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Abstract

In this work, we report on the dissociation kinetics of tetrathiafulvalene radical cations (TTF•+). In collisions with helium, the ions were first
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hermalised at room temperature or cooled to−65◦C in an ion trap before injection into an ion storage ring. Delayed dissociation of photoe
ons was measured, and the kinetics were found to be non-trivial. The time spectrum obtained after 390 nm photoexcitation was n
xponential decay normally observed for the dissociation of ions with a narrow energy distribution. We consider two interpretations o
pectrum, either a multiple-exponential decay or a power-law decay. The physical implication of a multiple-exponential decay requires the
f at least three isomers that interconvert slowly on the timescale for dissociation. In contrast, a power-law model implies a broad inte
istribution of the excited ions. The origin of a broad distribution is, however, not obvious since we believe the width of the distribut
arrow before excitation, about 0.1 eV, and TTF•+ is non-fluorescent. We, therefore, discard the power-law model in favour of the multiple-
odel. The dominant dissociation reaction at low internal energies is loss of SCH as measured in collision-induced dissociation expe

ragmentation of metastable ions. We suggest that excited TTF•+ rearranges via local minima on the potential energy surface to higher-e
somers either before or after the photoexcitation. Isomerisation may be entropy-driven, which reduces the rate for reverse reaction
quilibrium before the dissociation step. DFT calculations were applied in the search for possible structures of isomers.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Tetrathiafulvalene, TTF (Fig. 1), is an organic sulfur-
ontaining heterocyclic compound that has been widely
xploited in both materials and supramolecular chemistry on
ccount of its good�-donor properties[1–4]. Thus, TTF under-
oes two reversible one-electron oxidations. The first oxidation

eads to a 6� heteroaromatic radical cation (TTF•+), and the
emoval of a second electron results in the formation of a 2× 6�
eteroaromatic dication (TTF2+).

In recent papers, we have studied the intrinsic properties, such
s ionisation energies, of the parent TTF and related�-extended

∗ Corresponding author.
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TTFs[5–7]. In particular, we investigated the outcome of hi
energy collisions of TTF•+ radical cations in an accelerator m
spectrometer with different collision gases and found that TT2+

was generated with high abundance when employing mole
oxygen as the collision gas[6]. Doubly charged ions were on
produced in low yield by electron ionisation (EI) of TTF[8].

We next turn our attention to the dissociation kinetics of p
toexcited TTF•+ ions using the unique ion storage ring techni
[9,10]. An important advantage of this technique compare
others, such as Fourier transform–ion cyclotron resonance
ICR) is the possibility to study the dissociation processes
take place on the microsecond to second timescale. The s
ring has been used earlier to elucidate the dissociation kinet
several biomolecular ions, such as protonated amino acids
tides, protein chromophores and mononucleotides[11–17]. In
the present work, density functional theory (DFT) calculat
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Fig. 1. Structure of tetrathiafulvalene (TTF).

are used in the interpretation of the results for TTF•+ together
with collision-induced dissociation (CID) and metastable frag-
mentation to identify the lowest-energy dissociation channels.
This part is a continuation of the work by Orduna et al.[18–21]
who measured the fragmentation spectra of metastable TTF•+

and related TTF•+ radical cations from linked scan experiments.

2. Experiments

2.1. Lifetime experiments

Lifetime experiments were carried out at the electrostatic
ion storage ring in Aarhus, ELISA (Fig. 2), which has been
described in detail elsewhere[9,10]. TTF was dissolved in
dichloromethane and electrosprayed to produce TTF•+. Ions
were accumulated in a 22-pole ion trap for about 0.1 s during
which time they were thermalised by collisions with helium at
room temperature. In a second experiment, the trap was cooled
to a temperature between−60 and−70◦C (∼208 K) by liquid
nitrogen. After extraction from the trap, the ions were acceler-
ated to a translational kinetic energy of 22 keV. A magnet was
used to select the TTF•+ ions (m/z 204) that were subsequently
injected into the storage ring. The pressure in the ring was a few
times 10−11 mbar which limited the storage time of the ions to a
few seconds. Metastable decay and collisions with residual ga
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266 nm. The output of the PAL laser was set to 780 nm, and this
light was frequency doubled to 390 nm. Delayed dissociation of
the photoexcited ions was again measured in the MCP detector.

Unfortunately, our experiment does not provide any infor-
mation on the dissociation channel and whether the dissociation
channel varies with time. All neutrals that hit the detector were
measured.

2.2. Low-energy collision-induced dissociation experiments

To help identify the dissociation channels, low-energy
collision-induced dissociation spectra were acquired using
a quadrupole-time-of-flight (Q-TOF 1) mass spectrometer
(Micromass, Manchester, UK) equipped with an electrospray
ion source. A dichloromethane solution of TTF was sprayed
(10�L/min) from a steel capillary held at 3 kV toward a skim-
mer cone at 40 V. The source block temperature was 80◦C, and
the precursor ions were mass selected by the quadrupole and then
accelerated into the hexapole collision cell at several laboratory
collision energies (10–25 eV). Argon was used as a collision gas
at an indicated manifold pressure of 8.5× 10−5 mbar (the pres-
sure was not measured directly in the CID collision chamber),
and center-of-mass collision energies ranged from 1.6 to 4.1 eV.
The product ions were mass analysed by an orthogonal TOF
analyser.
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ed to the production of neutral fragments that were counte
microchannel plate (MCP) detector if they were formed in

njection side of the ring (Fig. 2).
After about 50 ms of storage time, the ions were irr

ted by a laser pulse from either a Nd:YAG laser (Quanta-
pectra-Physics) or a pulsed alexandrite laser (PAL101
ightAge, Somerset, New Jersey). A delay of 50 ms ens

hat all metastable ions formed during the injection process
ecayed. The fundamental output of the Nd:YAG laser, 1064
as frequency doubled to 532 nm which was again doubl

ig. 2. Layout of the electrostatic ion storage ring ELISA, showing ion in
nd a laser for excitation of the stored ions at the other side.
s

,

d
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.3. MIKE experiments

In mass-analysed ion kinetic energy (MIKE) experime
TF•+ ions were formed by electron ionisation of vapori
TF and accelerated to a kinetic energy of 10 keV. Meas
ents were carried out with a JEOL JMS-HX110/HX fo

ector instrument with the E1B1E2B2 geometry (E: electrostat
ector and B: magnetic sector). The TTF•+ parent ions wer
elected by the E1B1 sectors and fragments formed in the th
eld-free region from metastable ions were monitored by E2.

.4. Laser desorption experiments

Positive ion laser desorption mass spectra were rec
ith a Perseptive Voyager STR time-of-flight mass sp

rometer operating in reflectron mode. Two microliters o

n and detection of neutrals by a microchannel plate detector at one side of the ring
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dichloromethane solution of TTF were applied to the target plate.
The solvent was evaporated and the procedure repeated until a
thin layer of TTF crystals had formed on the plate. A nitrogen
laser (337 nm, 5 ns pulse width) was used to desorb and ionise
the sample. The acceleration voltage was 20 kV. Spectra were
averaged over 200 shots.

3. Theoretical details

Molecular geometries were optimised at the B3LYP/6-
31+G(d) level with the Gaussian98 and 03 program packages
[22]. Frequencies were calculated to verify that the calculated
structures are local minima on the potential energy surface
and to correct for zero-point kinetic energies. Finally, single-
point energy calculations were performed at the B3LYP/6-
311++G(2d,p) level.

4. Results and discussion

4.1. Lifetime measurements

Time spectra for the decay of 390 nm photoexcited TTF•+

radical cations are shown inFig. 3. Although the initial temper-

F
a
(
A

ature of the ions was either room temperature (300 K) or between
−60 and−70◦C (∼208 K), the time spectra are quite similar.
The revolution time of the ions in ELISA is 57.6�s which is the
spacing between the points.

To understand these decays, we will assume a model that
has been used successfully to describe the decay rate of ions in
ELISA [11–17]and another storage ring, ASTRID (the Aarhus
Storage Ring Denmark)[23].

4.2. Statistical decay rate

An important parameter for the decay of the TTF•+ ions is
their internal energyE, which we can evaluate by assuming
that thermal equilibrium was established in the 22-pole ion trap.
The average internal energy before absorption of a photon is
calculated from the vibrational frequenciesωi,

〈E〉 =
∑

i

h̄ωi

exp (h̄ωi/kBTc) − 1
, (1)

where� is the Plancks constant,kB the Boltzmanns constant,Tc
the canonical temperature of the ion ensemble andi runs over all
vibrational degrees of freedom. At 208 and 300 K,〈E〉 is 0.085
and 0.184 eV, respectively.

The energy distributions are shown inFig. 4. The number of
states was counted by a modified Beyer–Swinehart algorithm
f
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ig. 3. Decay of TTF•+ after 390 nm photon absorption. The ions were irradiated
fter 50 ms of storage, and their initial temperature was either 300 K (A) or 208 K
B). The revolution time of the ions is 57.6�s which is the spacing of the points.
t least three exponentials are needed to fit the data.

F d
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rom the vibrational frequencies[24,25] and multiplied by the
oltzmann factor at each internal energy. Fits to the cumul
istributions provided Gaussian representations,

(E) = 1√
2πσ2

exp

(
− (E − Emax)2

2σ2

)
, (2)

here the maxima of the distributions,Emax, are at 0.050 an
.157 eV and the widthsσ are 0.076 and 0.114 eV at the t

emperatures. In a simpler approach that works well for l
olecules, the maximum is approximated by the average e
nd the width is calculated fromσ = (CckB)1/2Tc [26]. Cc is the
anonical heat capacity and is easily calculated from the v

ig. 4. Approximate internal energy distributions of TTF•+ ions at 208 an
00 K.
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tional frequencies,

Cc = kB

∑
i

(
h̄ωi

kBTc

)2 exp (−h̄ωi)

(1 − exp (−h̄ωi/kBTc))2
(3)

At initial temperatures of 208 and 300 K, the heat capacities are
8.66× 10−4 and 1.273× 10−4 eV/K, and the widths are 0.057
and 0.099 eV, respectively. The agreement is fairly good with
the more exact analysis. After photoabsorption, the energy dis-
tributions are moved up in energy by the photon energy but the
widths are unchanged (see discussion later). This implies a shift
from a canonical ensemble to a microcanonical one.

For an isolated system, it was previously shown that an
Arrhenius-like expression can be used for the rate constant,

k(E) = A exp

(
−E0

kB(T − E0/2C − E2
0/(12C2T ))

)
(4)

whereA is a preexponential factor,E0 the activation energy,
T the microcanonical temperature before the decay andC is
the microcanonical heat capacity at energyE − E0/2 [27–29].
C is obtained from the canonical heat capacity,C − Cc(s − 1)/s,
wheres is the number of vibrational degrees of freedom. The
microcanonical temperature is defined in terms of the level den-
sityρ(E) by 1/kBT = d lnρ/dE. TheE0/2C + E0

2/(12C2T) correc-
tion to the effective temperature is the finite-heat-bath correction
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obtained from the EinsteinB coefficient and the Planck radiation
spectrumΦ(ω),

kabs=
∑

i

B(ωi)Φ(ωi) (6)

B(ωi) = µi
2

6εoh̄
2 = qi

2

6εoh̄ωiMi

(7)

Φ(ω) = 2h̄ω3

πc3

1

exp (h̄ω/kBTw) − 1
(8)

whereµi is the transition dipole moment of the IR active modei,
qi andMi the dipole derivative and reduced mass, respectively, of
the vibration andTw is the temperature of the walls (room tem-
perature). IR intensities,q2

i /Mi, and vibrational frequencies,ωi,
were obtained from the DFT calculation for TTF•+. IR inten-
sities were used unscaled whereas frequencies were scaled by
0.9614 to account for anharmonicity[30]. The time constant for
the absorption of an IR photon was found to be 1 s which is
more than one order of magnitude greater than the timescale of
the experiment, that is, the storage time of 50 ms before the laser
pulse is fired. Hence, IR absorption is neglected.

Let us now return toFig. 3. Clearly, one exponential does
not satisfactorily describe the data. The width in the internal
energy distribution gives a tail to a simple exponential decay
according to Eq.(5) but this is still not sufficient, cf.Fig. 5
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btained from a Taylor expansion to second order at the e
− E0/2. We stress that this approach is based on a m

anonical rate constant, which is necessary since a can
emperature is not valid after photon absorption (the widt
he distribution is unchanged after photon absorption). An a
ative way of analysing the data would be by RRKM theor

To summarize, for a specific internal energy, the decay
ecreases exponentially with a characteristic time cons
owever, the spread in internal energies results in a tail o
xponential decay. The decay rate at timet can be expressed a

(t) =
∫

dEk(E)g(E) exp {−k(E)t} (5)

For an ensemble with a broad internal energy distribution
ime dependence of the decay rate is determined by deplet
he hottest molecules. It was earlier demonstrated that the
ate in this case follows a power-lawtn with a power close t
=−1 [29]. Thus, there is no characteristic time, and the d

ate is a strongly increasing function of microcanonical tem
ture. The decay may be quenched by radiative cooling, w

eads to an exponential cut-off of the 1/t decay at a characteris
uenching time[29]. In earlier experiments, characteristic co

ng times for collisionally activated amino acids were foun
e ca. 10 ms[11].

Within this work, we have two different ion temperatur
nd in the following, we will examine whether the initial te
erature of the ions may change during the storage pri

aser excitation. It is well known that isolated ions in a cham
each thermal equilibrium after some time from the absorp
f blackbody radiation and their emission of radiation from
ctive modes. The rate of absorption of blackbody radiati
y
-
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here three fits are shown with Arrhenius parameters (A, E0) of
1010 s−1, 1.90 eV), (1013 s−1, 2.45 eV) and (1016 s−1, 2.90 eV)
he rate constants are not varying enough within the m
anonical temperature distribution (Fig. 6) unless theA factor
ecomes unphysically high (1030 s−1). We therefore discuss tw
ther interpretations, a multiple-exponential decay and po

aw decay.

.3. Multiple-exponential decay

To fit the data, at least three exponentials are needed with
onstants of 57�s, 0.58 and 4–5 ms (Fig. 3). The collisions with
esidual gas will give decays with time constants in the ord

ig. 5. Fits to the decay spectrum shown inFig. 3with three sets of Arrheniu
arametersA andE0. The decay rates are calculated from Eq.(5).
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Fig. 6. Rate constants calculated from Eq.(4) used to calculate the decay rates
shown inFig. 5. The dashed curve shows the microcanonical temperature dis-
tribution after 390 nm photon absorption.

seconds, and thus, all of the decay is due to photoexcitation. The
relative fractions of the three components differ slightly at the
two temperatures in favour of the long-lived component at the
lower temperature. At 300 K initial temperature, the fractions
are 0.17, 0.30 and 0.53 and at 208 K, 0.16, 0.27 and 0.57 for
increasing time constants.

More than one exponential is necessary if the decay is the
result of a different number of photons absorbed. However, a
power dependence study reveals that all of the decay is due to the
same number of photons absorbed (Fig. 7) and, in addition, that
we are dealing with one-photon absorption (Fig. 8). The increase
of the neutrals signal with laser-pulse energy is linear for small
energies and reaches a saturation limit when all ions in the bunch
have absorbed at least one photon. Hence, we conclude that any
ions that have absorbed two photons dissociate too quickly to
survive to the other side of the ring (travel time of 28�s).

In this analysis, three exponentials and one-photon absorp-
tion imply that the beam contains at least three isomers which
dissociate faster than their time for interconversion. Each iso-

F t as
f cay is
d

Fig. 8. Neutrals yield as a function of the pulse energy. At low pulse energies,
the dependence is linear.

mer fragments in a statistical manner but equilibrium between
the isomers is not established before dissociation. Otherwise the
decay would be characterised by a single decay rate. The rate of
interconversion could be unfavoured because of large entropy
changes. Isomers are either formed already in the ion source or
immediately after photoexcitation.

Multiexponential decay would also be observed if a fraction
of the electronically excited ions crossed from the excited dou-
blet surface to quartet surfaces instead of internal conversion to
the doublet ground state surface. Electronic quartet states act
as bottlenecks for the dissociation reaction because of the spin-
forbidden intersystem crossing to the doublet ground state. A
similar interpretation was previously used to explain the two-
exponential decay of photoexcited porphyrin ions[14,15]. In
that case, one lifetime was assumed to be the statistical lifetime
for dissociation and the other the result of trapping in a triplet
state before crossing to the electronic ground state and dissoci-
ation. The population of two long-lived electronic quartet states
of TTF•+ seems very unlikely and has, to our knowledge, not
been reported in the literature.

4.4. Power-law decay

There could however be another explanation for the decay
based instead on statistical dissociation. Multiple-exponential
fi oad.
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ig. 7. Fractions of each of the components of the three-exponential fi
unction of pulse energy. The constant fractions indicate that all of the de
ue to the same number of photons absorbed.
a

ts often occur when the energy distribution of the ions is br
n this situation, the spectra are fitted by the function[11],

(t) = N
( t

τ

)δ 1

exp (t/τ) − 1
+ K (9)

hereN is a normalisation factor and the factor (t/τ)δ corrects
he effective power in the power-lawtn at short times (t < τ) to
=−1 +δ, while the additive constantK accounts for fragment

ion by collisions in the ring.τ is the time constant for quenchi
f the internal energy by IR radiative emission. Whenδ = 0, the

unction reduces to a 1/t decay which applies for the decay
ons for which the internal energy distribution is broad enoug
ive a large spread in lifetimes, that is, the rate constant cha
ignificantly over the internal energy distribution.
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Fig. 9. The data inFig. 3 is represented in a log–log plot. The red and blue
circles are associated with decay of TTF•+ ions at 300 and 208 K, respectively,
before laser excitation. The solid black line is a fit to the functionN0t−0.71+ K.
After 2 ms, the “red” signal is quenched.

For a power-law decay, plottingI(t) versust on a log–log plot
should give a straight line. Indeed, this is the case as shown in
Fig. 9. In other words, if this model is valid for the decay of
TTF•+ ions, the width of the internal energy distribution con-
tributes to the observed decay. Such a power-law fit gives a power
of n =−0.71.

There are at least two explanations for a deviation in the powe
from n =−1. First of all, the energy distribution is obviously not
flat (Fig. 4). When we sample the decay of ions from the high-
energy side of the maximum,n is numerically less than 1 since
the number of ions increases with decreasing energy. In contras
if we sample the decay of ions from the low-energy side of the
distribution,n is numerically larger than 1 since the number of
ions decreases with energy. Thus, the curve appears either le
steep or steeper than that for at−1 decay. Competing reaction
channels also reducen numerically. As the energy distribution
depletes from the high-energy side, other dissociation channe
may take over, and the decay is less steep than the case wh
only one channel is open over the whole energy range.

The decay from the excitation of ions at room temperature is
quenched after a time of ca. 2 ms, which could be due to radiativ
cooling. A fit using Eq.(9) provides a time constant of 5 ms.
The total rate constant for infrared radiation from vibrations
was calculated from[11],

k
∑2ωiqi

2

A and
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a
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t may
b tion.
A an 1.

At the initial temperature of 208 K, the maximum of the energy
distribution is at a lower internal energy and hence the transition
to steeper power-law decay occurs at a later time.

4.5. Excitation by ultraviolet light

In a similar experiment, we irradiated TTF•+ ions at room
temperature with 266 nm photons to raise the initial internal
energy distribution by 4.67 eV. Again one exponential function
was not sufficient and two were required with time constants of
23�s and 0.18 ms (Fig. 10A). In this analysis, the time constants
are for dissociation channels via two different isomers that do
not interconvert on the timescale of the dissociation.

In Fig. 10B, the data from 266 nm excitation are plotted as a
log–log plot to investigate the other approach for the decay. The
difference in energy between 390 and 266 nm photons is 1.47 eV,
which is greater than the width of the internal energy distri-
bution. The high internal energy after photoabsorption implies
that we only observe the decay of ions from the low-energy tail
of the internal energy distribution since ions with higher inter-
nal energy do not survive half a revolution in the ring. Indeed,
a power-law fit results in a power ofn =−1.28 in agreement
with this interpretation. In this model, at 390 nm excitation, the
observed depletion of ions results from those sampled at the

Fig. 10. Decay of 266 nm photoexcited TTF•+ radical cations: (A) two-
exponential fit to the data and (B) the solid line in the log–log plot is a fit
to the functionN0t−1.28+ K.
rad =
i

3Mic3 (10)

gain using the calculated IR intensities and IR frequencies
ssuming all vibrations are populated, we find a rate con
f 165 s−1 and the reciprocal is the lifetime for deexcitation
adiation being 6 ms. This calculated radiative lifetime is in
greement with the measured 5 ms time constant.

There is however another explanation for the quenching
ould better account for the difference between ions with in

emperatures of 300 and 208 K. After about 2 ms, the decay
e governed by the low-energy side of the energy distribu
s argued above, the power here is numerically larger th
r

t,
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high-energy side of the energy distribution (n =−0.71), whereas
at 266 nm excitation, the observed depletion of ions is from the
low-energy side (n =−1.28).

4.6. Possible origins of a broad internal energy distribution

So far, we have neglected the origin of a broad internal
energy distribution which is required for the statistical power-
law model. The initial width of the internal energy distribution
is not sufficient to give a power-law decay, and we therefore
need to consider other possibilities for a broad internal energy
distribution after photon absorption.

First, there is the possibility for fluorescence since photons
with different energies are emitted from the ensemble of ions
determined by the Franck-Condon factors. Fluorescence studies
of TTF•+ both in solution and in low-temperature organic glasses
have previously been reported[31,32]. In solution, no fluores-
cence was observed[31], whereas a slight fluorescence was
observed in the glass[32]. The fluorescence quantum yield in the
glass was not determined but is expected to be even lower than
that of the 4,4′-dimethyl-5,5′-diphenyltetrathiafulvalene radical
cation (5× 10−3) [31]. We, therefore, conclude that fluorescence
does not contribute to our measured decay from delayed disso-
ciation. In addition, the internal energy of the ions would most
likely be too low after photon emission to cause dissociation.
According to calculations discussed later in the paper, at least
1
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Fig. 11. Low-energy CID spectrum of TTF•+. The center-of-mass collision ener-
gies are: 1.6 eV (A) and 4.1 eV (B).

The CID spectrum of TTF•+ at 1.6 eV center-of-mass col-
lision energy is shown inFig. 11A. The major fragmentation
channel is loss of SCH which results in the peak atm/z 159.
Minor peaks correspond to ions formed after loss of CS2 (m/z
128), S2 (m/z 140), SC2H2 (m/z 146), SH (m/z 171) and C2H2
(m/z 178). At higher ion beam energies, peaks atm/z 102 (sym-
metric cleavage of fulvalene bond) andm/z 127 (loss of CS2H)
appear in the CID spectrum (Fig. 11B).

The MIKE spectrum of TTF•+ shown in Fig. 12 is, not
surprisingly, similar to previously reported metastable fragmen-
tation spectra recorded in the linked scan mode. Moreover the
spectrum is very similar to the low-energy CID spectrum. It
does not matter whether cold ions from the electrospray ion
source are heated in collisions with helium or hot ions are
formed directly from the electron ionisation process. The major
peak is again atm/z 159 (Fig. 12) (the kinetic energy release
for this channel is 26 meV). Furthermore, Garı́n et al. [21]
found that the fragmentation spectrum of metastable tetrathi-
anaphthalene ions (an isomer of TTF•+, see structure3 in
Table 1) is similar to that of TTF•+ and it displays the same
intense signal atm/z 159. All in all, the observations lend strong
.2 eV of the internal energy is required for dissociation.
Another possibility could be prompt hydrogen loss a

xcitation since [TTF− H]+ ions (m/z 203) have high
nough translational kinetic energies to be stored in the
22 keV× 203/204). This loss was previously assumed to
he explanation for a power-law decay of protonated tryptop
fter ultraviolet photoexcitation[12]. Recently, Tseng et al.[33]
easured the kinetic energy release distribution for H loss
hotoexcited phenol to be broad with a width of about 0.6
nd the ions energy distribution is therefore broadened by 0
he H elimination process occurs on a repulsive surface. H
ver, calculations indicate that the H-loss channel in the ca
TF•+ is too energetic and there would be no energy lef

urther dissociation. Moreover, hydrogen loss is a very m
hannel from the MIKE and CID experiments as well as l
esorption experiments (vide infra).

The simplicity of the power-law model seems very att
ive but there is no apparent physical or chemical explan
or a broadening of the internal energy distribution after ph
bsorption. We, therefore, consider the non-equilibrium m

or dissociation to be a more probable explanation for the
nd that the ions undergo isomerisation to higher-energy
ers that are not in equilibrium with each other. Each cha
as a unique dissociation rate, and the overall result is a m
xponential decay.

.7. Reaction channels

In the following, we elucidate the reaction channels base
ID, metastable fragmentation and quantum chemical cal

ions.
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Fig. 12. MIKE spectrum of metastable TTF•+.

support to the formation of isomers of TTF•+ ions prior to
dissociation.

It is difficult to determine the internal energy of the metastable
ions or collisionally activated ions. The center-of-mass colli-
sion energy ranges from 1.6 to 4.1 eV but this is the maximum
energy transferred in the collision process. Comparisons to
high-energy collisions are therefore useful. Earlier we reported
50 keV collision-induced dissociation spectra of TTF•+ and
found that the highest peak corresponds to loss of SC2H2. Losses
of C2H2 and SCH were also observed in addition to symmetric
cleavage of the fulvalene bond. Several ions of lower masses
were detected, e.g., SCH+, C2S+, C2HS+, C3HS+, C3H2S+,
CS2

+, C2S2
+ and C2S2H+ [6]. The formation of these ions

requires larger energies as revealed from the calculations below.
Based on these experiments, hydrogen loss from vibrationally

excited TTF•+ is irrelevant. Unfortunately, we do not have the
equipment to record the photodissociation fragment spectra.
Instead, we carried out a laser desorption (LD) experiment using
337 nm light.Fig. 13shows a LD spectrum in the region of the
m/z 204 ion. This spectrum agrees with the interpretation that
hydrogen loss does not take place since there is no indication
of a peak atm/z 203. At the high photon flux, them/z 204 peak
is in saturation, and therefore, the isotope pattern appears to be
wrong.

Model calculations were carried out to determine the reac-
tion energies for H loss, SCH loss and other channels. Direct
h r-
t ation

T
R

1

Fig. 13. Laser desorption mass spectrum of crystallised TTF.

Fig. 14. The lowest-energy channel for fragmentation of TTF•+.

Fig. 15. The thiirane fragment ion formed after loss of SCH.

is unlikely for TTF•+. Loss of C2H2, SC2H2 or S2 from TTF•+

requires about 3 eV and are possible reactions after the absorp-
tion of a 3.2 eV photon but likely occur with a rate too low to
matter in the limited timescale of our experiment. Loss of CS2
from TTF•+ and formation of the fragment ion shown inFig. 14
only needs 1.19 eV and is the most favourable reaction but again
this process cannot occur by a simple dissociation.

From the CID and MIKE experiments, the dominant reac-
tion channel is SCH loss, which is in agreement with previously
reported mass spectral data. The fragmentation has been sug-
gested to produce the thiirane product depicted inFig. 15 [8,19].
However, from our calculations its formation can be neglected
since it requires 5.2 eV.

It seems that one or more rearrangement reactions are nec-
essary to bring the reaction energy within the allowed internal
energy interval and to give SCH loss. Hence, calculations were
made for different isomers of TTF•+ that may be formed after
photoexcitation or already in the ion source (Table 1). Two iso-
mers that are less than 1 eV more energetic than TTF•+ were
found, and these may play a significant role for the dissociation
kinetics. It is likely that many more isomers exist.

5. Concluding remarks

We have found that the decay of TTF•+ radical cations after
a mple
ydrogen loss from TTF•+ is too costly, 4.63 eV, to be of impo
ance. Hence, we conclude that H loss followed by dissoci

able 1
elative energies (eV) of three isomers of the TTF radical cation

TTF•+ (0) 2 (0.78) 3 (0.96)

bsorption of a single photon, 390 or 266 nm is not just a si
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exponential but instead a multiple-exponential decay or power-
law decay. Based on fragmentation experiments and model
calculations, rearrangement reactions take place prior to dissoci-
ation, and it is argued that dissociation occurs from high-energy
isomers that interconvert slowly (non-equilibrium situation).

The present work contributes to the complicated description
of the behaviour of organic molecular ions after photoexci-
tation, which have been the subject of several recent studies
applying the same technique. We have earlier found that pro-
tonated tripeptides, such as Tyr–Trp–TyrH+, after absorption
of UV light exhibited an exponential decay, and from decay
spectra acquired at different photon energies Arrhenius param-
eters could be deduced[12]. Delayed dissociation of porphyrin
anion and cations has been measured due to trapping in triplet
states after intersystem crossing from an excited singlet state to
a lower-lying triplet state[14,15]. A further example is UV-
photoexcited protonated tryptophan ions that lose hydrogen
while in an electronically excited state, and subsequent dis-
sociation of the tryptophan radical cations follows a 1/t decay
[12]. Competition between non-statistical and statistical disso-
ciation was also found for adenosine 5′-monophosphate cations
and anions after absorption of 266 nm photons[13]. Our study
provides a new case since, as we have shown, TTF•+ radical
cations undergo an unexpected 1/t or multiexponential decay
after photoexcitation, and this is likely due to isomerisation
processes.
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