix for a wide variety <o /ed with either 9-NA or DCTB as the matrix

of analytes, including por_phyrin’§, carote_noid§? fluor_of- . The insets in Figures 4 and 5 reveal the dominant matrix
ul[eresgeLsfi and kf)llJIIt.erenefs W|thdmethano—b:j|dg$d or%anlc MOl anions formed by the primary ionization processes, which are
bundant ions at low Iaser fluences n thei respectve.fon STOWR In reaction sequence 8 and reacfion 9 (A7CH-O-

. . anthracenyl; all species are in the gas phase):
modes?’ The laser-fluence-dependent formation of these ions y P gasp )

intensity

¢ o) L‘Llll.l.h

from S suggested that the sequengeS Sg* — Sy~ + S5* 9-NA + e — 9-NA~ — ArO~ + other products (8
might be operative. ThesS and $* ions should therefore be P ®)
considered as the principal charged protagonists for in-plume DCTB+e — DCTB™ ©)

electron-transfer reactions, a conclusion that is consistent with

our earlier results usings9MALDI to study CeoF36.2 The inset The DFT-calculated EA values for 9-NA, ArO, and DCTB,

in Figure 3 demonstrates that Sand §-, which are also formed  listed in Table 3, are close to the electron affinity of the gaseous

in our experiments, should be considered as potential, albeitS; molecular fragment. Therefore, the exothermicity of electron

minor, charged protagonists. The experimental electron affinities transfer from ArO or DCTB™ to FF analytes should be virtually

of gaseous Sspeciesif = 1—4) are listed in Table 3. the same as that for reaction 7 whesr 3. In fact, the relative
In-plume collision-induced electron transfers betwegn S ion distributions are similar for all three analytes with either

ions and neutral F, molecules, shown in reaction 7, generate sulfur or 9-NA as the matrix. However, the DCTB-MALDI
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Figure 7. LDI (a) and DCTB-MALDI (b) mass spectra of an equimolar
mixture of GsoF1s, CeoFss, and GoFss. The peaks marked with asterisks
¢ in spectrum b are due to trace amounts of oxofluorofullerene ions such
as GoF/O™.
800 1000 1200 1400 1600 m/z

Figure 5. Negative ion DCTB-MALDI mass spectra ofs:s (a), significantly lower thqn_ the 2.0 eV value for DCTB, and
CeoF3s (D), and GoFss (C) recorded with similar 337-nm laser fluences.  therefore the exothermicity of electron transfer between DFMC

The inset is the expanded region framiz 200—340 in spectrum a, or DTMC™ and GFss is larger than that for the reaction of
Which_ shows the matrix anion DCTBthat is present in these DCTB™ and GyFse. The yields of the gFss~ parent molecular
experiments. ion in DFMC- and DTMC-MALDI mass spectra ofsgFss were
60- comparatively low, which further supports the conclusion that
in-plume electron-transfer thermodynamics plays an important
role in the final ion distribution in MALDI.

At present, DCTB and 9-NA can be referred to as the most
effective matrices for the analysis of the organic fullerene
derivatives, althoughg-carboline matrices” have also been used

a</b. c successfully in some castsThe application of DCTB and
ol 8% 9-NA for analysis of several different types of organic fullerene
60 B0 160 150 140 160 180 deri\{atives has recgntly bgen descriﬁééf. I\!otaply, the”
laser fluence, arbitrary units matrices perform well in both ion modes, ionization into positive
Figure 6. The dependence of ion intensity on laser fluence in mass ions also prgcegding via .electrlon transfer (the reverse process
spectra: (a) LDI-MS of DCTB (the DCTBion was monitored); (b) to the negative ion formation discussed here). Cationization of
DCTB-MALDI-MS of CeFss (the GoFss~ ion was monitored); and  derivatized fullerenes has also been obsefjétiThe present
() LDI-MS of CeoFss (the GeoF3s~ ion was monitored; the vertical scale  study provides further evidence that DCTB is the most universal
was expanded by 30). and effective MALDI matrix for fullerenes, because the phys-
SCHEME 1 icochemical properties of DCTB lie within the margins of the
thermodynamic requirements of these experiments.
(d) MALDI-MS as a Qualitatie Analytical Tool for FF
N Xy Ny DFMC (E=0) Mixtures.An equimolar mixture of gF1s, CeoFzs, and GoFas
/ DTMGC (E=T) was examined by LDI- and DCTB-MALDI-MS. The spectra
E E - are shown in Figure 7. All three compounds were detected in
the DCTB-MALDI spectrum. The parent molecular iongfis~

spectra showed the highest yield of parent molecular ions for @d GoFss~ had comparable intensities; the most abundant ion
CeoF1s and GgFss despite the slightly lower predicted EA for  Was GFa7 . This is a sensible result, sincesdEss has the
lower laser fluence is required for the DCTB-MALDI spectra  €lectron-transfer reactions correlates with the exothermicity of
than for the 9-NA-MALDI and $MALDI spectra (see Table  the reactions> More analytical work will be required to
3). determine if suitable calibration curves can be constructed so
The dramatic suppression of fragmentation that occurs in that DCTB-MALDI-MS might serve as a quantitative analytical
MALDI-MS is, in part, associated with the decrease of laser tool for FF mixtures. However, it is now clear that this technique
fluence needed for the generation of Charged analyte Speciesis useful for the qualitative characterization of mixtures that
as is clearly shown in Figure 6. The laser-fluence threshold for contain species of considerably different electron affinities.

P
o

intensity

N
(=1

\

the GsoFss~ signal in LDI mass spectra ofgg36 was consider- In contrast, signals dues@-1s- and GoFss-derived ions were
ably higher than the threshold for thedEss~ signal in DCTB- virtually completely absent in the LDl mass spectrum of the
MALDI mass spectra of the same analyte (recall that tk4s~ mixture, which resembled the LDI spectrum of purgofis
parent molecular ion was absent in LDI mass spectrasgf6). shown in Figure 1c. This represents a classic example of the
Similar observations were made with thgg&s and GoFss analyte suppression effect, ASEin which species with high
analytes. EAs prevent the formation of anions from species with lower

(c) DFMC and DTMC as MALDI MatricesThese two EAs. This observation shows that direct LDI is of limited use
matrices, shown in Scheme 1, were chosen for their high molar for analytical purposes, especially when applied to mixtures
absorbance at 337 nm and because their laser-fluence thresholdsontaining compounds with varying degrees of derivatization
are similar to DCTB. Their calculated EA values, 1.3 eV, are and hence significantly different ionization properties.
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Conclusions

The thermodynamic approatH-3>has been applied here to
the interpretation of a comprehensive set of LDI- and MALDI-

MS data obtained for a series of pure fluorofullerenes with
varying F-atom content. A general mechanism for the formation

J. Phys. Chem. A, Vol. 109, No. 4, 200519

(12) Papina, T. S.; Kolesov, V. P.; Lukyanova, V. A.; Boltalina, O. V.;
Lukonin, A. Y.; Sidorov, L. N.J. Phys. Chem. BR00Q 104, 5403.

(13) Papina, T. S.; Kolesov, V. P.; Lukyanova, V. A.; Boltalina, O. V.;
Galeva, N. A;; Sidorov, L. NJ. Chem. Thermodyri999 31, 1321.

(14) Goldt, I. V.; Boltalina, O. V.; Sidorov, L. N.; Kemnitz, E.;
Troyanov, S. L.Solid State Sci2002 4, 1395.

(15) Boltalina, O. V.; Borschevskii, A. Y.; Sidorov, L. N.; Street, J.

of FF anions was developed in which in-plume electron-transfer m.; Taylor, R. Chem. Commuri.996 529.

reactions between matrix-derived anions and neutral analyte
molecules determine the outcome. In the case of LDI-MS,

(16) Bagryantsev, V. F.; Zapol'skii, A. S.; Boltalina, O. V.; Galeva, N.
A.; Sidorov, L. N.Zh. Neorg. Khim. (Russian J. Inorg. Cher@00Q 45,

ionization proceeds by the capture of free electrons, presumably™ (17 | aikov, D. N.Chem. Phys. Lett1997, 281 151.

released from the metal support by photoemission. The high

(18) Perdew, J. P.; Burke, K.; Ernzerhof, Phys. Re. Lett. 1996 77,

exothermicity of such processes results in undesired dissocia-3865.

tions of F atoms from FFs. The application of matrices that

(19) Knochenmuss, RAnal. Chem2004 76, 3179.
(20) Frankevich, V. E.; Zhang, J.; Friess, S. D.; Dashtiev, M.; Zenobi,

possess high molar extinctions in the near-UV and relatively g a1 Chem2003 75, 6063.

high electron affinities (23 eV) leads to significant suppression

(21) Brink, C.; Andersen, L. H.; Hvelplund, P.; Mathur, D.; Volstad, J.

of fragmentation and the predominant formation of parent D. Chem. Phys. Lettl995 233 52.

molecular anions from §F1g and GoFss and the anion §F47~

from CgoF4s. Among the matrices studied in this work, the best

(22) Yoo, R. K.; Ruscic, B.; Berkowitz, J. Chem. Phys1992 96,

(é3) Ohkubo, K.; Taylor, R.; Boltalina, O. V.; Ogo, S.; Fukuzumi, S.

results (i.e., enhanced parent molecular ion yield, reduced chem. cCommur2002 1952.

fragmentation, and less discrimination against components in

(24) Gigli, G.; Cesaro, S. N.; Rau, J. V.; Goldt, I. y. V.; Markov, V. Y.;

mixtures) were obtained with DCTB. The excellent performance Goryunkov, A. A.; Popov, A. A Boltalina, O. V.; Sidorov, L. N. In

of this matrix material can be understood within the thermody-

manic framework of the MALDI process.
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