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An impressive array of modern analyti- 
cal instruments and techniques is being 
used with increasing efficiency and detail, 
to identify and characterize complex bio- 
molecules. Among these is the mass spec- 
trometer, which can serve for analytical 
measurements and can give structural in- 
formation as well from fragmentation pat- 
terns. Mass spectroscopy has had limited 

application, however, because it requires 
volatilization and ionization of the sample. 
Molecules, such as hormones, enzymes, 
peptides, and nucleic acids, that play a role 
in biochemical pathways or regulation are 

generally complex and exhibit strong inter- 
molecular interactions in aqueous solu- 
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tions and in the solid state. Solid samples 
of these compounds generally have low va- 

por pressures, which means that too few 
ions can be formed to obtain a mass spec- 
trum. The simplest method for increasing 
the vapor pressure is to heat the sample. 
Thermally labile molecules, however, de- 

compose when subjected to elevated tem- 

peratures, so that this method is not appli- 
cable to these compounds. One approach 
to the solution of the problem is to increase 
the sensitivity of the mass spectrometer so 
that measurable ion currents can be detect- 
ed even at extremely low vapor pressures. 
Mclver et al. (1) have developed a trapped 
ion cyclotron resonance mass spectrometer 
that can detect vapor pressures down to 
10-10 torr, a factor of 10,000 better than an 
electron impact mass spectrometer with di- 
rect sample introduction. 
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Another approach is to enhance the rate 
of volatilization of the molecule while min- 
imizing the rate of decomposition. Polar 
groups on the molecule, which produce the 
strong intermolecular interactions in the 
solid state that reduce volatility, can be 
modified chemically to nonpolar sub- 
stituents, and the derivative will have a 
higher vapor pressure than the original 
molecule. This technique is widely used in 
mass spectroscopy and has the added at- 
traction that the vaporized derivative can 
be analyzed by both gas chromatography 
and mass spectroscopy in a coupled mode 
(2). Beuhler et al. (3) showed that if a solid 
film of a peptide is deposited on a non- 
reacting surface such as Teflon, the vapor 
pressure of the peptide is effectively en- 
hanced and vaporization can be effected at 
lower temperatures. 

Heats of vaporization of biological 
molecules deposited on a solid surface are 
also reduced in the presence of a strong 
electric field gradient. This results in a 
"field desorption" of molecules and was 
first used by Beckey et al. (4) in mass spec- 
troscopic studies of involatile biomole- 
cules. A variation of this method was re- 
cently reported by Simons et al. (5), who 
were able to field-desorb molecular ions of 
sucrose and proline from liquid surfaces. 

Volatilization with minimal decomposi- 
tion is the objective in mass spectroscopic 
studies of biomolecules. The first step in 
the thermal decomposition of a molecule 
adsorbed on a surface is unimolecular 
fragmentation, which takes place when ex- 
citation to an unstable vibrational state re- 
sults in bond cleavage. The rate of decom- 
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position is determined by the time needed 
to deposit energy into the unstable vibra- 
tional mode and by the vibrational period. 
If the rate of surface vaporization is great- 
er than the rate of decomposition, there 
will be little interference from decomposi- 
tion in the mass measurement. Beuhler et 
al. (3) showed that at temperatures above 
400?K, vaporization is the dominant pro- 
cess. With heating at a rate of 12? per sec- 
ond, samples of peptides were volatilized 
with considerably less decomposition than 
when they were heated gradually. 

It is clear from these studies that the 
ideal mode of heating is one which is ex- 
tremely rapid and which produces high- 
temperature bursts that are so short that 
there is not enough time for the molecule 
to absorb energy into unstable vibrational 
modes. Laser volatilization has been 
shown by Mumma and Vastola (6) to be 
feasible for mass spectroscopic studies, but 
its applicability has not yet been demon- 
strated for thermally labile biomolecules. 

A more intense heating source in terms 
of power density is a high-energy heavy 
ion. Ions heavier than Kr with energies in 
excess of 100 Mev can penetrate thin films 
(up to 10 um thick) and deposit large 
quantities of energy in a small area in 
times on the order of 10-12 second. The ra- 
dioactive nuclide 252Cf is a convenient 
source of such heavy ions, which are pro- 
duced in the process of spontaneous fis- 
sion. Each fission fragment produces 
pulsed localized heating that is ideal for 
the vaporization of involatile biomolecules 
without decomposing them (7). 

Obtaining mass spectroscopic informa- 
tion for a biomolecule depends on success 
in volatilizing the sample. The method 
used to produce an ion from a neutral 
molecule in the vapor phase depends on the 
kind of information being sought. Ioniza- 
tion by electron impact is the established 
mode, but new methods, such as chemical 
ionization, have evolved in which quasi- 
molecular ions are formed by ion-molecule 
reactions in the ion source (8). The most 
commonly employed reaction involves 
proton transfer from an acidic reactant ion 
such as NH4+ or t-C4H9+. Several peptides 
were studied recently by Beuhler et al. (9), 
who volatilized them by rapid heating and 
ionized them with NH4+. The acidity of the 
protonating ion determines the amount of 
internal excitation imparted to the quasi- 
molecular ion, so that varying degrees of 
fragmentation can be produced and struc- 
tural information can be obtained; for ex- 
ample, the technique can be used for pep- 
tide sequencing. 

Ionization and volatilization are coupled 
in one process in field desorption (4). Very 
little of the energy goes into internal ex- 
citation, and the degree of fragmentation is 
relatively small. Laser heating also pro- 
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duces simultaneous volatilization and ion- 
ization (6). Ultrarapid heating by 252Cf fis- 
sion fragments results in volatilization and 
the formation of quasi-molecular cations 
and anions. In this article we examine this 
new method, which we call 252Cf plasma 
desorption, in detail, and discuss its appli- 
cations to the mass spectroscopy of in- 
volatile, thermally labile molecules of bio- 
logical interest. 

252 Cf Plasma Desorption 

The 252Cf plasma desorption technique 
utilizes energetic fission fragments from 
the decay of 252Cf to volatilize and ionize a 
solid sample. The 252Cf nucleus decays 
with a half-life of 2.6 years, 3 percent of the 
decay taking place by spontaneous fission 
and the remaining 97 percent by emission 
of alpha particles (10). The decay is ran- 

dom in time and fission fragments are 
emitted in all directions. Each fission event 
produces two fragments traveling in al- 
most exactly opposite directions, the small 
departure from colinearity being caused by 
neutron emission. The spontaneous fission 
of 252Cf is asymmetric, producing two nu- 
clei with unequal masses and energies. 
Thus, a typical pair of fission fragments is 
'42Ba+18 and '06Tc+22, which have kinetic 
energies of about 79 and 104 Mev, respec- 
tively (11). Approximately 40 different 
pairs of fragments can result from spon- 
taneous fission of 252Cf. 

A schematic of the 252Cf plasma desorp- 
tion mass spectrometer is shown in Fig. 1. 
To obtain a mass spectrum, a sample is 
dissolved in an appropriate solvent and the 
solution is deposited over an area of 1 cm2 
on a Ni foil 1 x 10-3 mm thick. The 
sample foil is then precisely aligned with a 
252Cf fission fragment source, and an elec- 

detector 
assembly 

LScintillator-photomultiplier tube 
_ 

i- 

Fig. 1. Diagram of 252Cf-PDMS time-of-flight mass spectrometer. Ions emerging from the sample 
foil are accelerated through the grid assembly and into a field-free region shielded by a Faraday 
cage. The main section of the flight tube contains an axial electrostatic field to increase ion transmis- 
sion. The configuration shown here has an 8-m-long flight tube. Measurements were also made with 
a 1.5-m-long flight tube. 

252Cf fission 

, 
_', ,', - ,--- / _. , x ~.-. _ / 

(M+1)+ Fission 
( (M 1 / fragment 

'( (M-1) 

~ 

Quasi-molecular 
ions 

(_,LL-lY Sample 
Fig. 2. Interaction of nuclear fission fragments with surface molecules. The large energy deposition 
produces a localized "hot spot," resulting in volatilization. Results show that for some molecules, such as amino acids, ion-pair formation takes place by proton transfer within a desorbed dimer. 
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trostatic grid system is used to accelerate 
ions into an 8-m-long time-of-flight tube. 
In this configuration, each fission fragment 
passing through the sample foil and pro- 
ducing ionization has a complementary 
fragment traveling in the opposite direc- 

tion, which can be detected and used as a 
time zero marker. The fragments are pre- 
cisely correlated, within 10-9 second. Once 
an ion is formed it is rapidly accelerated to 
a known kinetic energy by the electrostatic 
grid assembly into the time-of-flight tube. 

Fig. 3. Mass spectra of 
xanthine-tyrosine in 
the mass region of the 
quasi-molecular ions. 
Spectra were recorded 
for 15 minutes with a 
2-ug sample and a fis- 
sion intensity of 5000 
sec-'. The 1.5-m-long 
flight tube was used. 
The positive ion spec- 
trum (a) shows the ef- 
fect of the presence of 
alkali metal ion impu- 
rities. The negative ion 
spectrum (b) gives a 
strong (M- I)- peak, 
indicating that this 
molecule can produce 
ion pairs. Previous at- 
tempts to obtain a 
mass spectrum by de- 
rivative formation and 
chemical ionization 
gave ambiguous re- 
sults. 

Time of flight (lsec) 

Mass 

Mass 
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To minimize solid angle losses, a wire 
1 x 10-3 mm in diameter is centered on the 
axis of the tube and is maintained at a 
small potential to produce a radial electric 
field. Ions entering the tube with small an- 
gular divergence are thus captured into a 
stable spiral orbit about the wire with no 
effect on their translational velocities. 
Single ions are detected by using three 
aligned channel plate electron multipliers 
having a total gain of 109. The time differ- 
ence between an initial fission event and 
the arrival of an ion at the electron multi- 
plier assembly can be measured with a pre- 
cision time digitizer to better than 1 x 
10-12 second. By measuring the time of 
flight, t, ion masses can be calculated to 
first order from the relation M = 2E(t/s)2, 
where E is the kinetic energy and s is the 
flight path. 

Each penetration of a fission fragment 
into the sample constitutes a measurement 
where a few, several, or no ions are detect- 
ed. By continuing to expose the sample to 
the fission source, the measurement is au- 
tomatically repeated several times a sec- 
ond, depending on the 252Cf source 
strength. A mass spectrum is developed by 
accumulating the results for each fission 
event either in core memory or event by 
event on magnetic tape. Subsequent analy- 
sis is performed by an off-line computer. 

As ionization originates on a potential 
plane defined by the sample foil, the accel- 
eration field and path length are the same 
for all ions. This design therefore obviates 
some of the traditional objections to time- 

of-flight mass spectroscopy. With an 8-m 

flight path, masses can be measured to bet- 
ter than 0.5 x 10-3 atomic mass unit (amu) 
(12). As the resolution is proportional to 
the time of flight, shorter flight paths yield 
lower resolution. However, a shorter path 
length has the advantage of higher trans- 
mission and therefore greater sensitivity. 
Thus, for work requiring greater sensitiv- 

ity, a 1.5-m drift tube with no focusing 
properties is substituted for the 8-m elec- 
trostatic particle guide, the rest of the sys- 
tem remaining unchanged. Ions are direct- 
ed into the tube by using a two-dimension- 
al spatial adjustment device on which the 
ion source-accelerator assembly is 

Fig. 4. Partial mass spectra of (a) gramicidin A, 
positive ion, and (b) cyanocobalamin, negative 
ion. Spectra were recorded for 2 hours with the 
1.5-m flight path, 2-#g samples, and a fission 
intensity of 5000 sec-1. Only the region near the 
quasi-molecular ions is shown. There is an 
extensive fragmentation pattern at lower 
masses. These results show that large quasi- 
molecular ions can be produced by this method. 
The counts observed between peaks are due to 
random events, which are uncorrelated with 

pulses from the start detector. Fluctuations in 
the spectrum are due to statistical effects. 
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mounted. This configuration allows the 
resolution of adjacent masses up about 
mass 1000 and can be used for routine ana- 
lytical work. 

A typical 252Cf fission fragment has an 
atomic charge of 20+ and a radius of 
< 1 A. When it passes through a film 1 
,um thick composed of C, H, and 0, it de- 
posits about 10 Mev through Coulomb in- 
teractions on a time scale of 10-13 second. 
In terms of power, this corresponds to 16 
watts. If the effective area heated by the 
fission fragment is - 5000 A2 (13), each 
fission fragment is essentially a micro- 
probe energy source yielding power den- 
sities of the order of 1013 watt/cm2. Some 
of the characteristics of the 252Cf fission 
fragment volatilization and ionization 
process are summarized in Fig. 2. 

The combination of high power densities 
and short deposition times is the essential 
characteristic of 252Cf plasma desorption 
mass spectroscopy (PDMS). Rapid heat- 
ing with fission fragments apparently oc- 
curs on a time scale in which large 
amounts of energy are not coupled into vi- 
brational motion. Most of the energy is 
available as translation motion, leading to 
desorption from the surface. Vaporization 
occurs before the molecule has time to de- 
compose. 

An estimate of the temperature of a spe- 
cies desorbed with fission fragments can be 
obtained by measuring the line broadening 
in the mass spectrum as a function of the 
square root of the mass. The temperature 
produces a mass-dependent spread in the 
velocity distribution of the ions before they 
are accelerated in the electric field. After 
correction for instrumental effects, the 
slope of the plot yields an ion temperature 
of 104 ?K. 

Ionization proceeds mainly through ion- 
molecule reactions or ion-pair formation. 
Positive and negative ions are produced 
with the same intensity. Many molecules, 
such as amino acids, small peptides, and 
nucleotides, that are zwitterionic in aque- 
ous media form quasi-molecular ion pairs 
(M + 1);+iand (M - 1)-. Results of experi- 
ments in which labile hydrogen atoms on 
these molecules are replaced with deute- 
rium atoms indicate that the principal 
mode of ion formation involves inter- 
molecular proton transfer within a vapor- 
ized dimer or loose-association complex: 

/(M t fission 

M+ )} 
---V/x----- (M + 1)+ + (M - 1)- 

M 
olid fragment vapor vapor 

Once the quasi-molecular ions are 
formed, they may fragment, depending on 
their inherent stability and internal ex- 
citation. The positive ion spectrum gener- 
ally contains an (M + 1)+ peak plus a frag- 
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o- made it possible to begin to study the 
HO , method quantitatively. The sensitivity lim- 
HH H ol it depends on the molecule studied; for the 

HN OH amino acids it is on the order of 1 ng/cm2 
H2N<HN H ar 

2 HO H GC- H20H with a strong 252Cf fission source. Knowing 
H OH the fission fragment flux through the H 

Tetrodotoxin sample and the sample thickness, we can 

320; '/ 
393 measure cross sections for the production 

)2 (M+i)+ (M+) + 
02 

- 
1Chiriquitoxin of quasi-molecular ions and characteristic 

~,\ ^fragments from the mass spectrum. It is 
32 - possible, for example, to quantitatively 

compare the yields of quasi-molecular ions 

02 _- _- from arginine with those from y-gluta- 
thione or adenosine monophosphate. This 

~ ^f a^is useful for understanding the relationship 
108 116 124 132 140 between molecular structure and quasi- 

Time of flight (psec) molecular ion formation and for measur- 
Mass spectrum of tetrodotoxin and chiri- ing the improvement of ion yields obtained 
n recorded with the 8-m flight tube. by using derivatives or modifying the 
ng time was 2 hours with a fission in- sample composition. With good control of 
of 500 sec-' and a 100-A g sample pre- the sample preparation, it is possible to ob- 

by solvent evaporation. The structure of . 
itoxin is unknown, but is probably re-tam reproducible mass spectra, because 
o tetrodotoxin. This is the first determina- the irradiation conditions at the target do 
the molecular weight of chiriquitoxin. not change. 

Because of the way the data are ob- 
tained, 252Cf mass spectra differ in some 

tion pattern produced by the loss of features from the mass spectra that are 
molecules like CO2 and HCOOH usually reported. The mass scale is non- 
the (M + 1)+ ion and from bond linear, as in all time-of-flight mass spectra, 
ge. The fragmentation patterns are since the time of flight is proportional to 
r to those obtained by chemical M1/2. The mass range or time window is 
tion with the t-butyl ion. The nega- preset for the experiment and can vary 
on spectra generally indicate that considerably, depending on the mass re- 
l)- quasi-molecular ions, when they gion to be studied. For example, the 
roduced, are formed with consider- spectra shown in Fig. 3, taken with a 1.5-m 
ess internal excitation. The fragmen- flight tube, were recorded in a 24- to 28- 
spectrum is much weaker for nega- usec time window to detail peaks in the 

)ns, but the pattern generally corre- mass range 300 to 400; 4096 time interval 
with the positive ion spectrum. The channels were used, each channel being 1 
nation obtained from both of the nsec wide. The entire spectrum, including 
a has been useful for deducing mo- the fragmentation pattern, could be re- 
r structure. corded in a time window of 0 to 32 Lsec by 
y a small fraction of the sample is using 4096 time interval channels, each 
red in an experiment. If 106 fission channel set to be 8 nsec wide. 
ents are used to generate the mass The intensity scale in the mass spectrum 
um and each fission fragment probes gives the number of events detected in the 
:a of 5000 A2, only 10-6 of a 1-cm2 experiment in a particular time channel. If 
e is used in the measurement. Most the time channel is 1 nsec wide, the in- 
sample remains unchanged and can tensity has units of counts per nanosecond 
overed. and the spectrum will contain 4096 data 
sensitivity of the method, in terms points, the limit of our memory core stor- 
minimum amount of material that age. The total number of events recorded 

e used to obtain meaningful mass in a given time channel is proportional to 
a, depends on the method of sample the duration of the measurement. This 
^ation. Plasma desorption is a sur- varies from a few minutes to hours depend- 
henomenon and the yield is propor- ing on the rate of ion production. For a 
to the area of surface actually cov- sample with a particularly low ion yield it 
y sample molecules. Solvent evapo- took 12 hours to accumulate 100 events 
produces nonuniform samples and that were due to the quasi-molecular ion. 

up to 100 Lg/cm2 must be deposited to 
adequately cover the surface. We recently 
employed the electrospray technique to 
produce thin, uniform molecular films, 
which give comparable intensities with 
much smaller amounts of material (14). 

The electrospray technique has also 

Results and Applications 

We studied classes of biomolecules for 
which mass spectra had been obtained by 
conventional methods in order to compare 
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ion yields and fragmentation patterns. 
Amino acids, including arginine and cys- 
tine (7), form (M + 1)+ and (M - 1)- ions 
in good yield. Fragmentation patterns in 
the positive ion spectrum are very close to 
those observed in t-butyl ion chemical ion- 
ization (15). The (M - 1)- ion dominates 
the negative ion spectrum. Alkali metal 
ions present in the sample readily attach to 
the amino acids, forming (M + Na)+ or 
(M + K)+ ions with a corresponding loss 
in (M + 1)+ intensity. The (M - 1)- inten- 

sity is not appreciably changed, which sug- 
gests that ion-pair formation by H+ trans- 
fer still dominates, with exchange occur- 
ring between the labile H atoms and alkali 
metal ions. 

Dipeptides and tripeptides also produce 
(M + 1)+ and (M - 1)- ions. Fragmenta- 
tion patterns in the positive and negative 
ion spectra contain N-terminal imine ions 
and C-terminal ions. The amino acid se- 
quence of two isobaric tripeptides, ala- 
nylleucylglycine (Ala-Leu-Gly) and glycyl- 
leucylalanine (Gly-Leu-Ala), could be de- 
duced from the fragmentation pattern 
data. Peptides also readily form (M + 
Na)+ quasi-molecular ions, and there is 
some evidence, from a comparison of N- 
imine ion intensities, that these quasi-mo- 

600 

0. 

() 

c 

Q 
C 

C) 

400 

200 

0 

C) 

00 

C) 

00 
0 

(A 
4- 
c 

0 

oo 

4000 

2000 

0 

lecular ions do not fragment as much as 
the (M + H)+ ions. 

Higher-order peptides also produce qua- 
si-molecular ions plus extensive fragmen- 
tation patterns in the positive and negative 
ion spectra. We have not yet used the frag- 
mentation data to sequence these peptides 
because a high mass resolution analysis is 
required to obtain reliable sequence infor- 
mation. An important hexapeptide, r- 
glutathione, gives (M + 1)+, (M + Na)+, 
and (M - 1) ions in good yield. Quasi-mo- 
lecular ions from the reduced form are also 
present in the spectrum. The largest pep- 
tide that has been studied is gramicidin A, 
a 15-residue peptide, which is blocked in 
the natural state at the N-terminals by a 
formyl group and at the C-terminals by a 
hydroxyethylamide group (16). Two vari- 
ants of gramicidin A differ only in the final 
N-terminal residue (L-valine in one form 
and L-isoleucine in the other) and have mo- 
lecular weights of 1881 and 1895, respec- 
tively. Figure 4a shows a partial mass spec- 
trum of a mixture of the two variants in the 
region of the quasi-molecular ions. The 
(M + Na)+ ions were observed in this case, 
possibly because the Na+ impurity level 
was relatively high. No (M - 1)- ions were 
observed, which indicates that this ion is 

Mass 
25 100 200 400 600 800 1200 1600 

1000 1500 2000 2500 3000 
Mass 

Fig. 6. Mass spectra of (a) a thin 148SmO film and (b) Pt-thymine. Both targets form large cluster 
ions. The structure of Pt-thymine is unknown. The cluster ions are produced at least up to mass 
3000. Each group with increasing mass corresponds to the addition of a Pt atom. The distribution of 
masses within each group probably represents different fragments of the thymine moiety. 
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unstable toward fragmentation, or that 
ion-pair formation by proton transfer is 
not a probable process for this molecule. 

The possibility of detecting quasi-mo- 
lecular ions of large peptides suggests a 
variation of the approach that has been 
used to sequence peptides by enzymatic 
degradation coupled with mass spectros- 
copy. It may be possible to detect not only 
the individual residues that are removed in 
the degradation but also the remaining 
oligopeptides to provide a check on the 
identification of the residues removed. The 
fragmentation pattern, by itself, might give 
the same information, but this will require 
a detailed analysis of high-resolution data. 

Simple nucleosides and nucleotides all 
give (M + 1)+ and (M - 1)- ions in good 
yield, without making derivatives. The 
fragmentation patterns include ions from 
the base and sugar moieties in the pos- 
itive and negative spectra. A dinucleotide 
phosphate, guanylyl-(3'- 5')-adenosine 
(GpA), forms a good (M - )- quasi-mo- 
lecular ion peak plus a fragmentation pat- 
tern that includes Gp-, Ap-, G-, and A-. No 
positive quasi-molecular ions were ob- 
served, possibly indicating instability to- 
ward fragmentation. We have also investi- 
gated some trinucleotides, but have not 
been able to detect quasi-molecular ions. 
Trinucleotides and oligonucleotides are 
important in the elucidation of the struc- 
tures of nucleic acids, and there has been 
considerable work on their mass spectra 
(17). None of the methods developed to 
date has produced molecular ions of a tri- 
nucleotide. There are several possible rea- 
sons why 252Cf-PDMS has not worked for 
these molecules, and perhaps by utilizing 
another degree of freedom, the sample 
composition, we may be able to solve the 
problem. For example, if the reason for 
lack of success is involatility, we might iso- 
late the oligonucleotide in a matrix to en- 
hance the volatility, or complex it to re- 
duce intermolecular interactions. Or it 
may be that a volatilized trinucleotide dim- 
er will not undergo proton transfer to form 
a free ion pair. In that case, if we deposit 
an amino acid layer over the sample it may 
be possible to produce volatilized tri- 
nucleotide-amino acid dimers, which 
might more readily split into a free ion 
pair. The point here is that it is possible to 
make use of the chemical properties of the 

sample molecules to affect what molecular 
ions are produced in the process. 

Large organic complexes containing nu- 
cleotide groups can produce quasi-molecu- 
lar ions. An example is cyanocobalamin 
(vitamin Bl2), which has a molecular 

weight of 1335. Figure 4b shows a portion 
of the negative ion spectrum with mass 

peaks at 1327 [due to loss of HCN from 
the (M - 1)- quasi-molecular ion], another 
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group of unknown structure at 1269, and 
an intense fragmentation pattern below 
1000. We show this as an example of the 
advantage of having both positive and neg- 
ative mass spectra. This molecule does not 
give mass peaks above 1000 in the positive 
ion spectrum. 

An amino acid conjugate, xanthine-tyro- 
sine, is being studied by StOhrer as a model 
for understanding protein-nucleic acid in- 
teractions. This molecule gives strong 
(M + 1)+ and (M - )- peaks and also ex- 
hibits H+-Na+ exchange in the presence of 
Na+ ions. The mass spectrometric problem 
in this study was to confirm the presence of 
xanthine-tyrosine (M = 331) in a sample 
that was prepared by chemical synthesis. 
The mass spectra in the region of the qua- 
si-molecular ion are shown in Fig. 3. Mass 
peaks were observed at 332 in the positive 
ion spectrum and at 330 in the negative ion 
spectrum, suggesting ion-pair formation 
from a molecule with a molecular weight 
of 331. Additional peaks were observed at 
354, 370, and 376 in the positive ion spec- 
trum, which correspond to Na+ and K+ ad- 
dition to the parent molecule and to H+- 
Na+ exchange. The peak at 352 in the neg- 
ative ion spectrum, also due to H+-Na+ ex- 
change, suggests that H+-Na+ exchange 
may take place before ion-pair formation. 
The presence of these alkali metal quasi- 
molecular ions in the spectrum provides an 
independent method for identifying the 
parent molecule. In addition to the peaks 
observed in Fig. 3, a fragmentation pattern 
is also present which can be related to loss 
of small molecules from the tyrosine 
moiety, cleavage of the tyrosine-xanthine 
bond, and splitting up of the xanthine ring. 
Another related amino acid conjugate, cys- 
tine-,/-pseudouridine, also gives similar 
results. 

Natural Products 

A particularly interesting class of natu- 
ral products is the naturally occurring tox- 
ins. A molecule that is biologically active 
generally contains reactive groups that 
give it its functionality. This same func- 
tionality can also give rise to strong inter- 
molecular interactions and produce ther- 
mal instability. The mass spectroscopy of 
these compounds is difficult because of 
their low volatility and tendency to ther- 
mally decompose. An example is the well- 
known neurotoxin, tetrodotoxin, which has 
been studied extensively by Mosher et al. 
(18). The structure has been elucidated by 
chemical degradation and is shown in Fig. 
5. The proliferation of polar groups on the 
ring system and the presence of the guani- 
dine moiety are probably responsible for 
the low volatility, which has made it diffi- 

5 MARCH 1976 

cult to obtain a mass spectrum of the par- 
ent molecule even by field desorption. Fig- 
ure 5 shows a mass spectrum of a sample 
containing tetrodotoxin and a new toxin, 
chiriquitoxin, which was isolated by Shin- 
delman et al. (19) from the skin of the Pan- 
amanian frog, A telopus chiriquiensis. This 
spectrum was recorded with an 8-m-long 
flight tube, so the resolution is consid- 
erably better than that of the spectra 
shown in Fig. 3, which were taken with a 
1.5-m flight tube. The (M + 1)+ ion is the 
major peak in the spectrum and most of 
the fragment ions are below mass 200. The 
negative ion spectrum shows mainly frag- 
ment ions but a weak (M-l)- ion is 
present. One measure of the mass resolu- 
tion of a system is the resolution of the 13C 

satellite from the main peak. This does not 
show up well in Fig. 5 because the spec- 
trum is compacted in time. We have re- 
peated this measurement with a time grid 
of 1 nsec per channel and have obtained a 
spectrum showing a time-of-flight separa- 
tion of 175 nsec between the (M + I)+ ion 
peak of tetrodotoxin and the '3C satellite 
peak. The width of the (M + 1)+ peak in 
this experiment was 22 nsec. Most of the 
line broadening is from the kinetic energy 
distribution of the ions before acceleration. 
The present system is capable of a mass 
resolution of better than 0.003 amu up to 
mass 500. Modifications in the method of 
measuring the time of flight will give con- 
siderably improved resolution, which is es- 
sential for elemental composition determi- 
nation and for fragmentation pattern anal- 
ysis. 

Large Molecules 

The positive result obtained with grami- 
cidin A demonstrates that 252Cf-PDMS is 
sensitive to molecular ions with molecular 
weights up to 2000. How much higher in 
mass it is possible to go with this method 
depends not only on the production of a 
molecular ion but also on its detection, 
since lower-velocity ions do not produce 
secondary electrons in the ion detector 
with good efficiency. The detection effi- 
ciency for large molecular ions has never 
been studied with channel plate multi- 
pliers. We obtained some information on 
this question by studying the PDMS 
spectra of thin 148Sm oxide targets. This 
sample produces molecular cluster ions up 
to Sm9O,3+ which has a molecular weight 
of 1539. The spectrum is shown in Fig. 6a. 
This result also shows that there are other 
ways of producing ions in PDMS than by 
H+ transfer. A sample of Pt-thymine (Pt- 
blue) (20) produces a periodic mass distri- 
bution of cluster ions up to mass 3000, as 
shown in Fig. 6b. The structure of these 

ions is not known, but the spectrum dem- 
onstrates that if ions up to mass 3000 are 
produced, they can be detected. 

Summary 

We have shown that 2s2Cf-PDMS is ca- 
pable of producing mass spectra of quasi- 
molecular ions for a wide variety of com- 
pounds, including amino acids, moderately 
large peptides, nucleotides, and natural 
products. Positive and negative ion mass 
spectra can be obtained, and in many cases 
quasi-molecular ions are observed in both. 
The method is nondestructive, as only a 
relatively few molecules are used and sam- 
ples can be recovered after the measure- 
ment is made. Fragmentation patterns are 
obtained which can yield structure infor- 
mation. The present sensitivity of the 
method is at the nanogram level and there 
are possibilities for reducing this to pico- 
grams. The mass resolution is sufficient to 
give elemental identification up to mass 
500. This may be extended to higher 
masses with improved time-of-flight tech- 
niques. There are indications that 252Cf- 
PDMS may extend the mass range of 
molecules that can be studied to as high as 
3000 or more. 

References and Notes 

1. R. T. McIver, E. B. Ledford, Jr., J. S. Miller, Anal. 
Chem. 47, 692 (1974). 

2. J. T. Watson and K. Biemann, ibid. 37, 844 (1965). 
3. R. J. Beuhler, E. Flanigan, L. J. Greene, L. Fried- 

man, J. A m. Chem. Soc. 96, 3990 (1974). 
4. H. D. Beckey, A. Heindrichs, H. U. Winkler, Int. 

J. Mass Spectrom. Ion Phys. 3, 9 (1970). 
5. D. S. Simons, B. N. Colby, C. A. Evans, Jr., ibid. 

15,291 (1974). 
6. R. O. Mumma and F. J. Vastola, Org. Mass Spec- 

trom. 6, 1373 (1972). 
7. D. F. Torgerson, R. P. Skowronski, R. D. Macfar- 

lane, Biochem. Biophys. Res. Commun. 60, 616 
(1974). 

8. M. S. B. Munson and F. H. Field, J. Am. Chem. 
Soc. 88, 2621 (1966). 

9. R. J. Beuhler, E. Flanigan, L. J. Greene, L. Fried- 
man, Biochemistry 13, 5060 (1974). 

10. D. Metta, H. Diamond, R. F. Barnes, J. Milsted, J. 
Gray, Jr., P. J. Henderson, C. M. Stevens, J. Inorg. 
Nucl. Chem. 27, 33 (1965). 

11. H. W. Schmitt, W. E. Kiker, C. W. Williams, 
Phys. Rev. B 137, 837 (1965). 

12. D. F. Torgerson, R. D. Macfarlane, L. S. Spiegel, 
Proceedings of the Fifth International Conference 
on Atomic Masses and Fundamental Constants, 
Paris, 1975, in press. 

13. A. Chatterjee, H. D. Maccabee, C. A. Tobias, Ra- 
diol. Res. 54, 479 (1973). 

14. We are indebted to F. R. Krueger for demonstrat- 
ing the usefulness of the electrospray technique. 
This method is routinely used for preparing radio- 
active sources [E. Bruninx and G. Rudstam, Nucl. 
Instrum. Methods 13, 131 (1961)]. 

15. M. Meot-Ner and F. H. Field, J. Am. Chem. Soc. 
95, 7207 (1973). 

16. R. Sarges and B. Witkop, ibid. 87, 2011 (1965). 
17. C. Hignite, in Biochemical Applications of Mass 

Spectrometry, G. R. Waller, Ed. (Wiley-Inter- 
science, New York, 1972), p. 429. 

18. H. S. Mosher et al., Science 144, 1100 (1964). 
19. J. Shindelman, H. S. Mosher, F. A. Fuhrman, 

Toxicon 7, 315 (1969). 
20. See for example, B. Rosenberg, Naturwissen- 

schaften 60, 399 (1973). 
21. We are grateful to H. S. Mosher, E. Gross, J. 

McCloskey, B. Rosenberg, and G. StOhrer for pro- 
viding samples. We thank M. Clemenson, C. A. 
Hassell, C. J. McNeal, A. J. Pape, and L. Spiegel 
for assistance in the experiments. This work was 
supported in part by ERDA and the Robert A. 
Welch Foundation. 

925 


	Cit r91_c119: 
	Cit r97_c125: 


