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Abstract. We have investigated the time dependence of the fragmentation of protonated amino acids
stored at 22 keV in the electrostatic ring ELISA. The ions were produced in an electrospray source and
after bunching in a quadrupole trap they were excited by collisions in a Ne gas. As in earlier studies of metal
clusters and fullerenes produced in “hot” ion sources we find that the dissociation of metastable molecules
follows approximately a 1/t decay law until a time 7 after which the yield falls off much more rapidly. We
interpret this reduction as a result of radiative cooling with a characteristic cooling time, 7. ~ G, where GG
is the magnitude of the exponent in an Arrhenius expression for the rate of the dominant fragmentation
process. The values of 7 obtained from fits to the data are in the range 9-17 ms corresponding to cooling
times of a few hundred milliseconds, in good accord with the expected rate of cooling by emission from
IR-active vibrations. The power-law behaviour for ¢ < 7 varies somewhat between the different amino
acids, with powers between —0.9 and —1.1. We argue that this may be due to a competition between
fragmentation channels with different Arrhenius parameters.

PACS. 82.39.-k Chemical kinetics in biological systems — 82.40.-g Chemical kinetics and reactions: special

regimes and techniques — 87.15.-v Biomolecules: structure and physical properties

1 Introduction

We have investigated the time dependence of collision
induced dissociation of protonated amino acids. A basic
question in studies of the dynamics of excited molecules
or clusters is whether the process is ergodic, i.e., whether
the excitation energy is distributed statistically over all
degrees of freedom before the decay. Direct and ergodic
processes usually take place on very different time scales.
At not too high excitation energies the heat capacity is
dominated by vibrations, and the coupling from electronic
excitation to the vibrational heat bath typically requires
pico- to nanoseconds [1,2]. When, as here, the excitation
couples the energy directly into nuclear motion and the
decay is measured on a time scale of micro- to millisec-
onds there should be ample time for equilibration.

A storage ring is well suited for such measurements.
It covers a large time range, from the microsecond rev-
olution time to the storage time of several seconds, and
the large kinetic energy of the ions makes it easy to de-
tect fragmentation or particle emission since the neutral
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decay products move in the forward direction and give a
big signal in a particle counter. The ions are injected into
the ring from a source that ideally delivers a short bunch
of cold molecular ions, which can then be excited to a well
defined internal energy by photon absorption in the ring.
As we have demonstrated by an investigation of fullerene
anions [3], such measurements can provide detailed infor-
mation about the decay parameters. Also for molecules of
biological importance they may become a useful supple-
ment to the now standard method of threshold measure-
ments of collision induced dissociation [4].

However, it can be difficult to add a well defined ex-
citation energy. Photon absorption is often limited to
narrow bands, as it is the case for the amino acids under
investigation here, and therefore it may not be possible
to reach the relevant excitation energies by absorption of
a single photon. After multi-photon absorption or other
excitation processes like electron impact or collisions in
a gas there is a considerable spread in excitation energy.
Moreover, most conventional ion sources such as sputter
sources or plasma sources deliver beams of ions with large
and poorly defined internal excitation. It is therefore of
interest to investigate which information can be obtained
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from measurements on ions with a broad distribution in
internal energy (or temperature).

For such an ensemble the time dependence of the decay
rate is determined by depletion of the hottest molecules,
and we have demonstrated earlier that it follows a power
law t™ with a power close to n = —1 [5]. In contrast to the
exponential dependence a power law does not contain any
characteristic time and hence little is apparently learned
about the reaction, except that the decay rate is a strongly
increasing function of temperature. However, if there are
several decay channels the temperature dependent com-
petition between these may be revealed by a change in
the power n. As an example, the measurements in [6] of
electron emission from Cgp in competition with dissocia-
tion by Cs emission provided the first clear experimental
evidence that the dissociation energy for this molecule is
much higher than derived from earlier experiments.

The measurement may also provide a clear signature
of radiative cooling. Photon emission is always a com-
peting process and the decay channel under observation,
for example fragmentation or electron emission, may be
quenched by radiative cooling. This leads to an expo-
nential cut-off of the 1/t distribution at a characteristic
quenching time 7 [5]. In measurements on isolated sys-
tems with well defined excitation energy the lifetime must
be shorter than the quenching time for the experiment to
give information about the parameters of the decay. For
lower excitation energies and longer lifetimes the decay
can only be studied by measurements on systems in ther-
mal equilibrium with a heat bath, maintained for example
by emission and absorption of heat radiation [7-9] or by
gas collisions [10].

For metal clusters the coupling to the radiation field
is normally dominated by the plasma resonance [11-13]
and also for large molecules like the fullerenes the power
of the radiation at high temperatures may be derived
from a plasma model [14]. For smaller molecules discrete
electronic transitions dominate at high temperatures [15].
However, most chemical reactions take place at lower tem-
peratures where the electronic excitations are frozen out,
and the heat radiation then consists mainly of the dis-
crete lines from IR (infra-red) active vibrations. There
is an extensive literature on the influence of such radi-
ation on chemical reactions, especially by Dunbar and
coworkers [16].

Previously, we have determined quenching times from
storage ring experiments for systems cooled by electronic
transitions, both metal clusters and fullerenes [5,17,18].
Here we extend the measurements to molecules which are
cooled mainly by emission from vibrations, and we have
studied the amino acids, which are the building blocks
of peptides and proteins. Protonated amino acids were
produced in an electrospray source and bunched in an ion
trap, and just after extraction from the trap they were
excited by collisions in a Ne gas.

There are 20 amino acids which occur commonly in
proteins. The protonated form of the simplest amino acid,
glycine, has the structure "NH3-CH>—COOH while the
others have one hydrogen atom in the central CHs group
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Fig. 1. The electrostatic storage ring ELISA. A pulse of ions
is injected from the lower left at 22 keV energy. Neutrals are
detected turn by turn with a micro-channel plate at the lower
right.

replaced by a larger side chain. The dynamic proper-
ties of the molecules are expected to depend on the size
and structure of this side chain. The seven protonated
amino acids we have investigated can be divided into three
groups: the two smallest molecules, glycine and alanine
with a side chain consisting of just a CHs group, two
molecules with a long linear side chain, where the proton
is residing, arginine and lysine, and three molecules with
a side chain containing an aromatic ring, phenylalanine,
tyrosine and tryptophan.

For all the molecules investigated the decay is found
to follow approximately a power law t™ at short times,
with n varying from about —0.9 to —1.1. We discuss var-
ious corrections to the power law and demonstrate by a
model calculation that the observed variation in n may be
related to a temperature dependent competition between
decay channels with different Arrhenius parameters. At
times longer than 10-20 ms the power-law is replaced by
a more rapid decrease, which can be modelled as expo-
nential quenching by radiative cooling.

2 Experiment

The measurements were carried out at the storage ring
ELISA (Electrostatic Ion Storage ring, Aarhus) [18,19]. It
is particularly useful for the study of very heavy molecules
because all the optical elements are electrostatic and hence
the ion trajectories depend only on energy and charge. As
illustrated in Figure 1, the ring consists of two straight sec-
tions about 3 m long, and the ions are deflected by 180°
at the ends. Typically, a bunch of ions is injected every
100 ms, and neutrals produced by unimolecular decay or
by collisions with the rest gas are recorded by a micro-
channel-plate detector. The injection voltage is 22 kV
and for singly charged amino acids with masses of order
100 amu the revolution time is of order 40 us. The phase
space for stable storage is rather large but — depending on
the injection conditions — there can be a small reduction
of the ion current during the first few tens of revolutions.
The pressure in the ring is a few times 10~*! mbar and
collisions with the rest gas limit the storage lifetime to
about 10 s.

A schematic drawing of the ion source is shown in Fig-
ure 2. Protonated amino acids (singly charged) were pro-
duced from a water-methanol solution (1% acetic acid)
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Fig. 2. The electrospray ion source and the ion trap for bunch-
ing of the ions. The buffer gas in the trap is helium but neon
is let into the chamber to provide collisional excitation of ex-
tracted ions.

with a home-built electrospray ion source. The solution is
sprayed from a needle with a positive potential of about
4 kV and the positively charged droplets are transmitted
through a heated capillary (180 °C) into the first vac-
uum chamber with a pressure of about 1 mbar. This pro-
cess produces desolvated cations of the protonated amino
acid. The ions are guided by the field from a tube lens
through a skimmer into the next chamber with a pressure
of about 10~ mbar, and further by an octapole ion guide
into the third chamber where they are stored in a cylindri-
cal quadrupole trap with a He trapping gas at a pressure
of about 10~ mbar. The ions are extracted from the trap
as a pulse of a few us for injection into ELISA. Before
injection they are focussed by an Einzel lens, accelerated
by a 22 kV potential, and mass selected with a magnet.

In order to produce a broad spectrum of excitation we
introduced Ne gas into the last chamber, as illustrated in
the figure. We also tried heavier gases, Ar and Xe, but
they were found not to be more effective. After extraction
by +15 V potentials on the ends of the trap the ions are
accelerated towards the Einzel lens with a potential on
the first lens of about —300 V, and during this accelera-
tion they may collide with Ne atoms. Even for the heav-
iest ions, tryptophan with mass number 205, the centre-
of-mass energy in collisions with Ne can be up to more
than 25 eV, and the collisions should therefore lead to a
long tail in the distribution in internal energy, stretching
to energies where the dissociation lifetime is very short.
Collisional excitation in the ion source, mainly in the first
chamber, is “forgotten” in the trap, where the ions equili-
brate with the room temperature He gas. However, there
can be excitation in the trap due to the micro-motion in-
duced by the RF field, especially if the trap is filled so that
ions are pushed from the centre by the space charge po-
tential [21]. To control the degree of filling of the trap we
therefore introduced a stop voltage on the skimmer at a
variable time after ion extraction, and we checked that the
observed time dependence of the decay in ELISA was in-
dependent of the length of the filling period (10-100 ms).
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Fig. 3. Time spectrum for 20 s storage of protonated tyrosine.
Except for the first fraction of a second, the yield of neutrals is
dominated by dissociation induced by collisions with the rest
gas, and the exponential decrease of the signal corresponds to
the reduction of the number of stored ions.

With Ne in the trap instead of He there is more heat-
ing due to micro-motion and a dependence of the time
spectrum on the trapping time was indeed observed. We
therefore kept He as the buffer gas and introduced Ne only
through the separate inlet indicated in Figure 2.

3 Results

The neutral fragments originate partly from decay of
metastable molecules, partly from collisions with the rest
gas in the ring. Gas collisions dominate at long times, as il-
lustrated by the spectrum in Figure 3, recorded with an in-
jection rate of 0.05 Hz. The yield from decay of metastable
molecules is visible only during the first fraction of a sec-
ond and the rest of the spectrum shows an exponential
depletion of the beam by gas collisions, with a lifetime
of 9.3 s. This depletion is negligible for the spectra pre-
sented in the following, with a maximum storage time
of 80 ms, and in the analysis the yield of neutrals from
gas collisions can be approximated by a constant. Excita-
tion by collisions without immediate dissociation should
be negligible.

In Figure 4 the results for phenylalanine are shown
both in a log-log plot and in a semilog plot to illustrate
the analysis in detail. The logarithmic time scale in Fig-
ure 4a is useful for observation of the power-law behaviour,
and up to about 10 ms the yield follows closely the 1/t
dependence given by the dashed curve. The yield is then
strongly reduced owing to radiative cooling and, as illus-
trated more clearly in Figure 4b with the linear time scale,
it approaches a constant value corresponding to fragmen-
tation by gas collisions. Based on the theoretical discussion
in the following section (see Eq. (12)) we have fitted the
spectra by the function,

(1)

Here N is a normalisation constant and the factor (¢/7)°
corrects the effective power in the power law t" at short

I(t) = N (t/7)° (et/T - 1)71 + K.
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Fig. 4. Time spectrum for 100 ms storage of protonated pheny-
lalanine. For ¢t > 3 ms the yield of neutrals is averaged over
10 revolutions. The initial rapidly decreasing signal is due to
decay of the hottest molecules and after 10 ms this signal is
quenched by radiative cooling. The dashed line in the log-log
plot in (a) is proportional to 1/t while the solid curve is a
fit with the expression in equation (1) with the parameters
given in Table 1. The approach to the constant yield from gas
collisions is seen more clearly in the semilog plot in (b). The
structure illustrated in (a) is for the neutral amino acid.

times (t < 7) to n = —1+4, while the additive constant K
accounts for fragmentation by collisions in the ring. The
most important parameter is the quenching time 7 which
is to be determined by the experiment. The resulting fit
is shown as the full drawn curve in Figure 4, and the
fitting parameters are given in Table 1 for all the molecules
investigated.

The results obtained for two similar amino acids, ty-
rosine and tryptophan, are shown in Figures 5a and 5b.
As illustrated in the figures, all three molecules have
side chains containing an aromatic ring. The results and
the parameters derived are also quite similar. The two
molecules illustrated in Figures 5¢ and 5d, arginine and
lysine, have also rather large but linear side chains. As
seen in Table 1, the slopes are slightly steeper, in partic-
ular for arginine, but the characteristic quenching times
are very similar to the results for the other molecules. Fig-
ures be and 5f show the results for the two smallest amino
acids, glycine and alanine. The data for alanine are rather
similar to those for the first group of molecules but for
glycine the logarithmic slope is somewhat less steep. The
background of fragmentation in rest-gas collisions is rela-
tively higher for these small molecules and the quenching
by cooling is hardly visible. The values for 7 are therefore
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Fig. 5. As Figure 4a but for tyrosine (a), tryptophan (b),
arginine (c), lysine (d), glycine (e) and alanine (f).

Table 1. The molecular weights of the protonated amino acids
and the parameters in equation (1) used to fit the observed time
dependence of collision induced dissociation, as illustrated in
Figures 4 and 5. The power n in the power law at short times
is given by n = —1 + 4. The values of 7 are not well deter-
mined for glycine and alanine and have been fixed at 15 ms;
the uncertainty in 7 is estimated to be about 3 ms for the other
molecules.

Molecule N  N/10? ) 7 (ms) K
Phe+HT 144 231 0.02 13 17
Tyr+H"T 549  67.5 0.04 11 95
Trp+HT 179  51.3 0.03 17 41
Arg+HY 115 91 —0.10 9 9
Lys+H™ 87 13.6  —0.05 13 21
Gly+H" 36  0.54 0.13 (15) 16
Alat+HT 46 070 —0.01  (15) 13

not well determined and they have been fixed at 15 ms.
The fit for alanine is clearly not very good; we discuss
possible reasons for this below and present an alternative
fit in Figure 8.
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4 Analysis and discussion

In analogy with earlier measurements [5], we interpret the
initial rapid decay of stored ions as statistical fragmen-
tation of molecules injected with high internal energy. A
paradigm for the description of statistical decay is Bohr’s
compound nucleus introduced to account for disintegra-
tion of heavy nuclei after neutron absorption [22]. The
excitation energy is assumed to spread over the available
states so that all states with this energy are populated
with equal probability. The decay rate is then indepen-
dent of the mode of excitation and can be expressed in
terms of the level density of the system [23-25].

4.1 Microcanonical temperature and heat capacity

For molecules in a container at temperature 7', the rate
constant for dissociation with activation energy F,; can
be expressed by the Arrhenius formula as a Boltzmann
factor multiplied by a frequency which varies slowly with

temperature,
: o 2)
=vexp|——= |-
P\ksT

The magnitude of the exponent plays an important role
in the following analysis, and we denote this quantity by
the symbol G (“Gspann parameter”) as it is customary
in statistical analysis of cluster decay. Typically, the value
of G is in the range 10-30.

Since we are here concerned with the decay of isolated
systems with conserved internal energy E, the relevant
temperature concept is the microcanonical temperature
defined in terms of the derivative of the logarithm of the
level density, 1/kpT = d/dFE In p(E). The microcanonical
decay rate can be expressed in Arrhenius form with an
effective decay temperature, T¢, given by

Ey E?
Te=T=56 " Bcor ®)
where T is the temperature before the decay and C is
the microcanonical heat capacity at energy E — E4/2.
The expression in equation (3) may be derived from a
Taylor expansion of the logarithm of the level density at
this energy [26,27]. The same expression was obtained by
Klots in his finite-heat-bath theory but on a different con-
ceptual basis [28]. For very large molecules only the first
order correction needs be retained and the effective tem-
perature is then the average of the temperatures in the
initial and final states. We shall use this approximation
below. The correction to T is called the finite-heat-bath
correction. If the frequency factor v is temperature de-
pendent it should be evaluated at the temperature of the
final state, Ty = T — Eq/C [27]. The heat capacity C is
approximately equal to the canonical heat capacity mi-
nus Boltzmann’s constant kp and may therefore easily be
evaluated in the harmonic approximation from calculated
vibrational frequencies [26]. Such a calculation for tryp-
tophan is described in a later section and the resulting
caloric curve is shown in Figure 6.
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Fig. 6. Microcanonical caloric curve for tryptophan, calcu-
lated in the harmonic approximation from the vibrational fre-
quencies obtained from a density functional calculation. The
heat capacity was assumed to be equal to the canonical value
minus kp [26].

4.2 1/t decay law

Following the analysis in reference [5] we now consider the
decay of an ensemble of isolated molecules with a distri-
bution g(F) in excitation energy at the time ¢ = 0 when
the ensemble was created. In statistical equilibrium the
rate constant k for the decay depends only on the en-
ergy and the angular momentum, and usually the latter
can be ignored (see, for example, the discussion of this
point in [27]). If E is conserved for individual molecules,
the energy distribution decays exponentially and the frag-
mentation yield at time ¢ is given by

10) = [ABgEB) HE) exp(-KED. (0

Since k(E) is a rapidly increasing function the weight func-
tion kexp(—kt) in equation (4) exhibits a sharp maxi-
mum at an energy FE,, where k = 1/t, and this leads
to an approximate 1/t dependence of I(t) for decay of
molecules with a broad energy distribution. One way
to derive this dependence is to note that the function
k' (E)texp(—k(E)t) is minus the derivative of the expo-
nential function and hence integrates to unity. Introduc-
ing this function into equation (4) and evaluating slowly
varying factors at F,, we obtain

e (). o

I(t) ~

The last two factors vary slowly with time and we have
approximately I(t) « 1/¢.

For the following discussion it is useful to derive this
formula in a slightly different way, which leads to a simple
interpretation of the last factor in equation (5). As noted
above, the function k(FE)exp(—k(E)t) peaks sharply at
the energy E,, where k = 1/t, and we may approximate
the function by a Gaussian, (e~1/t) exp(—(E—FE,,)?/20?).
Equating the second derivatives at F,, of the two func-
tions we find that o equals the last factor in equation (5).
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This equation is then obtained from an evaluation of the
integral in equation (4) as g(E,,) multiplied by the area
of the Gaussian, with the approximation (27)'/2e~! ~ 1.

As seen in Figure 5 and in Table 1, all the observations
are consistent with the prediction of a power-law decay at
early times, with a power n close to —1. However, there are
significant variations in the value of n and these may con-
tain interesting information on the dissociation dynamics.
To investigate this question we first consider various small
corrections to the power law and then we turn to the anal-
ysis of quenching by radiative cooling.

4.3 Corrections to the power n = —1 in the decay law

For a more detailed discussion it is useful to introduce
the microcanonical temperature and the Arrhenius form
of the rate constant. We denote by T ,, the value of the
effective decay temperature T, corresponding to E,, and
obtain

kBTe2m
Q(Em)C(Em)i’, (6)

I(t) ~ E,

~ | =

where we have ignored the temperature dependence of the
pre-exponential factor v in the Arrhenius formula and used
the approximation dE/dT, ~ C(E).

We now evaluate the contributions to n from
the individual factors in equation (6) by logarith-
mic differentiation, for example for the first factor:
d(In(1/t))/dIn(t) = —1. The contribution from T2, is ob-
tained from equation (2) and the relation k(E,,) = 1/t,

d(In (72,)) _ 2d(n(in(vt)
(1)) d(in(t))

The vibrational heat capacity is also an increasing func-
tion of energy or temperature but it approaches an asymp-
totic value at high temperatures (see Fig. 6). At temper-
atures just below 1000 K it scales with a fairly low power
of Tt m, approximately as C o Teo,',‘,ll7 and hence the con-
tribution to n from this factor is small, of order —0.4/G.

For a flat distribution in energy the power should then
be n ~ —1.1 but the logarithmic slope is reduced by the
factor g(E,,) since g should be a decreasing function and
the argument decreases with time. We can obtain an es-
timate of the contribution to n from this factor with the
assumption that the high-energy tail of the distribution is
due to single scattering with Ne atoms and, furthermore,
that the main mechanism for energy transfer is recoil of
a single atom in the molecule. The distribution in energy
transfer for an elastic collision between two atoms is pro-
portional to E~3/2 for a screened Coulomb atom-atom
potential proportional to R~2, where R is the distance be-
tween the colliding atoms [29], and this is probably a rea-
sonable estimate. The variation for power-law potentials
is between an E—2 dependence for the Coulomb potential
and an E~! dependence for infinite power (hard-sphere
collisions) [29]. In order to apply equation (7) we must

—2 —2
T In(vt) G @
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change to the variable T ,:

dlng(E,,) dlng(E,) dInE, dnT,,,
dInt " dlnE, dInT,,, dlnt
C(Em)Te,m __1
E,, G

The ratio CT/E is about 1.6 at around 1000 K (Fig. 6) but
there are two small corrections to be included: the finite-
heat-bath correction in the definition of T ,, (Eq. (3))
and the presence of a small amount of thermal excitation
before collision induced excitation. Both tend to decrease
the magnitude of the contribution to the power, which we
then estimate to be about the same as in equation (7) but
with the opposite sign. The end result is that the power
should be very close to n = —1.

This estimate is in good accord with most of the ob-
servations shown in Figures 4 and 5 but for arginine in
Figure 5c the slope is somewhat steeper than expected. It
seems very unlikely that this is caused by loss of stored
beam due to dynamic instability because all the ions
were stored with the same ring parameters. Indeed, it
is an important advantage of an electrostatic ring that
these parameters do not depend on the mass of the ions.
For glycine the logarithmic slope is significantly smaller
than n = —1, and for alanine there seems to be a change
to a smaller slope near 1 ms. Although there is some
uncertainty in our estimates above, it is difficult to see
that any of the factors considered can be responsible for
these variations in n. In the following we discuss a possible
explanation.

~ 15 (8)

4.4 Competing fragmentation channels

The combination of Arrhenius parameters (E4 and v) for
the dominant channel can be very different for different
molecules and also, for example, for different charge states
of the same molecule [10]. Moreover, it is well-known from
studies of collision induced dissociation of biomolecules
that usually there are many competing fragmentation
channels, and that the relative abundance of fragment ions
depends on the collision energy [30]. It therefore seems
likely that there can be a temperature dependent compe-
tition between different fragmentation channels with quite
different Arrhenius parameters.

If the rate constants for two fragmentation channels
are equal at some excitation energy, the channel with the
higher activation energy will dominate for higher excita-
tion energies and the one with the lower activation energy
(and smaller frequency v) will take over at lower excitation
energies. For the formulas in equations (5, 6) this means
that the last factor, which can be interpreted as the rms
width of the weight function in equation (4), will increase
and thus the logarithmic slope of the expression will be
reduced.

This behaviour is illustrated by a model calculation in
Figure 7. We have chosen two channels with a factor of
two difference in the activation energy and with frequency
factors adjusted to make the rate constants equal near a
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Fig. 7. Model calculation of the last term in equation (6)
(divided by the heat capacity C) for two different Arrhenius
decay rates and for the sum of the two rates. The slopes given
in the figure are from linear fits and are close to the values
given below equation (7). For the sum the slope is close to
Z€ero.

value of 102 s~1. The abscissa in the plot is In¢ and the
ordinate is the logarithm of the rms width ¢ of the weight
function in equation (4), o = (dInk/dT)~!, which for
a rate constant expressed by an Arrhenius formula takes
the form of the last factor in equation (6). For simplicity,
the finite-heat-bath correction has been omitted in the
calculation and it is then not necessary to specify the heat
capacity.

The two curves with open triangles and squares corre-
spond to rate constants determined by one of the two sets
of parameters, while the filled squares give the result for
a rate constant equal to the sum. With a single channel
the slope is negative and it was estimated in equation (7)
as —2/G. At t = 1 ms the values of the Gspann param-
eter are G = In(10°) = 11.5 and G = In(10'°) = 23 and
the estimate is seen to reproduce very well the numeri-
cally determined average slopes of the two curves, given
in the figure. For the sum of the two channels the average
slope is much smaller and there is a slight positive cur-
vature. Thus the model supports the conjecture that the
average logarithmic slope of the decay curve can be re-
duced when there is a competition between fragmentation
channels with different activation energies.

In several of the decay curves in Figure 5 there is an
indication of a change to a lower logarithmic slope around
1 ms. It is especially pronounced for alanine in Figure 5f.
We have made an alternative fit to this measurement, with
the function in equation (1) restricted to times ¢ > 1 ms,
and the result is shown in Figure 8. The fit in the restricted
time region is much better than in Figure 5f and we now
obtain a well-defined quenching time, 7 = 16.6 ms, which
is consistent with the other values in Table 1.

For the decay curve for glycine in Figure 5e the slope
is significantly lower than for the very similar molecule
alanine (Fig. 5f). If the two curves are normalized to give
the same level for the dissociation induced by rest gas
collisions, the yield at short times is lower for glycine by
about a factor of three. This could be due to a competi-
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Fig. 8. Alternative fit to the decay curve for alanine, shown
in Figure 5f, with the expression in equation (1) for ¢ > 1 ms.
The resulting parameters are § = 0.12 and 7 = 16.6 ms.

tion between fragmentation channels, as discussed above.
An alternative interpretation could be that only a mi-
nor decay channel with rate constant k; is detected.
The yield in equation (4) is then reduced by the factor
k1(Em)/k(Eym) which is time dependent [5,6]. However,
such an interpretation seems excluded since we detect all
neutral fragments.

4.5 Quenching by radiative cooling

We now turn to an explanation of the strong decrease of
the intensity at ¢ ~ 10 ms. It is very visible for some of
the measurements, for example for phenylalanine in Fig-
ure 4, and almost invisible for others. The reason is that
the relative contribution from fragmentation in gas colli-
sions varies and can mask the reduction of the yield from
unimolecular decay of hot ions.

The introduction of cooling into the description was
discussed in reference [5] and in more detail in refer-
ence [18]. We give here a brief account with slightly differ-
ent notation. We assume that the photon energies are so
low that the effect of emission can be treated as continuous
cooling of the molecule. This is certainly fulfilled for IR
radiation from vibrations. The radiation power P, varies
slowly with temperature compared to the exponential de-
pendence of the dissociation rate. Since we have observed
the quenching by cooling over a narrow time range, only,
we may ignore this variation and then to first order in t/7,
express the cooling as

Tt)=T/1+t/7),

We let the symbols E and T, denote the initial values of
the energy and the effective decay temperature in equa-
tion (3), i.e., the values at ¢t = 0 before the cooling starts.
The advantage of choosing these variables is that the dis-
tribution function g(F) then changes only due to the de-
pletion by decay. Instead of a time variation of T, we then
introduce the effect of cooling into equation (4) as a re-
duction of the decay rates for fixed E (and T,). In analogy
to equation (9), the denominator of the exponent in the
Arrhenius expression is multiplied by a factor (1+t/7.)71,

with 1/7.=P./CT. (9)
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where 7/, is slightly different from 7, due to the finite-heat-
bath correction, 7. = (T, /T(0))7.. We then obtain

I(t) ~ g(Em)C(Em)/dTe“eXp (_%)

t Eqs(1+t /7!
X exp (—v/ dt’ exp [—%])
0 Ble

:g(Em)C(Em)/dTek(Te)efGt/Té

X exp (—k(Te)G’lTé (1 - e*Gt/Té)) . (0)
We have here extracted from the integral the slowly vary-
ing energy distribution and the heat capacity stemming
from the change of variable from E to T,. Since G varies
much more slowly with temperature than k it may be
treated as a constant, and we find that there is a maximum
of the integrand at an effective decay temperature Tt ,,
corresponding to k(T¢ ) = [G17.(1 — exp(—Gt/7.))] L.
As before, E,, is the corresponding energy. The expression
replacing equation (6) then becomes

kgT?
I(t) ~ mg(Em)C(Em) BE;,m, (11)

with 7 = 7//G. Equation (11) predicts a yield which fol-
lows the power law in equation (7) at short times, t < 7,
but is reduced exponentially by radiative cooling for ¢ ~ 7.
Comparison with equation (1) shows that we can iden-
tify 7 with the quenching time determined by the exper-
iment. In that equation the last three factors in equa-
tion (11) were represented by a power law, (t/7)°, and
according to our discussion above the power ¢ should be
small, § ~ £0.1. With an additive term representing frag-
mentation in collisions with the rest gas in the ring this
function was seen to represent the data quite well and
quenching times 7 of order 10 ms were deduced. We dis-
cuss below the interpretation of the cooling as emission
from IR-active vibrations.

4.6 Radiative cooling

Molecules and clusters couple to the radiation field both
through IR-active vibrations and through the electronic
degrees of freedom, while the coupling through rotations
can normally be neglected because of their low frequencies.
Transitions of electrons dominate at very high tempera-
tures owing to their small mass but at low temperatures
the electronic excitations “freeze out” and radiation from
vibrations is most important. For molecules the transi-
tion temperature depends strongly on the magnitude of
the energy gap between the highest occupied and the low-
est unoccupied molecular orbital, and typically the tran-
sition takes place at 1000-1500 K [15]. For large metal
clusters the gap is small and the plasma resonance of the
free electrons dominates down to much lower tempera-
tures [11-13].

Our earlier investigations of radiative cooling of ions
stored in ELISA have been for systems cooled mainly by
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electronic radiation, metal clusters [5,27] and fullerenes
at very high temperatures [5,17,18]. The heat radiation
has also been observed directly for such systems and the
spectrum was found to be broad and featureless like a
Planck spectrum [31,32]. On the other hand, the radi-
ation from Cgp at temperatures below 1000 K consists
mainly of the few characteristic lines from the IR-active
vibrations [33]. For the amino acids studied here the tem-
perature is not expected to exceed 1000 K and therefore
emission from vibrations should dominate.

IR radiation from molecules has been investigated ex-
tensively in the past, in particular by Dunbar’s group. A
variety of techniques have been applied, for example de-
layed two-photon dissociation for isolated molecules (low
pressure) [34]. If the photon energy is chosen such that
the absorption of one photon does not lead to dissociation
but the simultaneous absorption of two photons does, the
dependence on the delay between the two photons reveals
radiative cooling. A similar technique has been used for
metal clusters [35]. The “lifetimes” for de-excitation by
IR radiation from vibrations have typically been found to
be in the range 0.1-1 s [16]. As we shall see below, the
radiative de-excitation of an oscillator is exponential but
usually this does not hold for molecules because several
modes have large induced dipole moments and contribute
to the radiation power [36].

We now quote the formula for the radiated power from
a one dimensional harmonic oscillator (see, for example,
Ch. 4 in [14]) and present an estimate of the lifetime.
Classically, the power radiated from a charge g oscillating
with cyclic frequency w is given by

2(4)4(]2 g,4,2
p = 2O (12)
in Gaussian units (in SI units ¢ should be divided
by 4mep). The formula also applies for a quantum system if
the mean square displacement from zero point vibrations
is subtracted, i.e., if (22) is replaced by E/Mw?, where M
is the mass and FE the excitation energy. This leads to the
following formula for the power at temperature T,

B 2w3q? hw

PT - )
3Mc? exp(hw/kpT) — 1

(13)

where the last factor is the average excitation energy. Since
the radiated power is proportional to this quantity, the
energy will decrease exponentially for an isolated oscilla-
tor. The formula also shows that for fixed frequency the
power is inversely proportional to mass and it illustrates
the freeze-out of high-frequency transitions at low temper-
atures. On the other hand, the factor w? implies that also
the cooling by low-frequency vibrations (or rotations) is
ineffective.

The first factor in equation (13) gives the reciprocal
lifetime for de-excitation. To get a rough estimate we in-
sert the elementary charge e as the effective charge ¢q. The
high frequency vibrations of the hydrogen atoms are at
moderate temperatures little excited and we therefore ap-
ply an average mass of the heavy atoms, 14 amu. A typi-
cal photon energy is 0.2 eV, corresponding to a frequency
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Fig. 9. Calculated radiative cooling rate P,/CT for proto-
nated tryptophan, compared with the rate derived from the
measured quenching lifetime given in Table 1. A technical spec-
ification of the calculations is given in the text.

w ~ 3 x 10! rad/s, and we then obtain the lifetime 0.05 s
for the exponential decrease of the oscillator energy. The
cooling time 7. was defined in equation (9) as the char-
acteristic time for reduction of the temperature, not the
energy, and hence we should multiply by the ratio CT/E
which is of order two in the range 500-1000 K. The result-
ing value, 7. ~ 0.1 s, is in good qualitative accord with
the product of the measured quenching times, 7 ~ 10 ms,
and a Gspann parameter G ~ 20, considering that many
vibrations are not IR active (g ~ 0).

4.7 Comparison with calculation for tryptophan

As an example, we have carried out detailed calculations
for protonated tryptophan. The structure was optimised
at the B3LYP/ 6-31+G(d) level of density functional the-
ory with the Gaussian 98 package [37]. All calculated fre-
quencies are real, which confirms that the stationary point
is a local minimum on the potential energy surface. The
resulting caloric curve was presented in Figure 6. In addi-
tion to the frequencies also the IR intensities were calcu-
lated from the dipole derivatives, which replace the square
root of the factor ¢2/M in equation (13). The most in-
tense IR band is due to CO stretch (1812 cm™!). Also
OH stretch (3653 cm™') and NH stretch (NHZ group,
3200-3500 cm™!) vibrations are highly IR active. The
same is true for NH bending (NHj group, 1493 cm™1)
and OH bending (1195 cm~1). We have not applied any
empirical scaling of the frequencies. The resulting cooling
rate 1/7. defined in equation (9) is shown as a function of
temperature in Figure 9.

In order to compare with the measured quenching time
given in Table 1 we need the value of the Gspann parame-
ter for the decay. We have observed that the dominant
decay channel after collisional excitation of protonated
tryptophan produces the immonium ion TNH,CHCOOH.
We have carried out an analogous calculation for this ion
and for the remaining fragment, and have then calcu-
lated the energies of the three molecules at the B3LYP/6-
311+G(2d,p) level and corrected for zero-point motion
[non-scaled B3LYP/6-31+G(d) values]. The result is a
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predicted dissociation energy of E; = 1.5 eV. With the
assumption that the reverse barrier in the reaction is neg-
ligible we can use this value in the Arrhenius formula in
equation (2).

Finally, we have estimated the decay rate at a well
defined energy from a measurement of laser induced frag-
mentation in ELISA. After absorption of fourth harmonic
photons from a Nd:YAG laser in the upper side of the
ring in Figure 1 a large yield of fragmentation was ob-
served during the first passage of the other side of the
ring, and we estimate that the lifetime is in the range
5-15 ps. From observation of a linear dependence on laser
power we conclude that the signal results from absorption
of a single photon, which gives a total excitation energy
of 4.95 eV, including the thermal energy at room temper-
ature. The frequency factor in the Arrhenius formula is
then calculated to be v ~ 2 x 10! s71. From the rela-
tion k(t) ~ 1/t for the power-law decay we obtain for the
Gspann parameter at 17 ms, G = In(vt) ~ 22, and for the
decay temperature, T, = E4/kpG ~ 800 K, correspond-
ing to an internal temperature of T' ~ 950 K according to
equation (3).

With these parameters the cooling rate has been calcu-
lated from our measured quenching rate and, as shown in
Figure 9, there is excellent agreement with the theoretical
calculation. The experimental uncertainty is indicated by
the error bar but there is also a considerable uncertainty
in the theoretical calculation, stemming mainly from the
evaluation of the dipole derivatives. It is interesting to
note that it is not possible to investigate radiative cooling
of tryptophan by experiments with single-photon excita-
tion. The absorption band of the aromatic ring in the side
chain extends only to wavelengths of order 300 nm, cor-
responding to energies above 4.4 eV. As seen in Figure 6
this corresponds to temperatures well above 950 K, where
cooling becomes important.

We have not made a detailed analysis for the other
amino acids, but the situation must be similar. Their heat
capacities are smaller (see the mass numbers in Tab. 1),
and for the molecules without an aromatic ring the low-
est absorption band is at even shorter wavelengths. Hence
these molecules will also be too hot after absorption of a
single photon for radiative cooling to be important. Since
the IR active vibrations in tryptophan, CO, OH and NH
stretch vibrations etc., are present in all the amino acids
it is expected that the cooling rates will be similar. This is
in good accord with our finding of very similar quenching
times for the amino acids selected in this study.

5 Concluding remarks

In recent years a number of studies of the dynamics of
molecular ions in storage rings have demonstrated that
such rings can be a useful supplement to other storage fa-
cilities, like ICR (Ton Cyclotron Resonance) traps [38,39],
for the study of gas phase chemistry. We have here fo-
cussed on measurements on molecules with a broad distri-
bution in excitation energy, and have chosen representa-
tive examples of amino acid cations. The results confirm
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the approximate 1/t decay law we have demonstrated pre-
viously for cluster ions. A strong reduction of the yield rel-
ative to the power law for times longer than about 10 ms
has been observed, and in accordance with our earlier
studies it has been interpreted as quenching by radiative
cooling.

The most important result of the experiments is the
determination of the quenching times 7. It may be argued
that for measurement of radiative cooling our method
is rather indirect because it requires a determination of
the Arrhenius parameters for the decay to translate the
quenching time into a characteristic cooling time. On the
other hand, the quenching time is an important quantity
in its own right. Radiative cooling can give significant cor-
rections in determinations of dissociation energies when
the time scale of experiments is not very short compared
with the quenching time [27,40].

The observed power-law spectra for times shorter
than 7 give indications of a temperature dependent com-
petition between different fragmentation channels, and we
plan to investigate this idea by experiments with stored
ions excited to a well defined energy with a laser pulse
of variable wavelength. For this purpose we shall install a
linear Paul trap for bunching, with better control of the
ion temperature and with better pumping outside the trap
to reduce excitation by gas collisions after extraction.
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