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Abstract 

This paper reports on the multiphoton ionization and dissociation (MPID) processes that occur in gas phase dipeptides 
excited with femtosecond and nanosecond laser pulses. The MPID products of the compounds tyrosyl-tyrosine, tyrosyl-leucine, 
and valyl-valine resulting from excitation with 5 ns and 250 fs laser pulses at 266 nm have been analysed by time-of-flight mass 
spectrometq. There are two important conclusions from this study. First, ion fragmentation patterns depend on the pulse length 
of laser radiation used to excite the neutral molecule. Photofragmentation is generally less extensive and more tuneable with 
femtosecond pulses compared with nanosecond pulses. Second, the efficiency of the ionization with femtosecond pulses seems 
relatively insensitive to the presence or absence of a chromophore in the systems we have studied; this is not true for 
nanosecond pulses. This suggests that although coherent processes clearly play little part in ionization with nanosecond pulses, 
these effects become significantly more important as the time scale of the ionization reaches the subpicosecond regime. (Int 
J Mass Spectrom 176 (1998) 77-86) 0 1998 Elsevier Science B.V. 
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1. Introduction cantly reduces the amount of desorbed neutral species 

Resonance-enhanced multiphoton ionization has 
fragments entering the ionization region, and the 

been successfuIly applied to the mass spectrometry of 
added selectivity introduced by wavelength selection 

a wide range of biomolecules [ 1,2]. The development 
make the technique less appropriate for routine anal- 

of two-step desorption/ionization methods has en- 
ysis of unknown samples. A further disadvantage of 

abled nonvolatile and thermally labile molecules to be 
jet-cooling is that it requires experimental geometries 

desorbed and subsequently postionized without exten- 
that are incompatible with single-step desorption/ 

sive fragmentation [3,4]. By entraining the desorbed 
ionization techniques such as secondary ion mass 

species in an expanding gas jet, they can be vibra- 
spectrometry. In addition, the use of nanosecond laser 

tionally cooled and by carefully tuning the ionization 
pulses may mean that the rate of dissociation at the 

laser wavelength, fragmentation can be further re- 
l-photon level exceeds the rate of absorption of the 

duced [5]. However, the use of jet-cooling signifi- 
subsequent photon(s) required for multiphoton ioniza- 
tion (MPI). In this case, it may prove impossible to 
form intact molecular ions at any wavelength. 
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rates is to increase the pumping rate by using 
ultrahigh intensity laser pulses. Increasing the en- 
ergy of nanosecond laser pulses simply leads to 
excessive photon absorption by the molecular ion 
and more fragmentation [6,7]. The advent of pico- 
second and femtosecond pulsed lasers has provided 
a means of achieving very high photon absorption 
rates using low energy pulses, thereby defeating 
dissociation pathways and maintaining control over 
energy deposition. Femtosecond laser ionization mass 
spectrometry has recently proven very useful in min- 
imizing fragmentation in several chromophore-con- 
taining organic systems such as nitro-compounds, 
benzene, aminoacids, and larger biomolecules [8-151. 
Ledingham et al. [16] have recently published an 
excellent review of high intensity (picosecond and 
subpicosecond) laser mass spectrometry. 

Current research in our group aims to develop the 
optimum postionization method for ion beam- 
sputtered neutral molecules. In this work we report 
on a comparative investigation of the application of 
nanosecond and femtosecond MPI to small biomol- 
ecules thermally desorbed without subsequent jet- 
cooling. The thermal desorption method used in 
this is expected to result in much less fragmentation 
than ion beam desorption, allowing the photofrag- 
mentation processes to be studied in greater depth 

[171. 

2. Experimental 

The work reported here was carried out at two 
sites. The nanosecond MPI work was performed at 
University of Manchester Institute of Science and 
Technology (UMIST) and the femtosecond MPI work 
at Pennsylvania State University (PSU). At both sites, 
experiments were performed on a dual-stage reflec- 
tron-type time-of-flight mass spectrometer (K Prism 
Series, Kratos Analytical Ltd., Manchester, UK) of 
almost identical design. The experimental set-up is 
shown schematically in Fig. 1. 

Fig. 1. Diagram of the laser ionization mass spectrometer. 

2.1. Thermal desorption 

The dipeptides were purchased from Sigma Chem- 
ical Company, Poole, UK and used as received. 
Samples were prepared by depositing thin layers in 
methanolic solution on clean copper stubs and air 
dried before loading into the mass spectrometer. 
Because of the low volatility of the samples at room 
temperature it is necessary to heat the sample stub to 
obtain a sufficient gas phase concentration of analyte 
in the ion source region. Heating is accomplished by 
passing electrical current through a tungsten filament 
located next to the sample stub or by passing heated 
nitrogen gas through the sample stage. A tbermocou- 
ple mounted in the stub enables the sample tempera- 
ture to be monitored during the experiment. The 
dipeptides tyrosyltyrosine, tyrosyl-leucine and valyl- 
valine were thermally desorbed into the gas phase at 
-430 K, raising the chamber pressure from approxi- 
mately 5 X lop9 to 5 X 10m8 mb. The sample stub is 
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held at a potential of 2.7 kV, establishing an electric 
field in the region where photoions are formed. 

2.2. Laser ionization 

For nanosecond excitation at UMIST, we used an 
Nd:YAG laser (DCR- 11, Spectra-Physics, Mountain 
View, CA) frequency-quadrupled to 266 nm with an 
output energy of up to 30 mJ in a 5-ns pulse. For 
femtosecond excitation at PSU, a regeneratively am- 
plified, frequency-tripled, Ti:sapphire based system 
(Clark-MXR, Dexter, MI) giving 250-fs pulses of up 
to 150 r*J at 266 nm was used. The femtosecond laser 
is described in detail elsewhere [lo]. 

The laser beam is focused with a 30-cm focal 
length MgF, planoconvex lens mounted outside the 
vacuum system and directed parallel to and a few 
hundred microns above the sample surface. The laser 
beam cross sectional area above the sample was 
typically of the order 10e3 cm*. The laser is synchro- 
nized with the timing system of the mass spectrometer 
and determines the maximum repitition rate of each 
experiment. The Nd:YAG laser operates at 10 Hz and 
the Ti:sapphire laser at 1 kHz. 

The first ionization energies of dipeptides are in the 
region 8.3 to 8.6 eV [18]. Therefore, absorption of 
two photons at 266 nm (4.66 eV) is sufficient to ionize 
ground state neutral dipeptide molecules desorbed 
into the laser beam. Subsequent photon absorption 
will deposit excess energy in the ionized species and 
may lead to additional photofragmentation. The rate 
of photon absorption will depend on the power 
density of the laser in the ionization volume, which in 
turn is a function of the pulse energy and the pulse 
duration. Once formed, ions are accelerated to kinetic 
energies in the region of 2.5 keV by the electric field, 
which exists between the sample and the entrance of 
the time-of-flight mass spectrometer (ToFMS). 

2.3. Mass spectrometry and detection 

An electrostatic lens serves to collimate the ions as 
they are extracted, producing a narrow beam of ions 
in the field-free drift region of the analyzer where 
their transit time is proportional to the square root of 

their mass-to-charge ratio (m/z). The dual-stage re- 
flectron incorporates an electrostatic mirror in which 
the ions are first decelerated from drift velocity by a 
steep field gradient then reflected back through the 
drift region to the detector by a shallower field 
gradient, which can more accurately achieve energy 
refocusing over a shorter path length. Energy refocus- 
ing is of particular importance in gas phase laser 
ionization mass spectrometry because significant ki- 
netic energy differences can exist between ions 
formed at different potential energy regions within a 
loosely focused laser beam. For example, an extrac- 
tion field of 2700 V cm-’ will result in a potential 
energy difference of 27 eV between ions formed at 
either side of a 1 00-km diameter laser beam. The total 
path length of an ion from source to detector is about 
3.6 m. 

A chevron design dual microchannel plate assem- 
bly is used as an ion detector. Ion arrival signals are 
sent via a pre-amplifier to a VMEbus computer 
system containing a time-to-digital converter card. 
Histograms of ion flight times can then be assembled 
over several thousand laser pulses and converted to 
mass spectra by a host PC using a simple calibration 
routine. 

3. Results and Discussion 

3. I. Nanosecond versus femtosecond ionization 
The content of the aromatic chromophore tyrosine 

(Tyr) in the sample molecules was varied intention- 
ally to enable us to study the effect of resonant 
enhancement by a (n-n*) transition at the l-photon 
level. The tyrosine absorption maximum is at 273 nm 
[ 11. We therefore expect to excite neutral species into 
high vibrational levels of the S, manifold using 
266-nm photons. 

Ionization of tyrosyl-leucine (Tyr-Leu) and ty- 
rosyl-tyrosine (Tyr-Tyr) was facile with 5-ns pulses 
( lo’-lo9 W cme2) but no significant ion current was 
observed from valyl-valine (Val-Val). It has been 
reported previously that molecules without a chro- 
mophore are difficult to ionize using nanosecond laser 
pulses in the near-UV region [ 191. The available 
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Fig. 2. Power plots of Tyr-Leu, Tyr-Tyr, and Val-Val, illustrating 
the effect of chromophoric groups on femtosecond MPI efficiency. 

power density from the nanosecond laser is insuffi- 
cient to bring about a 2-photon nonresonant ionization 
of Val-Val via a laser-induced virtual state. At these 
power densities, coherent, nonresonant processes are 
very inefficient and the presence of a chromophore 
seems to be important in providing a real intermediate 
state sufficiently long-lived for a given molecule to 
absorb a second photon. Analogues of the amino acid 
tryptophan are reported to have S, lifetimes of the 
order 10 ns [20] and similar values are expected for 
peptides [21]. Thermal desorption is expected to 
result in a broad vibrational and rotational state 
distribution in the neutral molecules so that the 
absorption band is significantly broadened compared 
with cold molecules. This may shorten the intermedi- 
ate state lifetimes to the subnanosecond time scale and 
hence reduce the ionization efficiency of nanosecond 
excitation compared with cold molecules [22]. 

Excitation with 250-fs pulses ( 10’“-1012 W cm-*) 
produces total ion currents of comparable magnitude 
for all three dipeptides, independent of their chro- 
mophore content. Fig. 2 shows a power plot of the 
total integrated ion current from Tyr-Leu, Tyr-Tyr, 
and Val-Val using the Ti:sapphire laser and an ap- 
proximately equal number of neutral molecules. The 
three sets of data are within a factor of two in ion 
count. It is particularly noteworthy and intriguing that 
the data for Val-Val, a molecule with no chro- 
mophore, show very similar ionization efficiency to 
the aromatic ring-containing molecules. As far as we 

are aware, this is the first time this observation has 
been reported. We propose that the role of coherent 
absorption has increased at these ultrahigh laser in- 
tensities to a level whereby it may dominate the 
ionization process, at the expense of resonant, sequen- 
tial absorption. This may in part be caused by a rapid 
AC Stark shift of resonant levels in chromophores. 
The data sets display a quadratic dependence on the 
laser intensity at the focus, suggesting we are neither 
optically saturating an intermediate level (real or 
virtual) or hole-burning in the neutral cloud. At the 
power densities used in these experiments optical 
saturation is not expected where both photons are 
absorbed with similar cross-sections, which is the 
case if intermediate state lifetimes are sufficiently 
long. 

The threshold energy density observed for femto- 
second MPI (5 mJ cmp2) is significantly less than that 
for nanosecond MPI (2 J cme2), implying that for 
these thermally desorbed dipeptides femtosecond MPI 
is by far the more efficient process. This is in 
agreement with the findings of other groups working 
with sputtered molecules of this type [S,lO]. In our 
experiments no ion yield was observed with the 
nanosecond laser at pulse energies equal to the max- 
imum output of the femtosecond laser, so a compar- 
ison of nanosecond versus femtosecond ionization 
efficiency at equal pulse energy was not possible. In 
studying the effect of pulse duration on ionization 
efficiency the bandwidths of the two lasers must also 
be considered. The Ti:sapphire laser has a much wider 
bandwidth (>500 cm-‘) than the Nd:YAG laser 
(< 1.0 cm-‘) and therefore the possibility exists of 
resonantly exciting a greater proportion of the vibra- 
tional distribution of the neutral ensemble. This will 
enhance the ionization efficiency of femtosecond MPI 
relative to nanosecond MPI for thermally desorbed or 
sputtered molecules. 

3.2. Nanosecond versus femtosecond fragmentation 

Molecular ions (M+‘) are observed in the femto- 
second spectra even at the highest laser intensity. In 
general, the most intense fragments in the low power 
femtosecond spectra arise from losses of small groups 
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Scheme 1. Simple bond cleavages arising from MPI of the 
dipeptides studied. 

such as OH, NH,, NH,COOH, and HCOOH. Simple 
bond cleavages adjacent to the carbonyl group of the 
peptide chain to form N-terminal acyl-iminium (im- 
monium) and, 28 mass units higher, acylium ions are 
also apparent, although both these fragments are less 
intense. No C-terminus containing fragments are seen 
in either the nanosecond or femtosecond MPI mass 
spectra. This is in agreement with other MPI studies 
on dipeptides where a few C-terminal fragments were 
only detected from much larger peptides [23]. 

The loss of small groups such as OH and NH, from 
the molecular ion is not observed in the nanosecond 
MPI mass spectra. The degree of fragmentation ob- 
served at threshold laser powers in the nanosecond 
MPI spectra is much greater than in the femtosecond 
spectra. 

Scheme 1 illustrates the simple bond cleavages 
leading to the formation of some of the high mass 
fragments observed in the MPI mass spectra. The 
relative abundances of the higher mass multiphoton 
ionization and dissociation (MPID) products obtained 
from the dipeptides under the softest conditions using 
5-ns (2 J cm-*) and 250-fs (5 mJ cm-*) laser pulses 
are shown in Table 1. 

Differences in the mass spectra obtained with 
either nanosecond or femtosecond laser pulses are 
also observed at the highest laser power densities. At 
1 X IO’* W cm-* the femtosecond laser is capable of 

Table I 
Relative abundances of dipeptide multiphoton ionization products resulting from 5-ns and 250-fs laser pulses at threshold power density 

Fragment 

M-OH 

Tyr-Tyr 

m/Z 

ns 
fs 

Tyr-Leu 

m/z 
ns 
fs 

Val-Val 

m/Z 
fs 

M M-NH* M-:H, M-H,0 M-HCOOH M-NH,COOH Immonium 

344 328 327 326 298 283 136 
- - - - - - 91 

1 4 33 99 100 74 12 

294 278 217 276 248 233 136 
- - - - - - 21 

8 16 100 82 28 85 48 

216 200 199 198 170 155 12 
7 - 10 - 100 28 70 
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Fig. 3. Nanosecond MPI mass spectra at threshold laser power density (2 J cm-‘). (a) Tyr-Leu and (b) Tyr-Tyr. 

producing relatively large ion signals from atomic 
carbon (1st IE = 11.26 eV) and hydrogen (1st IE = 
13.60 eV) in these dipeptides. At the highest available 
power density (1 X IO9 W cmp2), the smallest 
fragment detected with the nanosecond laser is C2H,. 
This implies that although the maximum energy 
density obtained from the femtosecond laser under 
our conditions (0.3 J cmp2> was of a factor 50 less 
than that obtained with the nanosecond laser (15 J 
cm-‘), the average energy deposited in a target 
molecule by a femtosecond pulse could far exceed 
that of the nanosecond pulse. This can be rationalized 
by considering the relative power densities in the 
femtosecond and the nanosecond laser pulse. In fem- 
tosecond MPI energy deposition is more efficient than 
in nanosecond MPI because of the increased absorp- 
tion rate at the very high peak power density. With 
femtosecond MPI capable of producing a wider range 
of fragmentation levels (i.e. softer or harder ioniza- 
tion), it can be said that it is a more tuneable 
photodissociation method than nanosecond MPI. 

There are a number of fragment ions observed only 
in either the nanosecond or femtosecond MPID spec- 
tra. This suggests that the fragmentation mechanism 
may be dependent on the time scale of the laser pulse. 

The nanosecond MPID mass spectrum of Tyr-Leu 
(Fig. 3(a)) contains ions that result from fragmenta- 
tions at sites removed from the chromophoric tyrosyl 
residue. For example, the highest mass observed is 
m/z 237 (M-C,H,) because of the loss of the leucyl 
side chain. Further loss of OH or NH, results in the 
base peak of the nanosecond MPID mass spectrum at 
m/z 220. This implies that the energy deposited in the 
chromophore by the absorption of the first photon is 
redistributed throughout the molecule before the sec- 
ond photon is absorbed. This conclusion is supported 
by the lack of m/z 188 from loss of the chromophoric 
tyrosyl (C,H70) group. There are two routes by which 
the (M-C,H,) ion can be formed. Either the excited 
neutral parent (M*) can fragment at the l-photon level 
to give a neutral fragment that subsequently absorbs a 
second photon and ionizes or dissociative ionization 



N.P. Lockyer, J.C. Vickermnnhtemational Journal of Mass Spectrometry 176 (1998) 77-86 83 

NH&H 

I 

R? 

I 

r 
CH 

I 
COOH 

m/l 114 

‘CH 

I 
‘CH NH,CH -C - N- 

I COOH 
II 

NHz CH -0 - NH, II 
I NWH -c - NH, 

RI I 
R, 

Scheme 2. Type H elimination of an amide group from a dipeptide. 
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of M* occurs at the 2-photon level. No intact molec- 
ular ions are observed in the nanosecond mass spectra 
at any power density, so a 3-photon process involving 
photoionization followed by photolysis of M+’ to 
form the (M-C4H9)+ ion is thought unlikely. As the 
power density is reduced to a threshold level for ion 
production, the absorption of excess photons can be 
neglected, according to the rules governing multipho- 
ton excitation. Under these conditions therefore the 
observed fragments can be assumed to originate from 
processes of the same photon-order as the ionization, 

The fragment ion at m/z 114 in the nanosecond 
MPID mass spectrum is thought to arise from a charge 
site-initiated rearrangement mechanism (Scheme 2). 
A positive charge located on the oxygen of the amide 
bond promotes migration of a y-hydrogen (as in the 
McLafferty rearrangement). The N-C bond then un- 
dergoes a-cleavage to produce an amide and a car- 

boxylic acid. If the N-C bond cleaves via a heterolytic 
mechanism, a radical cation at m/z 114 is formed 
directly. If the cleavage is homolytic, a neutral car- 
boxylic acid is produced that could then absorb 
subsequent photon(s) and ionize. The m/z 114 frag- 
ment in the nanosecond mass spectrum may be 
formed from either of these ionization-dissociation 
mechanisms. Alternatively, the m/z 114 ion could 
arise from a dissociation-ionization mechanism in- 
volving M*. 

The femtosecond mass spectrum (Fig. 4(a)) does 
not contain the m/z 114 ion. This implies that an M+’ 
species in which the charge is located on the carbonyl 
oxygen is not formed by the femtosecond laser pulse, 
because this would lead to radical ions at m/z 114 via 
rearrangement and homolytic cleavage even if the 
timescale of the process meant that additional photons 
were not available from the 250-fs pulse. An altema- 
tive site for the positive charge is within the aromatic 
ring of the tyrosyl chromophore. This situation would 
be favored if the ionization rate exceeded the rate of 
intramolecular vibrational redistribution (IVR). A 
mechanism whereby the photon energy was concen- 
trated in the immediate vicinity of the chromophore 
would most likely lead to fragmentations adjacent to 
that site. The femtosecond spectrum of Tyr-Leu pro- 
vides evidence to support this mechanism. For exam- 
ple, the appearance of (M-NHJ+‘, (M-OH)+‘, (M- 
NH,)+‘, and (M-H,O)” can all arise from 
fragmentations near the tyrosyl residue. The loss of 
the entire chromophore gives rise to a fragment at m/z 
188 (M-C7H60)+‘. These ions are among the most 
intense fragments in the femtosecond MPI mass 
spectra of Tyr-Leu but are not observed with the 
nanosecond laser pulse at any available power den- 
sity. The femtosecond mass spectrum of Tyr-Leu does 
not contain the (M-C4H9)+ fragment ion because of 
the loss of the leucyl side chain or the m/z 220 ion, 
which is again consistent with a more localized 
energy distribution at the tyrosyl end of the molecule. 

The appearance of immonium and acyl-iminium 
ions in the femtosecond MPID spectra suggests that 
there may be partial IVR from the tyrosyl ring even 
with these extremely fast photon pumping rates, or 
that the carbonyl group itself may also display some 
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Fig. 4. Femtosecond MF’I mass spectra at threshold laser power density (5 mJ cm-‘). (a) Tyr-Leu, (b) Tyr-Tyr, and (c) Val-Val. 

chromophoric character toward the applied wave- 
length. 

In the case of Tyr-Tyr, the loss of the tyrosyl side 
chain and an OH or NH, group leads to the formation 
of the m/z 220 fragment. This fragment has been 
observed with either 5 ns or 250 fs excitation, imply- 
ing that the rate of the required energy redistribution 
can compete even with the pumping rate of the 
femtosecond laser pulse. This is not surprising con- 
sidering that the fragmentation required to form m/z 

220 is adjacent to one of the chromophoric groups. 
Another fragment apparent in both nanosecond and 
femtosecond MPID mass spectra of Tyr-Tyr is seen at 
m/z 276 [Figs. 3(b) and 4(b)]. The structure of this 
(M-68)+ species is not certain, but we suggest that 
this fragment may arise from a ring cleavage and 
subsequent loss of C,H40 from the molecular ion 
(Scheme 3). Once one of the rings is cleaved the 
molecule is left with only one chromophore, and the 
competition between the rate of energy migration and 
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Scheme 3. Proposed MPI fragmentation pathway for Tyr-Tyr using 5-m and 250-fs laser pulses at 266 nm. 

the rate of photon absorption can again determine the 
fragmentation pattern. Assuming m/z 276 is repre- 
sented correctly by the structure in Scheme 3, the 
further loss of C,H, and OH and then COOH yield 
fragments with m/z 233 and m/z 188, which are seen 
in the nanosecond mass spectra only. Indeed, m/z 188 
forms the base peak in the nanosecond spectrum [Fig. 
3(b)]. Additional evidence for the mechanism sug- 
gested in Scheme 3 comes from the observation of 
fragments at m/z 170 and m/z 147, which are observed 
with significant intensity only in the nanosecond mass 
spectra. These ions may be formed from the m/z 188 
fragment, by loss of H,O, or the end group NHC = 
CH,, respectively. These fragmentations leading to 
the structures proposed for m/z 233 and m/z 188 occur 
at sites removed from the remaining chromophore and 
probably involve subsequent photon absorption(s) to 
be energetically favorable. This is consistent with 
efficient IVR within the timescale of the 5-ns laser 
pulse. The fragments that are specific to the femto- 
second spectra such as (M-NH*)+‘, (M-OH)+‘, (M- 
NH3)+‘, and (M-H,O)+’ are considered most likely to 
arise from dissociative photoionization in the imme- 
diate vicinity of the chromophores. 

It is interesting to observe that having successfully 
ionized Val-Val, the nonresonant femtosecond MPI 
mass spectrum shows a similar degree of fragmenta- 
tion as those of the chromophore-containing mole- 
cules [Fig. 4(c)]. The immonium ion (m/z 72) forms 
the base peak of the spectrum, but, unlike the tyrosyl- 
containing compounds, no acyl-iminium ion (m/z 
100) is observed in the Val-Val spectra. Fragmenta- 
tion reactions leading to acyl-iminium ions are par- 
ticularly intense in the vicinity of aromatic residues 
[23]. The lack of aromaticity in Val-Val may explain 
why the m/z 100 fragment is not seen from this 
molecule. 

4. Conclusions 

This work further illustrates that multiphoton ex- 
citation of neutral molecules and ions with ultrashort, 
high intensity, laser pulses can lead to reduced frag- 
mentation and increased molecular information rela- 
tive to nanosecond multiphoton excitation. This sug- 
gests that many photodissociation pathways are 
effectively bypassed by the application of femtosec- 
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ond excitation. No molecular ions could be produced 
from any of the dipeptides using nanosecond pulses at 
any power density. Using the femtosecond laser 
molecular ions were observed over the full range of 
available power densities ( 10’“-1012 W cme2). Some 
fragmentation channels, however, are still open even 
when using 250-fs ionization pulses. It is unclear 
whether these fragmentation channels originate from 
the excited neutrals or molecular ions. However, it has 
been shown that several fragmentation mechanisms 
depend on the duration of the excitation pulse. This 
observation may be rationalized by considering the 
competition between intramolecular vibrational en- 
ergy redistribution and ionization. Assuming that the 
preferred site for photon absorption in these systems 
is the tyrosyl ring, vibrational energy migrates 
through the molecule and, provided the ionization rate 
is not too large, fragmentation can result at sites far 
removed from the chromophore. As the laser power 
density and the ionization rate increase, slow frag- 
mentation pathways involving atomic transfer or en- 
ergy migration over relatively long distances will no 
longer be able to compete and fragmentation local to 
the chromophore is more likely. Our results suggest 
that the timescale for vibrational energy redistribution 
within the Tyr-Leu system is between 5 ns and 250 fs, 
and in the Tyr-Tyr system it is <250 fs. 

From the differences in the observed threshold en- 
ergy density we conclude that femtosecond MPI is 
significantly more efficient at producing ions from these 
thermally desorbed dipeptides than nanosecond MPI. 

New evidence, presented here, suggests a reduced 
importance of resonance-enhancement for femtosec- 
ond MPI compared with nanosecond MPI in this 
series of molecules, implying that the ionization effi- 
ciency of ultrashort pulses depends to a much lesser 
degree on molecular stmcture. This may be due to a 
growth in coherent photon absorption rates and shifts in 
resonant levels at laser intensities >lO’O W cmp2. 
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