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ABSTRACT

Although green fluorescent protein (GFP) is widely used in the biological sciences, the photophysics con-
trolling GFP fluorescence versus non-radiative decay pathways are not well understood. In previous work
(Forbes and Jockusch, J. Am. Chem. Soc. 2009), we reported that a gaseous anionic model chromophore
of GFP, p-hydroxybenzylidene-2,3-dimethylimidazolone (HBDI-), deactivates via electron photodetach-
ment (ePD) as well as photofragmentation. Distinct electronic action spectra were measured for these
two pathways upon activation of HBDI- in a quadrupole ion trap (QIT) mass spectrometer. Here, we
explore the mechanisms of HBDI- dissociation following photoexcitation at two characteristic wave-
lengths: 410 nm, at which the dominant pathway is ePD and at 480 nm, at which the branching ratio
between ePD and fragmentation depends strongly on the experimental conditions employed. The results
indicate that ePD from HBDI~ at 410 nm is a single photon process with a rate that is unaffected by chang-
ing the pressure of the helium bath gas. This is consistent with a prompt electron detachment process at
410 nm. At 480 nm, photofragmentation in the QIT requires absorption of more than one photon and is
suppressed by collisions, while ePD results from both single and multiple photon absorption. A model that
accounts for all these observations is discussed. ePD and effective absorption cross sections are estimated
as is the rate of collisional cooling within the QIT. This work explores the connection between absorption

and action spectroscopy as applied to the photophysics of a biologically important chromophore.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The use of autofluorescent proteins (FPs), of which the best
known is the green fluorescent protein (GFP), is now widespread in
the biological sciences. FPs are commonly employed as bright fluo-
rescent tags, which can be used to track the location and expression
levels of proteins to which they are attached [1]. In native FPs, the
light-absorbing and emitting chromophore is stabilized at the cen-
ter of the barrel-shaped protein [2]. The spectroscopic properties
of the chromophore are dependent on both its stabilizing interac-
tions within the protein scaffold [3] and its ionization state [4-7].
Wild-type (wt) GFP exhibits two broad absorption features: the
A band (395-397 nm) assigned to the neutral chromophore and
the B band (470-475 nm) assigned to the anionic form [4-7]. The
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B-form of GFP is highly fluorescent, with an emission maximum at
A% = 504 nm and quantum yield 4 =0.79 [8].

Very recently, a new role for FPs has been identified, that of
light-induced electron transfer agents [9]. This proposal is based
on the recently discovered phenomenon in GFPs dubbed “oxida-
tive redding,” which is a change from green to red fluorescence
occurring when electron acceptors are present in the environment
of the FP [9]. Oxidative redding was attributed to the donation
of two electrons from the FP chromophore to nearby oxidants
[9].

p-Hydroxybenzylidene-2,3-dimethylimidazolinone (HBDI:
Scheme 1), is a simple model chromophore for GFP. While the
surrounding protein clearly modulates the properties of the
chromophore, most famously by increasing the fluorescence
quantum yield over 1000-fold [10-14], numerous experimental
and computation studies of small model chromophores such
as HBDI have provided useful insight into the mechanism and
control of FP activity [12,13,15-42]. Electron detachment from the
chromophore upon irradiation, a key step in oxidative redding,
has also been inferred from pump-probe experiments on HBDI
in solution [22,23]; however, electron detachment from solvated
HBDI~ required the sequential absorption of two visible photons
[22], which would make it a minor deactivation pathway upon
photoexcitation.
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Other notable studies of model GFP chromophores include
those of Andersen and co-workers, who investigated the elec-
tronic absorption characteristics of several gaseous chromophores
including anionic [29], cationic [30] HBDI and ‘neutral’ model chro-
mophores [31,33] using a storage ring. Andersen’s group showed
that the maximum for photofragmentation of HBDI~ in the gas
phase (Amax =479 nm, FWHM=45nm) [29] matched closely the
absorbance of the B-band of wt-GFP and suggested that the native
protein structure provides an electronic environment for the chro-
mophore similar to what it experiences in the gas phase [29].

We have recently reported results from an investigation of the
deactivation pathways of gaseous HBDI~ stored and photoacti-
vated in a quadrupole ion trap (QIT) mass spectrometer which has
been modified to enable action spectroscopy and laser-induced flu-
orescence measurements on mass-selected ions [34]. Consistent
with the low fluorescence quantum yield observed in solution,
no steady-state fluorescence from HBDI~ was observed in the gas
phase at ambient temperature (295K). Rather, the model chro-
mophore undergoes photodissociation readily at low irradiation
energies and exhibits two distinct and wavelength-dependent pro-
cesses shown in Scheme 1: (i) photofragmentation as observed
previously by Andersen and coworkers [29] and (ii) electron pho-
todetachment (ePD). Distinct action spectra were measured for
these two pathways. The electron detachment process gives rise
to a broad band in the action spectrum (390-510nm) having
significant vibronic features that are not observed in the fragmenta-
tion channels alone, which themselves exhibit an action spectrum
that matches closely that measured previously by Andersen and
coworkers [29]. The total action spectrum (the sum of ePD and frag-
mentation pathways) measured in the QIT matched well with the
low-temperature absorbance spectra of intact GFPs [4,5] and the
measured vibronic structure is also well reproduced by computed
absorbance spectra from high-level ab initio calculations on HBDI~
[43] and on a similar model chromophore (HBI~) [35]. Neverthe-
less, the correspondence between a gas-phase action spectrum and
linear absorption spectrum can be complicated because the for-
mer may reflect the absorption of multiple photons, deactivation
dynamics, dissociation threshold and kinetic shift. Very recently,
Zenobi and coworkers have suggested that the absorption band
maximum of gaseous HBDI ™ lies at significantly higher energy than
the photofragmentation maximum found in the storage ring and
QIT action spectroscopy experiments [44].

Here, we investigate the mechanisms of photofragmentation of
and electron photodetachment from HBDI anions, which are stored
and activated in a QIT mass spectrometer. Dissociation is explored
at two characteristic excitation wavelengths: 410 nm at which ePD
dominates, and 480 nm at which the product branching ratio in
the QIT can be controlled to favor either photofragmentation or
ePD. The effects of several experimental parameters, including laser
power (P), pulse rate (f), irradiation time (t) and pressure of helium
(He) bath gas (Pye) are investigated. We show that photofragmen-
tation of HBDI~ in the QIT requires absorption of more than one
photon, that electron detachment at 410 nm results predominantly

from the absorption of a single photon and that at 480 nm compo-
nents of both single- and multiple-photon driven ePD are apparent.
Cross sections for ePD and absorption are estimated and a model
that accounts for all experimental observations is discussed.

2. Materials and methods
2.1. Sample preparation

The GFP model chromophore p-hydroxybenzylidene-2,3-
dimethyl-imidazolinone (HBDI) was provided by Prof. V.M. Dong, C.
Yeung and C. Yang (University of Toronto). Briefly, it was prepared
using a two step sequence [10,45] from commercially available
4-acetoxybenzaldehyde. Condensation of the aldehyde with
N-acetylglycine afforded the corresponding azlactone (65%) by
the Erlenmeyer azlactone synthesis. Subsequent aminolysis with
methylamine and cyclization yielded the desired compound (33%).
Solutions of HBDI were prepared at a concentration of ~0.1-1 uM
in 1/4 (v/v) H,O/MeOH and were electrosprayed by infusion at a
flow rate of 2 uLmin~1.

2.2. Laser setup

The light source used for photodissociation is a Tsunami Tita-
nium:Sapphire (Ti:Sapph) laser (Spectra-Physics, Mountain View,
CA). The Ti:Sapph crystal is pumped by the second harmonic
(532nm) of a Millenia Pro 10s Nd:YVO4 (Spectra-Physics) and
provides tuneable near-IR light in the 700-1080 nm range with out-
put powers ranging from 200 mW to 1.8 W. When mode-locked,
the Tsunami pulses at a rate of 80 MHz with a pulse duration of
100-130fs. Typical bandwidths of the mode-locked pulses are in
the range 10-20 nm at full-width half-maximum (FWHM). The IR
output is frequency doubled using a Type | second harmonic gener-
ating crystal of beta-barium borate (Newlight Photonics, Toronto,
ON) providing near-UV/visible light in the 350-540 nm range with
powers ranging from 20 mW to 400 mW. The laser power is atten-
uated using an adjustable neutral density filter and monitored
with a Solo 2 power meter (Gentec Electro-Optics Inc., Quebec
City, QC) equipped with a XLP12-1S-H2 detector (power-noise level
+0.5 wW). The laser powers (P) used for the various experiments
are summarized in Table 1

2.3. Pulse picker

To perform photodissociation experiments with pulse rates
below the standard 80 MHz repetition rate of the Ti:Sapph laser,
frequency division was carried out using a pulse picker (Model 350-
160 KD*P Series Modulator, Model 305 Synchronous Countdown
and a Model 25D Digital Amplifier) from ConOptics Inc., Danbury,
CT. Pulse rates (f), number of pulses (Npyss) and the number of
photons (ny,) used for different experiments are summarized in
Table 1.

2.4. Quadrupole ion trap mass spectrometry

Gaseous ions were photodissociated in an Esquire 3000+ QIT
mass spectrometer (Bruker Daltonik GmbH, Bremen, Germany)
that has been modified for spectroscopy and described previously
[46,47].1ons are generated by electrospray ionization (ESI), injected
into the QIT and mass-selected. The ion accumulation time is
adjusted to obtain the desired ion population as monitored by
the ion charge control (ICC) value. Following ion isolation, a delay
period of at least 50 ms (and typically 125 ms) was implemented
using the first MS? software event to ensure that the ion ensemble
was both spatially and vibrationally cooled. Next, a trigger from
the Esquire 3000+ opens a shutter to allow transmission of the
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Summary of the experimental parameters for the photodissociation of HBDI~.
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Description

Action spectroscopy

Power dependence

Kinetics experiments

Pressure dependence

Pulse rate
experiments

ICC
APye /1074 mbar

Piie,rrap/ 1073 mbar
qZ

Aex/NM

P/mW

t/ms

fIMHz

At/ns

Npul;es
npy/irradiation

Ion charge control
Externally measured
Helium pressure
Helium pressure in trap
QIT trapping parameter
Excitation wavelength
Irradiation power

Irradiation time

Laser pulse repetition
rate

Time between laser
pulses

Number of laser pulses
Number of photons per
irradiation

3x10%
1.07

2.16
0.25
390-510
4.0

250

80

12.5

20x 108
2.0 x 105 (390 nm)

2.6 x 10'5 (510 nm)

3% 104 3% 104 3% 104 3 %104
1.07 0.20-1.23 0.15-0.952 0.34
2.16 0.40-2.47 0.30-1.92 0.69
0.25 0.25 0.25 0.59
410, 480 410, 480 480 410, 480
0-40.0 (410 nm) 20.0 (410nm) 40 8.8-0.1 (410nm)
0-8.0 (480 nm) 4.0 (480 nm) 7.5-0.1 (480 nm)
250 0-400 (410nm) 50 27-2160
0-500 (480 nm)
80 80 80 40-0.5
12,5 12,5 12,5 25-2000
20 % 108 0-40 x 108 4108 1.1x 106
0-2.1x 106 (410nm)  0-1.0x 106 (410nm) 4.8 x 101 49x10™

0-4.8 x 10'5 (480 nm)

0-2.4 x 10'5 (480 nm)

laser beam in to the QIT. Trapped ions are irradiated during MS"
events (n=3-11) that are provided within the Esquire Control soft-
ware and are normally used for collision-induced dissociation. lon
irradiation times (t) used in the experiments are summarized in
Table 1. After irradiation, a mass-selective instability scan ejects all
ions from the trap in order to produce a mass spectrum. This exper-
imental sequence is generally repeated 50-200 times to minimize
effects resulting from fluctuations in the electrospray.

The trapping parameter (q;) at which ions are stored in the QIT
during irradiation influences strongly the irradiation efficiency of
the ion cloud; ions stored at higher g, experience a larger trap-
ping potential that decreases the size of the ion cloud and hence
improves the intersection of the laser beam with the ion cloud at
the center of the trap [46,47]. However, higher g, values during
ion irradiation also increase the low-mass cutoff (LMCO) of the QIT
[48], precluding storage and detection of low m/z fragment ions.
For the experiments reported here (with the exception of the pulse
rate dependence), a g, value of 0.25 was used in order to permit
mass analysis of all the significant product ions.

The QIT is operated with a significant pressure of He bath gas,
which dramatically affects the rate of photofragmentation of stored
ions at a given laser power and irradiation time (see Section 3).
The added pressure of helium (APye) above the base pressure is
measured externally to the ion-trapping region using a Granville-
Phillips ionization gauge (Brooks Automation, Chelmsford, MA).
As previously reported [46], we have computed the conductance
of gas flow from the quadrupole ion trap assembly (~2.5Ls™1)
to estimate the He pressure inside the QIT electrode assembly
(PHe,trap)- The externally measured range of added pressures trans-
lates, after corrections for gas-flow and sensitivity of the gauge to
helium, to estimated internal pressures of 0.30-2.47 x 10~3 mbar
(0.22-1.85 mTorr). The measured added pressure of He and the
computed pressures within the trap are summarized in Table 1.

The hardsphere collision rate (z) of the trapped precursor ions
with helium bath gas was calculated according to Eq. (1) where kg
is Boltzmann'’s constant, pye is the number density of He, u is the
reduced mass and an estimated collision cross-section of HBDI~
(012) of 80A? is used.

SkBT

T
For the range of pressures here, the calculated collision rate is in
the range 7400-62,000s~! or approximately one collision every

135-16 ws. We note that the actual collision rate of the HBDI~
may be somewhat higher than computed with this simple model

PHe (1)

212 =012

because the ions are accelerated to higher than thermal kinetic
energy in the trap.

2.5. Photodissociation yield calculations

The normalized precursor ion intensity remaining after irradia-
tion (Y, = Yypp;- ) was computed according to Eq.(2), where I9" and

Iﬁff are the intensities of the precursor ion with the laser on and off,
respectively. The photodissociation action yield (Y,) corresponds
to the depletion of the precursor ion intensity and is computed
according to Eq. (3). For all experiments, the photodissociation
mass spectra (laser on) are bracketed by control mass spectra (laser
off). Igff is taken as the mean intensity of the precursor ion in the
control mass spectra recorded before and after ion irradiation. The
photodissociation and control mass spectra are recorded with iden-
tical experimental sequences (i.e., accumulation and storage times,
and q;) with the exception that the shutter is closed for the control
spectra (laser off).

on

Yy = o (2)
p

Ya=1-Y, 3)

The yield of fragment ions (Yy) is taken as the sum of fragment

ion intensities normalized to Igff, as shown in Eq. (4), where Ifo(?)
is the intensity of a given fragment ion (i). The yield due to elec-
tron detachment (Yepp) is inferred from the difference between the
intensity of the precursor ion (laser off) and the combined intensi-
ties of the precursor and products ions (laser on), given by Eq. (5).
Mass discrimination effects, which would complicate determina-
tion of the (inferred) ePD yield are believed to be negligible in this
experiment as, in a concurrent investigation of protonated HBDI
(which does not undergo ePD), 98% of the parent ion intensity was
recovered upon photodissociation [34].

n 0n
v — 2iclfh 4)
= oF
p
Off _ yon n on
Yepp = b b Zi:llfm =Ya-Yf (5)
17

Breakdown curves are constructed by plotting the photodissoci-
ation yield of HBDI—, fragment ions and electron photodetachment
as a function of laser power, irradiation time, He pressure, g, and
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Fig. 1. Photodissociation mass spectrum for HBDI~ (m/z 215) using 480 nm light
(P=20mW, t=150ms, f=80MHz, q,=0.11, Pe,rap=0.35 x 10-3 mbar). The low-
mass cutoff (LMCO) was 26 m/z. The predominant fragment ion is at m/z 200. The
inset (15x expansion) shows several other minor fragment ions.

laser pulse rate. Error bars shown correspond to the standard devi-
ation from triplicate sets of measurements. The (pseudo) 1st-order
unimolecular dissociation rate constant (kg;,, ) is obtained from the
slope of a plot of In(Y;pp;- ) versus irradiation time.

3. Results
3.1. Photodissociation pathways

Fig. 1 shows a photodissociation mass spectrum of gaseous
HBDI-, stored and irradiated with 480 nm light in the QIT. The
dominant fragment ion (m/z 200) arises from a loss of methyl
(Scheme 1, pathway (i)) and accounts for ~98% of the fragment
ion yield, with additional minor contributions from m/z 187, 172,
158,131 and 81.These are the same fragment ions observed follow-
ing multiple collision-induced dissociation in the QIT. However, as
we have shown previously [34], the total ion current from precur-
sor + product ions following photodissociation is significantly lower
than the precursor ion current prior to irradiation. This loss of
ion current is attributed to electron detachment (Scheme 1, path-
way (ii)), the occurrence of which upon was recently verified by
Zenobi and coworkers [44]. Action spectra for each pathway, con-
structed by monitoring the measured photo-fragmentation yield
(Yy) and electron detachment yield (Yepp) as a function of excita-
tion wavelength, are shown in Fig. 2 as the red and green symbols,
respectively. The two pathways clearly have differing wavelength
dependencies. Electron detachment occurs over the entire range
of irradiation wavelengths used (390-510 nm) and at wavelengths
shorter than 425 nm is the dominant dissociation pathway. In con-
trast, an appreciable yield of fragment ions is observed only in a
narrower band at lower photon energies (445-510 nm). Also shown
in Fig. 2 is the total action spectrum in blue, which represents the
loss of the HBDI~ precursor ion as a function of excitation wave-
length.

The measured action spectrareflect the wavelength dependence
of HBDI~ absorption; however, measured band intensities depend
on dissociation as well as excitation efficiencies. This means that
the gas-phase action spectrum is not identical to a linear absorp-
tion spectrum; rather, its appearance depends on the experimental
conditions used. This dependence can be exploited to investigate
the mechanisms of electron detachment and photofragmentation
of HBDI~ in the QIT. The dominance of the ePD channel at higher
photon energies provides the opportunity to examine the elec-
tron detachment process independently from the fragmentation
channels. In the following sections, we explore the affect of several
experimental parameters on ePD yield following 410 nm excitation.
These results are compared with those from similar experiments
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Fig. 2. Photodissociation action spectra of gaseous HBDI~ measured in a quadrupole
ion trap showing the decrease in yield of HBDI~ (closed blue circles) with the mea-
sured yield from fragmentation channels (closed red circles) and the inferred yield
due to electron photodetachment (open green circles). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

using lower photon energy (480 nm), which is near the photodis-
sociation maximum (482.5 nm) observed in the action spectrum.

3.2. Power dependence

Fig. 3 shows photodissociation breakdown plots for HBDI~ as
a function of laser power at (a) 410 nm and (b) 480 nm under the
same conditions of irradiation time, pulse rate, trapping parame-
ter and He pressure as used to construct the action spectra shown
in Fig. 2. Several significant differences are evident. At 410 nm,
250 ms of 40 mW irradiation power results in ~95% disappearance
of the HBDI™. Electron detachment is the dominant dissociation
mechanism at this wavelength, with the combined appearance of
fragmentions comprising <2.5% of the total photodissociation yield.
In contrast, with irradiation at 480 nm, the dissociation of HBDI~ is
essentially complete after 250 ms with a laser power of just 8 mW.
Both electron detachment and fragmentation are significant disso-
ciation channels at this wavelength. At both 410 nm and 480 nm,
lower laser powers favor electron detachment and at 480 nm the
fragmentation yield clearly depends more strongly on laser power
than does ePD.

The lower panels in Fig. 3 show semi-logarithmic plots of
the remaining HBDI~ yield as a function of irradiation power,
which highlights the difference in photodissociation behavior at
these two photon energies. The excellent linear relationship with
zero-intercept shown in Fig. 3¢ indicates that the photodissoci-
ation measured using 410nm light, which is essentially all ePD,
is dominated by a single-photon process. The 410nm photon
energy (3.0 eV) exceeds the computed electron detachment energy
(2.4-2.8eV) [34,40] and so the observed single-photon behavior
is consistent with direct detachment of electrons; however, the
shortest irradiation time accessible with our apparatus is ~10 ms
and is normally much longer (e.g. t=250ms). Therefore, these
experiments alone do not provide temporal resolution capable of
distinguishing between direct photodetachment (fs-ps time frame)
and delayed/statistical detachment (ns-ms time frame) [49-51].

In contrast to the simple linear power dependence measured
upon irradiation at 410nm, photodissociation of HBDI~ using
480 nm light (2.6 eV) clearly shows a more complex dependence
on laser power (Fig. 3d). The data indicate that photodissociation
of HBDI~ under the experimental conditions employed involves the
absorption of multiple 480 nm photons. The inset to Fig. 3(d) shows
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Fig. 3. Power dependence of HBDI- photodissociation at 410 nm (left side) and 480 nm (right side): (a and b) breakdown curves showing the yield of HBDI~ (blue), fragment
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that the data do not fit a simple P2 dependence. Fitting this data
instead with a second order polynomial in power (dotted blue line
in Fig. 3d) yields a better result (see Section 4). Power-dependence
plots at four different pressures of He (see Figs. S1-S4 in the Sup-
plementary Information) exhibit similar relationships with laser
power. Thus, these data suggest that depletion of the precursor
ion with 480 nm light is driven by both one- and multiple-photon
processes in the QIT.

3.3. Kinetics and pressure dependence

The dissociation kinetics of HBDI~ were investigated as a func-
tion of He pressure to determine the effect of collisional relaxation
on product yields. Fig. 4(a) and (d) shows kinetic plots for the dis-
sociation of HBDI~ at four different He pressures with irradiation at
410nm and 480 nm, respectively. The dissociation kinetics at both
irradiation wavelengths show excellent pseudo 1st-order behavior.
The kinetic plots measured with 410 nm photodissociation have
zero-intercepts, while a short induction period is apparent in the
480 nm data measured at lower pressures. Dissociation rate con-
stants (kgiss) taken from the slope of the plots of In(Yieldypp,-)
versus time are summarized in Table 2.

The 410 nm photodissociation kinetics are insensitive to chang-
ing pressure (Fig. 4(a)-(c)). At the three highest pressures, the
extracted rate constants are essentially unchanged within the sta-
tistical variation of the measurements. At the lowest pressure used
(0.40 x 103 mbar), the rate of dissociation is increased by approx-
imately 10%. The two accompanying plots (Fig. 4(b and c)) show
separately the yield due to fragmentation and electron detachment,

respectively, at each pressure. ePD yields at 410 nm do not depend
noticeably on the He pressure (Fig. 4c), while the small fragmen-
tation yield is increased at the lowest He pressure (Fig. 4b), which
explains the increased dissociation rate. These data indicate that
collisions suppress fragmentation but have a negligible effect on
electron detachment rates at 410 nm. With longer irradiation times
(>250 ms), the yield of m/z 200 declines slightly. This is due to pho-
todissociation of the m/z 200 product ion population by 410 nm
light and has been confirmed with MS? photodissociation experi-
ments (data not shown).

Fig. 4(d) compares kinetic plots for the photodissociation of
HBDI- with irradiation at 480 nm measured at four pressures. After
a brief induction period, the data are well fit by first-order kinetics.
There is an approximately five-fold increase in the dissociation rate
constant as Pye trap i decreased approximately six-fold (Table 2),
indicating that collisions suppress photodissociation at this wave-
length. The extent of fragment ion formation is highly sensitive to
the rate of collisional cooling (Fig. 4(e)) but the yields due to elec-
tron detachment appear to follow a single trend (Fig. 4(f)). This

Table 2

Dissociation rate constants (kg;ss) and statistical variation (s,) from the univariate
regression models fit to the experimental data in Fig. 4(a and d) at four different
pressures of He bath gas.

Ptie,trap/mbar A=410nm (P=20.0 mW) A=480nm (P=4.0mW)

Kaiss Sp/s7! Kaiss £ 5p[s7!
0.40 x 103 7.1 +£ 0.07 24.0 + 0.6
146 x 103 6.3 + 0.08 9.7+ 0.2
2.16x 1073 6.4 + 0.10 5.7+ 0.1
2.47 x 1073 6.5 + 0.10 5.0+ 0.1
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Fig. 4. Photodissociation kinetics of HBDI~ with irradiation with 20 mW of 410 nm light (left side) and 4 mW of 480 nm light (right side) at four different pressures of He
bath gas. Top: (a and d) the time dependence of In(Yieldygp,- ), showing fits to first-order kinetics; the rate constants (k; — k4) measured at each He pressure are noted on the
figure. Below: plots showing fragment ion yield (b and e) and electron detachment yield (c and f) as a function of irradiation time at each pressure.

suggests that the rate of electron detachment upon 480 nm exci-
tation, is essentially independent of the rate of collisional cooling,
although there is noticeably larger scatter amongst the 480 nm data
than the 410 nm data, particularly at shorter irradiation times.

An additional series of measurements was made to further
investigate the effect of pressure on the branching ratio at
Mlex =480 nm under conditions of fixed power (4 mW) and irradia-
tion time (50 ms) (Fig. 5). As the pressure is increased, more HBDI~
precursor survives 50 ms irradiation at this modest laser power. The
increase in Yygp- is reflected by an (nearly) equivalent decrease in
fragment ion yield. The electron detachment yield shows a slight,
yet significant decrease (—0.05 or 36% of the ePD yield) as the
pressure is increased more than 6-fold. This result indicates that
electron detachment at 480 nm is not entirely independent of the
He pressure but that the influence is small.

Fig. 5(b) shows a Stern-Volmer plot constructed accord-
ing to the methods outlined by Dunbar and Fu [52] based

on a simple two-photon model for dissociation in a high
pressure/low irradiation regime (see Section 4). An accept-
able fit to the univariate linear regression model is found
with slope of 7.8+0.4 x 1014 cm3 molecule-! and intercept of
0.47 +0.12. Using this model, an effective absorption cross-section
of (1.3+£0.4)x10"6cm? and collisional cooling rate constant
(Keoor) Of (2.841.6)x 1011 cm3 molecule=1s~1 are calculated.
More detailed considerations of the relative absorption cross-
sections and rates of collisional cooling will follow in Section 4.

3.4. Laser pulse rate

A useful method to probe the time-frame of ion activation
is by variation of the laser pulse repetition rate [53-55]. Fig. 6
shows the effect of varying the laser pulse repetition rate on the
photodissociation of HBDI~. At each pulse rate, the total num-
ber of pulses (Npyges) is fixed at 1.1x10° and the number of
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photons per pulse is also held constant (see Table 1); thus, as
the frequency of pulses is decreased, the total irradiation time is
increased proportionally to compensate. For example, at 40 MHz
the time between pulses (At) is 25ns and the total irradiation
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time used was 27 ms. At 4 MHz, the irradiation time was increased
to 270ms to deliver 1.1 million pulses. To account for the dif-
ference in photon energy between 410 nm and 480 nm, the laser
pulse energy was adjusted appropriately (see Table 1) to provide
the same number of photons (4.9 x 1014) at both excitation wave-
lengths. Note that the laser pulse repetition rate does not provide a
direct measure of the time between absorption events because the
pulse energy (200-230 p] pulse~! or 4.5 x 108 photons pulse~1) is
extremely low, so an average ion in the ensemble does not absorb
a photon with each pulse. Rather, the pulse rate experiments probe
the competition between collisional cooling of activated molecules
and the probability of photon absorption from multiple pulses. The
estimated collision frequency at the pressure used is one collision
per 60 ws, much lower than the laser pulse repetition rate. This cor-
responds to an average of 2300 pulses between collisions at 40 MHz
and 30 pulses between collisions at 500 kHz pulse repetition rates.

Fig. 6 shows the effect of changing the delay between laser
pulses on the dissociation yield of HBDI~ at the two characteris-
tic excitation wavelengths, 410 nm and 480 nm. With irradiation
at 410nm (Fig. 6a), the photodissociation yield of HBDI~ and the
branching ratio between electron detachment and fragmentation
is largely unaffected by the time delay between pulses. A very small
contribution (<1%) from the fragmentation channel is observed at
the highest pulse rate (At =25 ns) but declines rapidly to zero above
At=200ns (Fig. 63, inset).

In contrast, Fig. 6b illustrates that photodissociation of HBDI~ at
480 nm is dramatically affected by the time-delay between laser
pulses. Upon irradiation with the same number of photons as
at 410 nm, there is nearly complete dissociation of the precur-
sor ion when the time between pulses is short. However, as the
time between pulses is increased, there is a sharp increase in the
yield of precursor ions remaining following the irradiation period;
Yypp;- reaches ~0.8 for At=600ns. With a longer time between
pulses, Yypp - continues to increase but at a much slower rate. The
branching ratio between fragmentation and electron detachment at
Mlex =480 nm is also sensitive to the laser pulse rate. Fragmentation
is favored over electron detachment at higher pulse rates (branch-
ing ratio ~3:2 for At=25ns). The yield of both fragmentation and
ePD decrease with longer pulse delays; however, the fragmentation
channel is clearly more sensitive to pulse rate than ePD. Yy is nearly
completely suppressed with long At (Yy~ 2% at At=1800ns) while
Yepp remains near 10%. The change in branching ratio indicates that
the number of photons involved with fragmentation is higher than
for ePD. It is interesting to note that electron detachment yield also
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Fig. 6. The effect of laser pulse repetition rate on the yield of HBDI- precursor ion (blue), fragment ions (red) and electron detachment product (green). Yields are plotted
at (a) 410nm and (b) 480 nm as a function the time between pulses (At), which is proportional to the overall irradiation time (t) and inversely proportional to the pulse
repetition rate. Each point in both plots was obtained using the same number of photons from the excitation laser (i, =4.9 x 10'4). (For interpretation of the references to
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declines significantly between At=25 ns and 600 ns. This indicates
that some of the ePD occurring at shorter time delays is due to the
absorption of more than one photon.

Note that the data shown in Fig. 6 illustrate clearly that the
fragmentation observed is due to the absorption of photons from
multiple pulses (multiple photon dissociation) rather than the
absorption of more than one photon within the same laser pulse
(multi-photon dissociation). If multi-photon dissociation were
the dominant process, the extent of fragmentation should have
remained constant, because the pulse characteristics (duration and
photons per pulse) are held constant in this experiment as is the
pressure-dependent cooling rate. What does change in this exper-
iment is the amount of cooling because the number of collisions
experienced by an ion increases linearly with At. The fact that
the fragment ion signal decays to almost zero at long pulse delays
indicates that the photofragmentation is due to a slow activation
process, i.e., multiple photon dissociation.

The pulse rate experiments can be viewed as an alternative
way to investigate the power dependence of photodissociation.
The lowest pulse rate used corresponds to 100 wW, somewhat
lower than the lowest power used in the power dependence studies
shown in Fig. 3. Plots of the dissociation rate constants derived from
the pulse rate data (analysis not shown) exhibit the same power
relationship as those shown in Fig. 3.

4. Discussion

The dynamics of photodissociation in the quadrupole ion trap
are complex due to the combined and/or entwined effects of several
experimental parameters that affect the relative rates of ion acti-
vation and deactivation including irradiation power, wavelength,
pulse repetition rate, the irradiation efficiency of the ion cloud
(dependent on g, and the size of the laser beam) and the rate
of collisional cooling (dependent on Pye trap). Thus, the choice of
experimental conditions may dramatically affect the appearance
of action spectra, which measure the consequence of absorption
(here, photofragmentation or electron photodetachment) and thus
do not provide a direct measure of the absorption cross section.
To understand better the connection between the measured action
spectra, dissociation pathways and absorption, we explore below
more fully the dynamics of ion activation and deactivation. We
start with a brief review of the results, then describe a model
that accounts for the experimental observations. Finally, simpli-
fied models are used to estimate quantities including reaction cross
sections and collisional cooling rates.

Electron detachment is the dominant dissociation mechanism
for HBDI~ in the quadrupole ion trap upon activation at 410 nm,
under all experimental conditions investigated in this work. The
detachment yield dependence on power (Fig. 3), pressure (Fig. 4)
and pulse rate (Fig. 6) indicate that the ePD results from absorp-
tion of a single 410 nm (3.0 eV) photon. Under conditions of high
laser power and/or low pressure, a minor contribution from frag-
mentation is observed, indicating that fragmentation requires the
absorption of more than one 410 nm photon.

The photodissociation of HBDI~ using 480 nm light shows sig-
nificantly more complex behavior than was observed at 410 nm.
Taken together, the dependence of Yepp and Yy at 480 nm upon
power (Fig. 3), pressure (Figs. 4 and 5) and pulse rate (Fig. 6) indi-
cate that fragmentation results from the absorption of multiple
photons and can be suppressed by collisions. The behavior of the
electron detachment channel shows a much smaller dependence
on pressure (Fig. 5) and photon delivery rate (Fig. 6). At this pho-
ton energy (2.6 eV), it appears that ePD arises from both one- and
two-photon absorption. The existence of multiple-photon disso-
ciation for HBDI~ has been mentioned previously in reports from

our laboratory [34,56] as well as in a recent report from the Zenobi
laboratory [44].

While the results presented here indicate that both one- and two
photon processes contribute significantly to the observed photodis-
sociation of HBDI~ in the quadrupole ion trap, photodissociation
studies of HBDI~ at ELISA have shown that photodissociation pro-
ceeds primarily by absorption of a single photon at low pressure
(10~ mbar) [32]. The differing power dependencies observed in
the storage ring and QIT experiments can be rationalized as fol-
lows. Time-resolved measurements following irradiation with a
single, nanosecond laser pulse in the storage ring experiments
show that the unimolecular fragmentation is relatively slow and
rates are well described by an Arrhenius-type thermal activa-
tion model; the extracted decay rates correspond to ~28-450 s
lifetimes upon excitation between 450 and 500 nm [32]. These life-
times are somewhat longer than the collisional time-scales at the
elevated pressures used in the QIT. A single, or a small number of
collisions, removes enough energy that single-photon fragmenta-
tion is suppressed on the time scale of the QIT experiments. The
absorption of multiple photons is required to increase ion internal
energy sufficiently to achieve fragmentation rates that effectively
out-compete collisional cooling in the QIT.

4.1. Photodissociation models

Scheme 2 shows a model that accounts for the appearance of
both single- and two-photon dissociation products of HBDI~ in the
QIT. The precursor ion population (HBDI™ ), which has an absorption
cross-section o1, is irradiated with an effective photon irradiance
(¢, see below). Absorption of a photon creates an electronic excited
state (HBDI-1) that can lead either to detachment of an electron
with rate constant ki, or internal conversion and intramolecu-
lar vibrational redistribution (IVR). Following IVR, a vibrationally
excited intermediate (HBDI~') remains. The warm intermediate
suffers collisions with helium bath gas that remove internal energy
at a rate that is proportional to the collisional cooling rate con-
stant and the pressure. If the rate of collisional cooling is not too
high, absorption of a second photon by the warm intermediate
(with absorption cross section o) further elevates the ion to a
state HBDI-'* from which either electron detachment (with rate
constant k7)) or IVR can occur thus producing a hot intermedi-
ate, HBDI="". HBDI="" may subsequently fragment (rate constant
k}’mg) or be cooled by further collisions with the bath gas. The fact
that single photon ePD is the dominant process upon excitation
at 410 nm is explained by the rate of electron detachment being
substantially faster than IVR at this energy. The relative decrease
in electron detachment yield and substantial increase in fragment
ion yield upon excitation at 480 nm can be explained by a decrease
in ki, upon excitation at 480 nm (2.6eV) compared to 410 nm
(3.0eV), meaning that ePD does not compete as effectively with
IVR at the lower energy. An increase in pressure results in increased
collisional cooling, suppressing multiple photon ePD and fragmen-
tation. Unfortunately, we have not been able to solve the rate
equations from this model so far, so a simplified kinetic model was
used.

Our simplified kinetic model allows for both single- and
two-photon dissociation, but neglects explicit consideration of
collisional cooling. The equations for product ion formation and
remaining precursor ion abundance in this simplified model are
given by Eqgs. (6)-(8).

kepp _

Yooy = — D 11 — e~(Kfag+kepp)t 6
P ] (6)
¥, = Kfrag — e~ (Kpaghern)t (7)

B kfrag + kepp
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Table 3
Summary of the fitting parameters obtained from the laser power-dependence experiments. The standard error of the fit (s.) is also indicated.
Aex/NM Pye trap/mbar kepp Kfrag
a az by b, Se
410 2.16x 1073 0.27 2.6x104 9.4x 104 1.5x107% 0.014
480 146 x 1073 0.33 0.14 1.2x107° 0.27 0.021
480 1.81x 103 0.23 0.14 32x107° 0.21 0.029
480 2.16x 1073 0.39 0.084 6.9x 10710 0.16 0.014
480 247 x1073 0.38 0.078 5.1x10°1° 0.14 0.026

(8)

Note that the ratio of rate constants in Egs. (6) and (7) results
from the ePD/fragmentation branching ratio while the term in
brackets represents the total precursor ion population, which
decays exponentially in time with a rate constant of k¢, + kepp. Kfrag
and k.pp were each written as 2nd order polynomials of power, to
allow for both single photon and two photon dependence, as shown
in Egs. (9) and (10).

Yuppr- = 1 — (Yepp + Yf)

kepp = a1P + aP?

(9)

kfrag =bP+ b2P2 (10)

The 410 and 480 nm power dependence data at multiple pres-
sures (Fig. 3 and Figs. S1-S4) were separately fit with this simplified
model. The results are summarized in Table 3. In each data set,
the fit identifies a significant component of single-photon elec-
tron detachment indicated by the a; parameter, which ranges from
0.23 to 0.39. There are also significant components of two-photon
electron detachment identified at Aex =480nm (a; =0.078-0.14)
which is consistent with the observations from the pressure-
and pulse-rate dependence. The fits reinforce the conclusion
that any contribution from two-photon electron detachment at
Aex=410nm is negligible (a; =2.6 x 10~4). Finally, it is notewor-
thy that the values for the b; parameter are all essentially zero,
indicating that photofragmentation within the quadrupole ion trap
requires the absorption of at least two (and possibly more) photons.

4.2. Electron detachment cross-section with Aex =410nm

The reaction for single-photon electron detachment is shown
in Eq. (11), where o.pp is the electron detachment cross section
and ¢ is the effective photon irradiance (photons per second per
area). ¢ can be calculated from Eq. (12), in which np,, is the number
of photons, t is the irradiation time, A is the cross section of the
excitation laser beam (which has an 1/e? diameter of 620 pm from
knife edge measurements), and 6 is the fractional overlap of the ion
cloud and laser beam. The latter accounts for the fact that the ion
cloud is larger than the laser beam, so a given ion travels in and out
of the laser beam path during the irradiation period, resulting in its
being exposed to fewer photons than it would be if the entire ion
cloud were within the laser beam’s path. The overlap is estimated
from ion trajectory calculations [47] to be 0.25 for g,=0.25 and
0.65 for g, =0.59. When single-photon ePD is the only dissociation

process that occurs, kg;, is related to the electron detachment cross-
section (oepp) as shown in Eq. (13).

HBDI="2’HBDI* + e~ (11)
_ nhve
= (12)
kdiss kdiss tA
— Jdiss _ 13
OePD © M0 (13)

Taking the dissociation rate constant from the kinetics (Table 2)
at 410nm returns a value for the electron detachment cross
section of HBDI~ of 1.9 x 10-18 cm2. Electron detachment cross-
sections upon excitation at 410nm have been extracted from
several data sets and are reasonably self-consistent, ranging from
1.6 x 10~ cm? from the power dependence data (Fig. 3) to
1.9 x 1018 cm? from the kinetics, action spectrum (Fig. 2) and pulse
rate data (Fig. 6). These values seem reasonable, given that 410 nm
is well off the excitation maximum and keeping in mind that the
single-photon electron detachment cross section is equal to the
product of absorption cross section and quantum yield for electron
detachment (see below). The equivalent molar ePD cross-section
is ~1100 M~! cm~!. We estimate that the uncertainty in the abso-
lute ePD cross-section determined here is in the range of +50%, a
value which reflects primarily uncertainties in the fractional over-
lap between the laser beam and ion cloud.

The quantum yield for electron detachment (fraction of pho-
toexcited HBDI~ from which electrons detach) must be less than
one, otherwise no multiple photon processes could occur. In fact,
the small fragmentation yield observed at high power (Fig. 3a)
and high pulse rate (Fig. 6a) and faster kinetics measured at low
pressure (Fig. 4a) all point to the possibility of multiple photon
processes. From the pulse rate data at 410 nm (Fig. 6a), an upper
limit for the quantum yield of electron detachment at this wave-
length can be estimated by comparing the limiting ePD yield of
~0.15 at slow pulse rates, which is presumably due to single pho-
ton absorption, and the ePD and fragmentation yields of ~0.18 and
0.01 at high pulse rates. Thus, an upper limit for the ePD quantum
yield is estimated to be 0.15/0.19=0.79.

4.3. Absorption cross-section at Aex =480 nm and collisional
cooling

Dunbar and Fu [52] showed previously the complete kinetic
solution to a sequential two-photon model proposed by Freiser
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Scheme 2. Photodissociation mechanism of HBDI- considering one- and two-photon processes.
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and Beauchamp [57]. The model assumes that dissociation occurs
only following absorption of two photons and that cooling by
“strong” (completely deactivating) collisions is the dominant mode
of non-dissociative ion deactivation. The precursor ion depletion
is described by Eq. (14), in which ¢ is the effective irradiance
(EQq. (12)), keoor is the effective bimolecular rate constant for col-
lisional quenching, pye is the number density of the collision
gas, t is the irradiation time and o; and o, are the effective
absorption cross-sections for the first and second photons, respec-
tively. Imposing the additional assumption that o1=0,=04g9
allows further simplification. Written in linear form, this becomes
Eq. (15).

1 — $o1 + o3 + kcoolIOHe (14)
—In(Yp) (p20'10'2t
1 2 kCOOl
= 15
—In(Yp)  pousot wzafgotpHe (13)

Eq. (15) indicates that a plot of —1/In(Y,) versus pressure (a
Stern-Volmer plot) will be linear and that values of k., and o459
can be determined from the slope and intercept of the plot since ¢
and t are known [52].

Using this model, an effective 480 nm absorption cross-section
of (1.3+0.35)x 10~ ¢m? and collisional cooling rate constant
of (2.841.6) x 107! cm3 molecule~!s~! are calculated from the
pressure dependence data shown in Fig. 5. The equivalent effec-
tive molar extinction coefficient computed for HBDI~ at 480 nm
is (77,000+21,000)M~! cm~!. This is in reasonable agreement
with the molar extinction coefficient of EGFP at the band max-
imum (53,000M-1cm~1) [8]. The effective 480nm absorption
cross-section estimated using this model should somewhat overes-
timate the true absorption cross section because the model assumes
all dissociation results from two-photon excitation whereas the
laser power, pressure and pulse rate experiments all point to a
single-photon ePD component in the photodissociation of HBDI~
at Aex =480 nm.

The rate constant for collisional cooling was determined from
the Stern-Volmer analysis to be 3 x 10-1! cm3 molecule~1s-1 for
helium pressures in the range 0.30-1.92 x 103 mbar. This is
in good agreement with collisional cooling rate constants for
leucine enkephalin in a QIT measured using two-pulse infrared
multiple-photon dissociation (IRMPD) by Glish and coworkers
[58].

Although the two-photon dissociation model from Dunbar can-
not, strictly speaking, be used in the case of HBDI~, where ePD
takes place, it does allow us to extract a collision rate and absorp-
tion cross-sections that are in the expected orders of magnitude. A
formal resolution of the set of coupled differential equations under-
lying our proposed Scheme 2 is, however, required to extract more
accurate estimates for these quantities.

4.4. Interpretation of the action spectrum

Finally, we return to the interpretation of the action spectrum of
HBDI~ shown in Fig. 2. Unfortunately, the low ion density present
in our experimental set-up precludes direct measurement of an
absorption spectrum. An action spectrum represents the product
of the linear absorption spectrum with the probability of the action
(i.e., the quantum yield for ePD or probability of subsequent pho-
ton absorption and fragmentation) at each wavelength. Zenobi and
coworkers [44] have suggested that the gas-phase absorption max-
imum lies significantly higher in energy than the 480 nm band
observed in the QIT and ELISA action spectra and furthermore
suggested that the band at 480 nm could be due to an experimen-
tal artifact. To support the latter suggestion, two scenarios were
advanced [44], neither of which applies to the QIT experimental

conditions. The first scenario evoked multi-photon absorption (i.e.,
absorption of a 2nd photon within the excited state lifetime); as
discussed in Section 3.4, the laser pulse rate experiments rule out
this possibility with the low pulse energy (50 p]/pulse) used when
constructing the action spectrum in the QIT. The second scenario
attributes the 480 nm band to absorption from a vibrationally hot
state (a hot band). However, to populate such a vibrationally hot
state, absorption of a first photon is invoked. Is the absorption of
this first photon not a resonant absorption? Furthermore, for sce-
nario #2 to take effect, the authors refer to “the absence of efficient
collisional cooling in ultra-high vacuum” [44] which is clearly not
applicable in a quadrupole ion trap (Pye =2 x 10~3 mbar in the QIT
action spectroscopy).

Indeed, it is likely the intensity of the feature at 480 nm rel-
ative to that of the 450nm feature is suppressed in the QIT
action spectrum in comparison to a linear absorption spectrum.
A significant portion of the intensity of the 480 nm peak in the
action spectrum arises only from the absorption of multiple pho-
tons. Qualitatively, the relative intensity of a process requiring
the absorption of multiple photons should be under-represented
in an action spectrum compared to one-photon processes. The
extent of under-representation depends on ion activation rates
(i.e., laser power) and deactivation rates (which depends on pres-
sure in the QIT). The latter is significant in the quadrupole ion
trap. The lifetime of gaseous HBDI~ upon 480nm excitation is
estimated to be ~200 s from experiments at ELISA [32]. In com-
parison, collisions with the helium bath gas in the QIT occur
every ~15us in the action spectroscopy experiment, resulting
in a high probability that photoexcited ions will be collision-
ally cooled rather than fragment. The discrimination against the
480 nm band in the QIT is further compounded because the life-
time of the dissociating state depends on internal energy of the
molecule, which is lower upon absorption of a 480 nm photon com-
pared to a 450 nm photon. Storage ring measurements indicate
that the lifetime of the fragmenting state upon excitation in the
lower energy 480 nm band (~200 ws) is about 4-fold longer than
that at 450 nm (~45 ws) [32]. Thus, the likelihood that a molecule
excited at 480 nm will be collisionally deactivated without frag-
mentation is significantly higher than that for a molecule excited
at 450 nm.

A reasonable question is whether the 480 nm feature in the ePD
action spectrum (green trace, Fig. 2) could be an artifact resulting
from ePD of fragment ions. MS3 experiments suggest that this is not
the case. MS? experiments, in which the m/z 200 fragment ion was
formed using collision-induced dissociation, isolated and subse-
quently irradiated, show that extremely high powers are necessary
to photodissociate the m/z 200 fragment to a significant extent
(Supplementary Information). Using the same low power and short
time used to construct the action spectrum, only ~2% of the m/z 200
fragment undergoes ePD, suggesting that this process is negligible.
Of course, we cannot rule out the possibility that ePD occurs from
hot fragment ions (distinct from those formed by CID), though it
seems likely that ePD occurs from an electronically excited state
while loss of methyl (thus forming m/z 200) can occur in the ground
electronic state. An alternative explanation for the similarity of
shape of the ePD and photofragmentation action spectra at 480 nm
is that, at this wavelength, ePD and fragmentation go through a
common intermediate. In other words, absorption occurs transfer-
ring the molecule to a common excited state (HBDI-!" in Scheme 2)
which then partitions to follow either the electron detachment or
fragmentation pathway.

What then is the relative magnitude of the absorption cross sec-
tion of 480 nm versus 450 nm photons? One route to answer this
question is to examine the difference between 480 nm effective
absorption cross section (Section 4.3) and 410 nm ePD cross section
(Section 4.2); as estimated above, the 480 nm cross section is larger
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than the 410 nm cross section by ~70 fold. However, the extracted
480 nm effective absorption cross section is likely an overestimate
of the true absorption cross section because, as explained above,
the model used to extract this value attributed all dissociation to
the absorption of two photons. In contrast, under the experimental
conditions used to measure the QIT action spectrum, we can esti-
mate that ~70% of the intensity in the 480 peak is due to 2-photon
absorption by using the fitted rate constants (Table 3) to the sim-
plified kinetic model (Egs. (6)-(10)) and 4 mW irradiation power.
In contrast, the ePD cross section at 410 nm estimated in Section
4.2 is lower than the absorption cross section because the quantum
yield of ePD is less than one. Unfortunately, we have no estimate for
the efficiency of the ePD process. If absorption directly accesses the
photodetachment continuum, as suggested by the computational
work of Epifanovsky et al. [40], this would suggest that the quantum
yield of ePD is quite high. However, from the experiments we can
only deduce an upper bound on the quantum yield of ePD of 0.79
at 410 nm. Thus, we can say with certainty that the 70-fold differ-
ence in calculated cross section between 480 nm and 410 nm is an
overestimate of the true difference in absorption cross section. As
a final note, we suggest that the vibronic structure QIT action spec-
trum measured under the experimental conditions selected may
be (somewhat fortuitously, with the possibility for multiple-photon
absorptions balanced by collisional cooling rates) close to the linear
absorption spectrum. The QIT action spectrum is strikingly sim-
ilar to both the re-measured ELISA action spectrum [59], which
is measured using single-pulse driven photofragmentation under
ultra-high vacuum conditions, and to computed vibronic spectra
[35,43] (though with origin shifted between the experimental and
computed spectra).

5. Conclusions

The photodissociation of the anionic GFP model chromophore
(HBDI™) has been investigated in a quadrupole ion trap mass
spectrometer at two characteristic wavelengths: 410 nm at which
electron detachment is the major deactivation pathway, and
480 nm at which ePD and fragmentation both occur. The product
yields and branching ratio between photofragmentation and ePD
is found to be highly sensitive to the relative rates of ion acti-
vation and collisional cooling. This is manifested in dependences
on laser power, the pressure of He bath gas and the laser pulse
rate.

Together the data presented form a picture in which the dis-
sociation of HBDI~ in the quadrupole ion trap results from a
combination of single- and multiple-photon dissociation chan-
nels under the experimental conditions used. Electron detachment
achieved using higher photon energies is a single photon process,
which is consistent with a prompt electron detachment chan-
nel. This picture fits well with recent calculations by Krylov and
coworkers that point to such alow-lying electron photodetachment
continuum [40]. At lower photon energies, the fragmentation chan-
nels compete favorably with electron detachment, provided that
the rate of two-photon excitation exceeds the rate of collisional
cooling. Although multiple photons are not strictly required to
stimulate photofragmentation of HBDI~ (vide ELISA experiments)
[32] the relatively high rates of collisional deactivation in the
quadrupole ion trap due to the elevated pressure of helium bath
gas dictate that significant yields of fragment ions are observed
only in the two-photon regime. Electron detachment yields upon
irradiation at 480 nm appear to arise from both single and multiple
photon processes. This study contributes to a better understand-
ing of the dissociation mechanisms of HBDI~, and permits a more
complete interpretation of the photophysical properties of the GFP
chromophore.
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