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Proton transfer between ions of the cyclic peptide valinomycin (relative molecular mass 1110.6) 
and ammonia molecules has been studied over a range of ion energies from 50 eV to 8 keV. 
Valinomycin ions were produced by field desorption. Collisions of valinomycin ions with ammonia 
molecules at controlled energies were carried out using an ion-optical lens system situated in the 
source region of a large research mass spectrometer. The maximum cross-section for proton transfer 
occurred when the valinomycin ion possessed 1500 eV of kinetic energy. This maximum cross-sec-
tion for proton transfer was 3 orders of magnitude smaller than the cross-section for collision-in-
duced dissociation of the valinomycin ion at the same ion energy (2.4 • 1 0 - 1 7 cm2 molecule - 1 as 
compared to 2 • 1 0 " 1 4 c m 2 molecule - 1). A stereospecific stripping model can explain the observa-
tions. 

Introduction 

The enormous body of literature on the subject of 
ion-molecule reactions concerns almost exclusively 
ions of relatively low masses [1], We report results 
from a study of proton transfer between a beam of 
peptide ions and ammonia. While a recent study of 
such reactions concentrated on the regime of very low 
collision energies [2] the present work extends to 
higher energies, where different reaction mechanisms 
apply. Results are presented for the cyclic peptide vali-
nomycin (Fig. 1) with a relative molecular mass of 
1110.6. The unimolecular chemistry of gaseous valino-
mycin ions had been characterised prior to this work 
[3]. There is a fundamental interest in studying the 
competition between proton transfer and collision-in-
duced dissociation with large ions. Also, the potential 
of ion-molecule reactions for obtaining structural in-
formation on large biological ions in the gas phase 
needs to be explored. In general, information of this 
type is required to assist with the interpretation of 
tandem mass spectra of biological molecules [4], A 
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special feature of collisions between beams of large 
ions and thermal small molecules is the possibility of 
attaining low absolute centre-of-mass collision ener-
gies. The maximum proportion of the translational 
energy of the ion which is available for conversion into 
integral energy in the collision is given by m/(M + m), 
where M is the mass of the parent ion and m is the 
mass of a stationary target molecule. This fraction will 
be small when the mass of the parent ion is large and 
the mass of the target is small. In this work ion trans-
lational energies from ~ 50 eV upwards were used, 
which corresponds to relative collision energies in the 
case of valinomycin and ammonia of ^ 750 meV. 

Experimental 

The apparatus [Fig. 2] used in this work has been 
described in detail [5], Valinomycin ions were pro-
duced by field desorption (FD). Collisions of these 
ions with ammonia molecules were carried out with-
out prior mass-selection. The electrostatic lens system 
designed for these experiments [5] collected the beam 
from the FD source and focussed it into a collision cell 
containing the ammonia molecules. The energy pos-
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sessed by the ions prior to collision was varied by 
adjusting the collision cell potential. Product ions 
were extracted, accelerated and focussed onto the 
source slit of the mass spectrometer. The performance 
of the retardation lens/collision cell/acceleration lens 
system was evaluated by studying the well character-
ised reactions between [NH3] + ' and N H 3 [6-13]. The 
primary reactions occuring between [NH3] + ' and 
N H 3 are 

[NH3] + - + N H 3 N H 2 + [NH4] + 

and 
[NH3] + ' + N H 3 ^ N H 3 + [ N H 3 p 

The rate of the proton transfer reaction is known to 
decrease with increasing ion kinetic energy, whilst the 
rate for the electron transfer reaction increases over 
the range of interest [3], Uncorrected cross-sections 
for formation of [NH3] + ' and [NH 4 ] + from these two 
reactions were determined as a function of incident 
[NH3] + ' energy, and from comparison with literature 
data were used to draw up a correction curve account-
ing for the transmission characteristics of the lens sys-
tems and mass spectrometer. 

An initial difficulty in the valinomycin experiments 
was interference from [NH3] + ' generated in the FD 

source from a background pressure of N H 3 . The 
problem was alleviated by using N D 3 instead of N H 3 . 
In this case, [ND 4 ] + wil be formed from [ND3] + ', 
whereas [ND 3 H] + will be formed by proton transfer 
from valinomyin ions. The yield of [ND 3 H] + from the 
collision well was monitored using ion counting tech-
niques [5]. 

Results 

Field desorption of valinomycin yields primarily 
molecular ions and no low-mass ions of significant 
intensity. The molecular ion region of the field desorp-
tion spectrum of valinomycin is shown in Figure 3. 
The spectrum shows peaks due to [M] + \ [M + H] + , 
[M + Na]+ and [M + K] + , where M represents a vali-
nomycin molecule. There are other groups of peaks in 
the spectrum, which are 14 mass units apart from the 
group around m/z 1111. The proportion of [M] + ' to 
[M + H] + can be obtained if one takes into account 
the calculated isotope distribution. It was found that 
these ions were present in about equal proportion. 

The collision cell pressure of N D 3 was 1.3 • 103 torr. 
Pressures in the cell were calculated from the pressure 
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Fig. 2. The collision cell, lenses and mass spectrometer. 

measured in the surrounding housing, making correc-
tion for the sensitivity of the ionisation gauge to differ-
ent gases. These calculations were made using the 
pumping speed of the diffusion pump on the sur-
rounding housing and the conductances of the slits in 
the cell. The effective length of the interaction region 
was taken to be 12 mm, which is the distance between 
the outside walls of the cell. Uncertainties arising from 
the calculation of the pressure and the effective length 
used are discussed below. 

Results are shown in Figure 4. Incident ion energy 
and collision cell voltage are plotted on the abscissa. 
The proportion of [ND3H]+ relative to the [M + H] + 

signal of valinomycin is plotted on the ordinate. Fig-
ure 4 has been drawn up on the assumption that the 
proton transfer arose from the [M + H]+ ion. The 
[M + H]+ ion signals used in this calculation of the 
proportions were corrected for attenuation at this par-
ticular cell pressure. The level of [ND3H]+ signals 
from the collision cell, when the emitter heating cur-
rent in the FD source was turned off, was used as a 
measure of background interference from other reac-
tions. These ions counts were subtracted from the 
corresponding ion counts measured with the emitter 
heating current on. The resulting differences in counts 
were taken as a measure of [ND3H]+ arising from 
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Fig. 4. Yield of [ND,H]^ as proportion of parent ion signal, as a function of the kinetic energy of the incident valinomycin 
ions. Error bars of the raw data ("measured curve") are given at a few typical energies. 
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valinomycin ions. On average, the background counts 
were at about the 10% level. Typical [ND3H]+ ion 
signals from the collision cell were less than 10 counts 
per second. These signals were accumulated for sev-
eral one-minute periods to obtain an average number 
of ions/second. 

The correction curve, obtained as described in the 
"Experimental" section, is also given in Figure 4. Its 
shape is explicable in terms of ion-optical effects [5]. 
The measured product ions are shown in Fig. 4 as 
proportions of the transmitted parent ion beam, 
whereas the amounts of product ions actually formed 
will be related to the number of parent ions entering 
the collision cell, not all of which are transmitted 
through the complete lens system. 

There is a maximum (corrected) yield of [ND3H] + 

of 0.007 + 0.00015 at an ion kinetic energy of about 
1500 eV (cell voltage 6500 V) (Figure 4). Further cor-
rections are necessary: the proportion of product ions 
calculated to be extracted through the entrance slit of 
the collision cell (i.e. in the negative x-direction) under 
the voltage conditions used on the lens system at this 
cell voltage is 0.30. This figure is based on calculation 
of the electric field penetration into the collision 
cell [4]. Taking this into account gives a maximum 
[ND 3H]+ yield of 0.0010 + 0.0002. Another point 
which needs consideration is how much of the 
[ND 3H]+ product has reacted to produce some other 
species in the time taken for extraction out of the 
collision cell. The rate constant for the reaction 
[ND 3H]+ + N D 3 [ND4]+ + N H D 2 is 1 • 10~9cm3 

molecule - 1 s - 1 [14]. This happens to be the same as 
the rate constant for the reaction [NH3] + ' + N H 3 

[NH4]+ + N H 2 [14]. Since extraction fields very simi-
lar to those used in the [NH3] + ' /NH 3 experiments 
were used in the experiments with valinomycin, it 
may be assumed that the time for secondary reac-
tion of the products is approximately the same. In 
the [NH3] + ' /NH 3 experiments, it was found that 
0.42 + 0.05 of the [NH3] + ' had reacted to form [NH4] 
during extraction from the cell. In the measurements 
of the valinomycin ion/ND 3 reaction the pressure in 
the collision cell was less (about one-half) than that 
used in the [NH3] + ' /NH 3 experiments. It can then be 
calculated [5] that 0.24 + 0.03 of the [ND3H]+ would 
have reacted to form [ND4] + . Allowing for this loss, 
the estimated maximum yield of [ND 3 H + ] becomes 
0.0013 + 0.0003. The cross-section for proton transfer 
from valinomycin to ammonia calculated using this 
value is 2.4 • 10" 1 7 cm2 molecule - 1 . 

It is possible to perform a check on the corrections 
made in obtaining this result. The cross-section for the 
[NH3] + ' + NH 3 [NH4]+ + N H 2 at an incident ion 
energy of 100 eV was determined in our experiments 
to be 4.9 • 1 0 " 1 5 c m 2 m o l e c u l e - 1 without adjustment. 
This is 3 x lower than the literature value [7]. The 
adjustments to account for ion losses as described in 
the pjevious paragraph raise cross-sections by a factor 
of (1 + 0.3)/(l - 0.24) = 1.71, which suggest that the 
corrections made may still be too small by almost a 
factor of 2. This may be attributable to the value 
(12 mm) used for the interaction length. We estimate 
the uncertainty in the cross-sections at 50%, so that 
the cross-section for proton transfer from valinomycin 
to ammonia is 2.4 + 1.2 • 1 0 - 1 7 c m 2 molecule - 1 . 

It has been assumed that the proton transfer ob-
served is due to the [M + H]+ ion of valinomycin. The 
possibility cannot be excluded that transfer also oc-
curs from the [M] + ' ion of valinomycin. Since 
[M + H] + ' and [M]+ ' are produced in about equal 
intensities, the experimental cross-section would then 
represent an average of the cross-sections for these 
ions. 

At the ND 3 pressure used in the collision cell in the 
valinomycin experiments, the transmitted beam was 
attenuated to 33% (above about 400 eV ion kinetic 
energy). If it were assumed that all 67% of the 
[M + H]+ ions lost had undergone collision-induced 
decomposition (CID), the calculated cross-section for 
CID would be 2.0 • 1 0 - 1 4 cm2 molecule - 1 , about 
three orders of magnitude larger than the cross section 
for proton transfer. This can easily be understood. In 
order for proton transfer to occur, the N D 3 molecule 
would have to interact with a specific part of the 
[M + H]+ valinomycin ion where the additional pro-
ton was situated. CID, on the other hand, could result 
from interaction with many other parts of the ion 
structure. Proton transfer from fragment ions formed 
in the dominant CID process has been ignored, on the 
grounds that the probability of CID followed by pro-
ton transfer is likely to be low. The possibility exists, 
however, that some of the proton transfer events are 
accompanied by a simultaneous break-up of the re-
mainder of the valinomycin ion - i.e. proton transfer 
and CID need not be mutually exclusive. 

Discussion 

The principal findings of this work are the unusual 
energy dependence of the cross section for proton 
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transfer from a valinomycin ion to N D 3 and its very 
small absolute size. From Fig. 4, the cross section goes 
through a broad maximum of 2.4 • 1017 cm2 at 1500 eV, 
corresponding to 26.5 eV in the centre-of-mass sys-
tem. A comparison with the formation of [NH4] + 

from [NH3] + ' + N H 3 is interesting. Here, the cross 
section has its maximum at room temperature ther-
mal energy, where it is 1.16 • 1 0 " 1 4 c m 2 (calculated 
from the rate constant). At 1 eV ion energy this cross 
section is lower by a factor of about 0.85 and contin-
ues to decrease towards higher energies. At 100 eV, 
corresponding to 50 eVCM, a value of 8.4 + 4.2 • 10 ~1 5 

cm2 was measured in this work (after correction with 
the loss factor of 1.71, see above). Thus at comparable 
relative collision energies (within a factor of two), the 
valinomycin ion cross section is smaller by several 
orders of magnitude than that of [NH3] + '; further-
more, at low energies it shows a pronounced increase 
with kinetic energy. 

For both reactions, at very low collision energies 
formation of an orbiting complex would be expected. 
According to the Langevin cross section expression, 
the capture probability depends only on the relative 
collision energy £C M and the target polarizability and 
would thus be the same for a valinomycin ion + N D 3 

and for [NH3] + ' + N H 3 at a given CM energy. Com-
plex formation has, in fact, been observed for proto-
nated valinomycin ions plus N H 3 at £C M ^ 0.5 eV [2], 
The probability for the orbiting mechanism decreases 
as (£ c m)~ 1 / 2 and is usually found to become insignifi-
cant, compared to other mechanisms, above a few 

A very successful model for reactions at higher ener-
gies is the spectator stripping mechanism. Applying 
this model to the case of proton transfer from a proto-
nated valinomycin ion [M + H] + colliding with a sta-
tionary N D 3 molecule, one finds that the fraction of 
the initial lab system kinetic energy which is deposited 
in the [ND 3H]+ product equals p/(M+1). ^ = 0.952 is 
the reduced mass of the ND3-proton subsystem, and 
M = 1111. Thus out of the initial energy £ l a b = 1500 eV, 
only 1.29 eV is available in the ND 3-proton relative 
motion. This small amount of energy may well be 
comparable with some energy barrier along the reac-
tion path, which would inhibit this proton transfer 
mechanism at lower energies. We propose therefore a 
stripping mechanism, in conjunction with a small bar-
rier, to explain the observed, unusual rise of the cross 
section up to a CM energy of 26.5 eV (which contrasts 
with the much more typical, monotonic fall-off for 

[NH3] + ' + NH 3 in the same energy region). The pro-
ton transfer from valinomycin is certainly not a 
strongly endothermic reaction [2], and the increase of 
the cross section cannot be explained simply on the 
basis of the overall energy balance. 

The small size of the measured cross section is also 
in keeping with the spectator stripping model. Viewed 
in the centre-of-mass system, the reaction proceeds by 
the impact of the N D 3 molecule onto the almost sta-
tionary valinomycin ion. It is intuitively clear that the 
proton can only be stripped off if it is hit directly. Thus 
stereospecific factors such as shielding effects from 
other parts of the ion structure will tend to reduce the 
cross section. Two types of protonation sites of valino-
mycin, at the ester oxygen and at the amide bond, 
have in fact been distinguished in [2]. By comparison, 
in the [NH3] + ' + N H 3 case such steric requirements 
are absent. 

The interaction time between N D 3 and the proton, 
at £ l a b = 1500eV, can be estimated as 1.8 • 10" 1 4 sec 
(taking the ND 3 diameter as 3Ä). This is small com-
pared to the period of rotation of the valinomycin ion, 
which is a measure of the time which would be neces-
sary to sample a range of different orientations. Thus 
the prerequisite for a spectator-type sudden collision 
with a target of fixed orientation is fulfilled. 

It many be noted that the comparison with the 
absolute [NH3] + ' + N H 3 cross section is further com-
plicated by the fact that in the latter case [NH 4]+ can 
also be formed by transfer of a hydrogen atom from 
N H 3 to [NH3] + ', in addition to the proton transfer 
mechanism implicitly assumed above. The product 
thus formed would be fast in the laboratory-system 
forward direction and might in fact be detected with 
a higher probability than the slow [NH 4 ]+ result-
ing from proton transfer. In the similar system 
[CH4] + - + CH 4 [CH5]+ + C H 3 both mechanisms 
have been observed with comparable probability [15], 
while with [D 2 0] + ' + N H 3 only atom transfer was 
found, and no formation of [NH 3 D] + at all [15, 16]. 

Conclusion 

The result for proton transfer from valinomycin to 
ammonia suggest that the cross-section for such ion-
molecule reactions between large ions and small 
molecules are very small. A clean interaction at the 
position necessary for the proton transfer is appar-
ently required, otherwise the ion will tend to fragment. 
The centre-off-mass collision energy giving the maxi-
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m u m cross-sect ion for p r o t o n t r ans fe r to a m m o n i a 
h a s been f o u n d to be m u c h grea te r fo r va l i nomyc in 
ions t h a n tha t fo r a m m o n i a ions. T h e a m o u n t of th i s 
coll ision energy ac tua l ly conve r t ed i n t o in te rna l en-
ergy of the p r o d u c t ion w o u l d be expec t ed to d e p e n d 
on whe the r r eac t ion occu r s at a specif ic local ized site 
o r wi th larger pa r t s of the s t r uc tu r e of the ion as a 
whole . In the case of va l inomyc in the i n t e r a c t i o n t ime 
is very shor t , f a v o u r i n g t he fo rmer a l t e rna t ive . 
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