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Radiative cooling of the deprotonated cyan fluorescent protein chromophore anion
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An electrospray ion source has been coupled to a cryogenic electrostatic ion-beam storage ring to enable
experimental studies of the fundamental properties of biomolecular ions and their reactions in the gas phase
on longer timescales than with previous instruments. Using this equipment, we have measured the vibrational
radiative cooling rate of the deprotonated anion of the chromophore of the cyan fluorescent protein, a color-
shifted mutant of the iconic green fluorescent protein. Time-resolved dissociation rates of collisionally activated
ions are first measured to benchmark a model of the dissociation rate coefficient. Storage time-dependent laser-
induced dissociation rates are then measured to probe the evolution of the internal energy distribution of the
stored ion ensemble. We find that significant heating of the electrosprayed ions occurs upon their extraction from
the ion source, and that the radiative cooling rate is consistent with the prediction of a simple harmonic cascade
model of vibrational relaxation.
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I. INTRODUCTION

The discovery of green fluorescent protein (GFP) from
the Aequorea victoria jellyfish was the cornerstone in the
“green revolution” of biological fluorescence imaging and
bio-engineering for the visualization of cellular processes
[1,2]. The desirable optical properties of GFP and derivative
fluorescent proteins and the ease with which they can be
deployed as optical markers in biochemical systems has led
to widespread use in life sciences [3,4]. These applications
have spawned a field of study focused on the intrinsic photo-
physics and unimolecular reactions of the GFP chromophore,
which determines the protein’s optical properties. Many of
these studies target the ionic forms of the bare chromophore
isolated in vacuo [5–10], to avoid large solvatochromic effects
[11]. In many cases, the gaseous ions have been shown to
have similar absorption spectra to the protein [12], and they
are small enough to be amenable to high-level theoretical
calculations [13].

We present a study of the deprotonated anion of the chro-
mophore of the cyan fluorescent protein (CFP, Fig. 1) [14],
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also called the W7 clone, a derivative of GFP that has found
use in biological imaging. Compared to GFP, the CFP chro-
mophore has an indole (tryptophan) moiety in place of the
hydroxyphenyl (tyrosine) group. The photoresponse of this
ion has been studied previously by Boyé et al. [15], who
performed photodissociation action spectroscopy experiments
using the electrostatic ion-beam storage ring ELISA [16].
They measured an absorption band maximum around 460 nm
(2.7 eV), and modeled the rate coefficient for the dissociation
process monitored in the action spectroscopy experiments.
More recently, Fielding and co-workers used photoelectron
spectroscopy to determine the anion’s vertical detachment en-
ergy to be 2.75(2) eV, and they identified thermionic electron
emission as an important decay mechanism for ions excited
with photon energies from 3.5 to 4.0 eV [17,18]. The existence
of thermionic emission, similar to the GFP chromophore [19],
implies efficient recovery of the ground electronic state of
the anion through internal conversion. Several of the present
authors have investigated protonated cations of the cyan
chromophore using photodissociation action spectroscopy,
highlighting that multiple protonation isomers (protomers)
may be generated in the gas phase [20].

Here, we report a measurement of the radiative cooling
rate of the deprotonated CFP chromophore anion, determined
from the time evolution of the laser-induced dissociation rate.
Our experimental method is similar to that of Boyé et al.
[15]. However, our experiments make use of the cryogenically
cooled (≈13 K) electrostatic ion-beam storage ring DESIREE
[21,22]. Compared to ELISA, which operates at room tem-
perature, the lower temperature and pressure inside DESIREE
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FIG. 1. Structure of the lowest energy conformation (Z-isomer)
of the cyan fluorescent protein chromophore. Electrospray ionization
deprotonates the NH group, generating the gas-phase anion.

enable studies of unimolecular processes on much longer
timescales [23,24], up to hundreds of seconds [25]. Previous
studies of radiative cooling rates measured at DESIREE have
used sputtering or electron impact ion sources, which result
in a high degree of internal excitation of the ions. Here, we
report the use of an electrospray ionization (ESI) source in
combination with DESIREE. ESI is a technique developed for
transferring delicate biomolecular ions into the gas phase [26],
but which delivers ion beam currents orders of magnitude
lower than sources of atomic and cluster ions. To increase the
stored ion beam current, ions produced by ESI are accumu-
lated in an ion trap prior to injection into the DESIREE storage
ring. Extraction of ions from the trap leads to collisions with
background gas, resulting in heating of some fraction of the
ion bunch. The relaxation of the ensemble by radiative cooling
is monitored on the millisecond timescale, through quenching
of the dissociation rate of collisionally activated ions, and
on the second timescale through time-resolved laser-induced
excitation.

II. METHODS

A. Ion production

The CFP chromophore [(5Z)-5-(1H-Indol-3-ylmethylene)-
2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one] was synthe-
sized as part of a previous experiment [20]. The chromophore
may exist in E and Z isomers about the methylene bond, with
Z (shown in Fig. 1) being the lowest energy form. Because the
synthesis was stereospecific for the Z isomer, as confirmed
by NMR spectroscopy and x-ray crystallography [20], we
expect the Z isomer to be the dominant gas-phase species.
The existence of two geometric isomers is common to the
GFP chromophore anion, which similarly has the Z isomer as
the lowest energy form. Ion mobility experiments on the GFP
chromophore anion have illustrated that the (synthesized) Z-
isomer is the predominant gas-phase form [8].

The home-built ESI source used in this work has been de-
scribed previously [27,28] and is illustrated in Fig. 2. Anions
were sprayed from a solution containing the target compound
dissolved in a 50:50 mixture of water and methanol with 5%
by mass sodium hydroxide. A similar preparation was used
by Boyé et al. [15]. All ions passing the heated capillary and
ion funnel were accumulated in an octupole trap. The trap
was emptied by pulsing the voltage on the exit lens to below
the bias potential of the rods (pulse duration 1 ms), while
simultaneously applying a −200 V pulse to tapered ejection
electrodes interspersed with the rods [27,29]. The T-shaped
ejection electrodes, shown in Fig. 2, were built following the

FIG. 2. Above: DESIREE electrospray ion source [27]. Ions are
accumulated in the octupole trap, and bunches of ions extracted
from the trap pass through the remaining sections to the experiment.
Below: End view of the octupole accumulation trap with T-shaped
ejection electrodes, and profiles of tapered T-shaped electrodes.

design of Taban et al. [29] According to SIMION simulation
performed by those authors, a 200 V potential applied to the
tapered electrodes generates a nearly linear potential gradient
on the order of 0.1 V/cm along the axis of the trap, which is
18 cm long [29]. This potential gradient temporally focuses
the extracted ion bunch, leading to a peak in the front of
the bunch profile with a width on the order of 100 µs. This
width is comparable to the revolution period of ions in DE-
SIREE, resulting in a higher number of stored ions compared
to a continuous beam or a bunch extracted from the trap
without use of ejection electrodes. Use of the ejection elec-
trodes, however, results in heating the ions through energetic
collisions with background gas in the trap (typical pressure
∼10−3 mbar). The ion bunches traveled through differentially
pumped vacuum stages containing an octupole ion guide and
a quadruple mass filter (operated with the mass-resolving DC
voltage disabled), and were then accelerated to 34 keV. Ions
with m/z = 238 were selected with a bending magnet and
transported to the DESIREE ion-beam storage ring.

B. Storage ring experiments

The DESIREE ion-beam storage ring [21,22] used in the
present experiments is shown in Fig. 3. Upon entering the
storage ring, some of the ions may retain sufficient inter-
nal energy, acquired in collisions when exiting the octupole
trap, to undergo unimolecular dissociation. Neutral fragments

Neutrals

Laser
 

Ion injection

Detector

FIG. 3. Schematic of DESIREE ion-beam storage ring [21,22].
Ion beams (arrows) are guided by electrostatic ion optics (blocks) in a
13 K, extreme high vacuum environment. Neutral fragments emitted
in the lower straight section are detected with a microchannel plate.
Laser light is overlapped collinearly with the ion beam in the upper
straight section.
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FIG. 4. Example of laser-induced dissociation signal from stored
CFP chromophore anions. The narrow spike at tafter = 0 is due to
scattered laser light. The subsequent peaks, highlighted in orange,
are neutral counts due to laser-induced dissociation. The background
windows are highlighted in green.

emitted in the observation arm of the storage ring (lower
straight section in Fig. 3) are counted by a microchannel plate
detector. This “spontaneous” collision-induced dissociation
signal vanishes after about 100 ms, though most of the ions,
having internal energies too low to dissociate, remain stored.

An optical parametric oscillator system (Ekspla NT232C)
was used to generate laser light at 435 nm (2.85 eV). Laser
pulses of ∼5 ns duration and 3.6 mJ average energy (mea-
sured after the light passed through the vacuum chamber)
were overlapped collinearly with the stored ion beam in the
excitation arm of the storage ring (upper straight section in
Fig. 3) at a 10 Hz repetition rate. Note that the laser beam in-
teracts with only about 10% of the ion bunch, which is spread
around nearly the full circumference of the storage ring. As
in the spontaneous dissociation measurements, neutrals are
collected from the observation arm on the opposite side of
the storage ring. In postprocessing, the laser-induced signal
was gated in time, and the counts in a background gate were
subtracted, as illustrated in Fig. 4.

C. Kinetic model

Our approach to kinetic modeling of unimolecular disso-
ciation and vibrational radiative cooling has been described
previously [30,31]. The vibrational frequencies and infrared
intensities of the CFP chromophore anion were calculated
at the LC-ωHPBE/aug-cc-pVTZ level [32,33] in GAUSSIAN

16 [34]. The vibrational emission rate coefficients were
computed using the simple harmonic cascade (SHC) approxi-
mation [35]:

krad,s(E ) = As

v�E/hνs∑
v=1

ρ(E − vhνs)

ρ(E )
, (1)

where E is the total internal energy, v is the vibrational quan-
tum number, and hνs and As are the transition energy and
Einstein coefficient of vibrational mode s, respectively. The
density of vibrational states ρ(E ) was calculated using the

Beyer-Swinehart algorithm [36]. The SHC model considers
only v → v − 1 fundamental transitions. The total radiative
cooling rate coefficient is krad(E ) = ∑

s krad,s(E ).
The dissociation rate coefficient is modeled using the mi-

crocanonical expression

kdiss(E ) = Adiss
ρ(E − Ediss)

ρ(E )
, (2)

where Adiss = 1 × 1013 s−1 is the frequency factor, and Ediss =
1.6 eV is the dissociation energy. The numerical values of
these parameters were adopted from the previous measure-
ments of the CFP chromophore anion by Boyé et al. [15]. We
do not expect thermionic electron emission to be competitive
in our experiments, given that the activation energy (the elec-
tron affinity, calculated to be 2.67 eV [17]) is much higher
than Ediss.

The time evolution of the internal energy distribution
g(E , t ) of the ensemble is given by the master equation:

d

dt
g(E , t ) = − kdiss(E )g(E , t )

+
∑

s

[krad,s(E + hνs)g(E + hνs, t )

− krad,s(E )g(E , t )]. (3)

The first term gives the depletion of the population by uni-
molecular dissociation. The first term in brackets represents
v + 1 → v vibrational emission from levels above E , while
the second is v → v − 1 emission to levels below E . The
time step dt is chosen to match the experimental data, with 32
additional, equally spaced points prior to the first experimental
time bin to account for ion decays during the transit time
from the ion source to the storage ring. For simplicity, the
initial energy distribution g(E , 0) is assumed to follow Boltz-
mann statistics. Note that this model implicitly assumes that
intramolecular vibrational redistribution occurs much more
rapidly than dissociation or vibrational relaxation. The sim-
ulated dissociation rate is given by

Rsim(t ) =
∫

kdiss(E )g(E , t )dE . (4)

III. RESULTS AND DISCUSSION

A. Collisionally activated dissociation

The measured count rate R(t ) of neutral fragments emitted
from stored CFP chromophore anions is shown in Fig. 5. The
dissociating ions are presumably heated in collisions with
background gas when extracted from the octupole ion trap.
The broad internal energy distribution of the collisionally
excited ions gives rise to the characteristic power-law time de-
pendence [37] of the dissociation rate R(t ) ∝ t−1. After about
10 ms, radiative cooling becomes competitive with dissocia-
tion, and the count rate is quenched [38]. After about 50 ms, a
constant count rate is reached, which is mainly the detector
dark rate. The signal, after subtraction of this background
count rate, is modeled with the expression

R(t ) = r0t−1e−kct , (5)
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FIG. 5. Neutral yield measured from a stored CFP chromophore
anion beam due to collisionally activated dissociation. The dashed
line indicates the background (BG) count rate, and “Expt-BG” is the
experimental data with this background subtracted.

where r0 is a dimensionless normalization constant, and kc is
the critical rate coefficient which characterizes the radiative
cooling process. A fit of Eq. (5) to the background-subtracted
count rate returned kc = 148(6) s−1. Values of kc on the order
of 100 s−1 are typical of vibrational (infrared) radiative cool-
ing. The rapid decline in the count rate in the first few turns
is likely due to the loss of circulating ions having velocities
outside the acceptance of the storage ring. The time focusing
effect of the ejection electrodes likely contributes to this effect
by increasing the velocity spread of the ion bunch. The points
corresponding to the first four revolutions of the ion beam in
the storage ring are excluded from the fit.

A master equation simulation (Sec. II C) reproduces the
measured dissociation rate satisfactorily. The simulation
shown in Fig. 5 was initialized to a Boltzmann distribution
with a temperature of 1000 K and reproduces the shape of the
measured decay rate curve. The choice of initial temperature
primarily affects the overall magnitude of the simulated dis-
sociation rate. As the number of stored ions in the experiment
is too low to be measured with existing diagnostics, no robust
comparison of the absolute magnitudes is possible, and the
initial temperature used in the simulation should be consid-
ered an order-of-magnitude estimate. Both the fit of Eq. (5)
and the master equation simulation underestimate the mea-
sured dissociation rate after about 25 ms. This is not unusual
for such simplified statistical models [31,39].

The rate coefficients for dissociation and vibrational ra-
diative cooling used in the simulation are plotted in Fig. 6.
The value of kc determined from the fit of Eq. (5) is plotted
as a horizontal line. The value of the calculated dissociation
and radiative rate coefficients at the point where they cross is
within 20% of the measured value of kc, which is typical of
the accuracy of the simple harmonic cascade model [30,40].
The dashed vertical line in Fig 6 indicates the 2.85 eV photon
energy used in the laser experiment.

Our measurement is sensitive only to ions with internal
energies within a narrow window given by the timescale of the
experiment. Ions with energies significantly above 3.2 eV will

FIG. 6. Rate coefficients for vibrational radiative cooling
[Eq. (1)] and dissociation [Eq. (2)]. The horizontal line shows the
value of kc obtained from the spontaneous decay measurement
(Fig. 5), while the vertical dashed line indicates the photon energy
used in the laser experiment.

dissociate with rate coefficients greater than 2000 s−1, i.e.,
before the first measured point in Fig. 5. Ions with energies
below 2.8 eV will have dissociation rate coefficients below kc

and thus be more likely to be stabilized by radiative cooling.
Any initial energy distribution g(E , 0) that is broad compared
to this energy window will result in a rate curve given by
Eq. (5).

B. Laser-induced dissociation

Examples of the laser-induced dissociation rate Re(t ) for
different laser firing times tlaser, measured from the time in-
jection, are given in Fig. 7. The time tafter is measured from
the laser firing time. The time dependence of the dissociation
rate is nonexponential, which could imply contributions from
multiple-photon processes. However, according to our kinetic

FIG. 7. Examples of the laser-induced dissociation rate of CFP
chromophore anions excited by 2.85 eV photons at different laser
firing times tlaser. The solid lines are fits of Eq. (6).
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FIG. 8. Parameters k0 and t0 from fits of Eq. (6) to laser-induced
dissociation rates of CFP chromophore anions.

model, ions absorbing two 2.85 eV photons would dissociate
with a rate coefficient not less than 6 × 106 s−1. Such highly
excited ions would dissociate within the tens of µs required
for transport between the excitation and observation arms of
the storage ring (see Fig. 3) and thus not contribute to the
measured Re(t ). We thus attribute the nonexponential time
dependence to the distribution of internal energies of the ions
prior to laser excitation. The solid lines are fits of the expres-
sion

Re(tafter ) = r0(tafter + t0)−1e−k0(tafter+t0 ), (6)

which is simply a time-shifted version of Eq. (5). In ex-
periments where the laser photon energy hν is well below
the destruction threshold, Eq. (6) has been used, assuming
a constant value of k0 = kc taken from spontaneous decay
measurements like those in Fig. 5, to determine the radia-
tive cooling rate by connecting the typical energy of the ion
ensemble before and after photon absorption to the time dif-
ference tlaser − t0 [30,41–43]. In the present case, where the
photon energy is significantly above the crossing point where
radiative cooling is competitive (see Fig. 6), absorption of a
single photon will always shift the entire energy distribution
into the dissociation-dominated regime. We take k0 as a fit
parameter corresponding to the dissociation rate coefficient
of the ions in the ensemble with the lowest internal energy,
with t0 characterizing the width of the distribution. The fitted
values of k0 and t0 are plotted in Fig. 8. At the largest laser
firing times, the fitted k0 values are an order of magnitude
greater than kc, confirming that even the coldest ions are
excited to well above the crossing point. According to the
rate coefficients in Fig. 6, an ion decaying with a total rate
coefficient of 1500 s−1 will dissociate nearly 90% of the time.

In general, the observed dissociation rate is the ensemble
average of the dissociation rate coefficient:

R(t ) ∝
∫

kdiss(E )g(E , t )dE , (7)

where g(E , t ) is the internal energy distribution of the ion
ensemble. Given that isolated ions with energy E will decay
with a characteristic lifetime given by kdiss(E )−1, Eq. (7) can

FIG. 9. Microcanonical energy Ebefore and equivalent tempera-
ture Tbefore of CFP chromophore anions prior to laser excitation.

be recast as a weighted sum of decay rates:

R(t ) ∝
∫

F (kdiss)e−kdisst dkdiss, (8)

where F (kdiss) is called the rate weighting function [44], and
it is the inverse Laplace transform of R(t ). Our model for
the laser-induced dissociation rate in Eq. (6) is the Laplace
transform of

F (kdiss) = u(kdiss − k0)e−(kdiss−k0 )t0 , (9)

where u(k) is the Heaviside step function. In the present
situation, where all of the photoexcited ions have internal
energies making radiative cooling noncompetitive, the energy
distribution after photon absorption g(E , tafter ) ≈ g(E , tafter =
0)e−kdisstafter . With a simple change of variables, we obtain [44]

g(E , tafter = 0) = F (kdiss(E ))
d

dE
log(kdiss(E )). (10)

For an Arrhenius-type dissociation rate coefficient, the factor
d

dE log(kdiss(E )) ∝ E−2.
From Eqs. (9) and (10), we find that the laser-induced

dissociation rate is dominated by ions with internal energies
Em where kdiss(Em) = k0. We can thus use k0 as a thermometer
to probe the time evolution of the energy distribution of the
stored ion ensemble. For each value of k0, we determine
a value of Em from the model dissociation rate coefficient
[Eq. (2)]. Subtracting the photon energy hν gives the typical
energy of the stored ions before absorption, Ebefore = Em −
hν. This microcanonical energy can be related to a tempera-
ture using the caloric curve defined by

1

kBT
= d

dE
logρ(E ). (11)

The resulting energies Ebefore and temperatures Tbefore are plot-
ted in Fig. 9. Evidently, the use of ejection electrodes increases
the typical internal energies of the injected ions above that of
the laboratory environment (≈300 K).

Extrapolation of these results indicates that hundreds of
seconds would be needed for the CFP chromophore anion
to cool to the ambient temperature of DESIREE by radiative
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FIG. 10. Measured energy loss rate of CFP chromophore anions
compared to the total radiative power Prad from the SHC model.

cooling alone. The DESIREE ESI source is equipped with
a cryogenic ring-electrode trap [27,45] for precooling ions
prior to injection. This trap will be implemented in future
experiments. Such a combination of a cryogenic ion trap with
an electrostatic ion-beam storage ring has been realized at
SAPHIRA [46], enabling, e.g., high-resolution spectroscopy
of the GFP chromophore [10].

Our approach to analyzing the laser-induced decay rates
is very similar to that of Rasmussen et al. [47], with a few
technical distinctions. Rasmussen et al. fit a single exponential
function to their laser-induced decay rates, corresponding to
F (k) = δ(k − k0). Our model [Eq. (6)] accounts for the finite
width of the energy distribution and better fits the data at short
times after laser firing (cf., Ref. [47], Fig. 3c). Due to the
300 K ambient temperature inside the ELISA storage ring
used in Rasmussen’s measurements, compared to 13 K for
DESIREE, their background count rate is much higher and
is treated as a fit parameter. Here, we subtract a measured
background rate prior to fitting (see Fig. 4).

The rate of change in the microcanonical energy prior to
laser excitation, dE/dt ≡ dEbefore/dtlaser, may be compared
to the total radiative power Prad = ∑

s krad,shνs, as shown in
Fig. 10. The agreement between theory and experiment is
once again satisfactory. If we consider the accuracy of our
model for the dissociation and radiative cooling rate co-
efficients to be demonstrated by the collisionally activated
dissociation experiment (Sec. III A), this result validates our
approach to the analysis connecting the time-resolved laser-
induced dissociation rates to the internal energy distribution
of the stored ion ensemble.

IV. CONCLUSIONS

An electrospray ion source has been coupled to the DE-
SIREE electrostatic ion-beam storage ring. The use of an
octupole ion trap equipped with ejection electrodes to inten-
sify the ion bunches injected into the DESIREE storage ring
results in significant heating of the ions. The stored ion ensem-

ble relaxes by radiative cooling to below room temperature
within 1 s. The radiative cooling rate of the deprotonated
cyan fluorescent protein chromophore anion has been shown
to be consistent with predictions from a simple harmonic
cascade model of vibrational relaxation. Future developments
will include the implementation of a cryogenically cooled
ring-electrode ion trap to precool electrosprayed ions prior to
injection.
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APPENDIX

Figure 11 shows the density of vibrational states computed
from the vibrational frequencies in Table I.

FIG. 11. Density of vibrational states computed from the vibra-
tional frequencies in Table I using the Beyer-Swinehart algorithm.
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TABLE I. Vibrational frequencies and IR intensities of the
CFP chromophore anion computed at the LC-ωHPBE/aug-cc-pVTZ
level.

Mode Frequency (cm−1) Intensity (km/mol)

1 41.6481 0.0778
2 53.5582 0.7942
3 75.1929 0.5335
4 102.5178 0.7561
5 125.6250 2.2210
6 153.2787 0.0720
7 167.1570 2.2075
8 183.1901 0.1856
9 202.5202 0.5531
10 228.4538 6.7832
11 250.6966 3.9834
12 266.1896 2.8475
13 276.2275 4.1583
14 329.6837 4.6192
15 366.3549 1.1828
16 448.8581 5.0564
17 448.9690 6.7444
18 508.1362 0.0258
19 538.7693 10.9615
20 584.1953 54.8102
21 605.6492 17.3971
22 619.4859 0.1029
23 623.4400 39.4952
24 660.5806 0.7453
25 686.0771 3.5060
26 725.4207 14.5641
27 761.6796 76.8140
28 763.6519 21.9483
29 780.2185 7.1314
30 782.1671 1.6423
31 812.1580 0.5767
32 817.8358 100.9934
33 880.8038 0.2758
34 889.2496 21.5884
35 921.7655 3.9908
36 940.4976 80.3746
37 962.2362 3.1329
38 986.5221 6.1541
39 1013.6131 7.0102
40 1025.9570 1.0785
41 1040.6908 20.8248

TABLE I. (Continued.)

Mode Frequency (cm−1) Intensity (km/mol)

42 1047.4820 1.2660
43 1056.8460 29.0533
44 1105.7116 15.2428
45 1133.4593 266.4592
46 1147.8793 0.5226
47 1160.2312 106.6973
48 1173.7230 164.0179
49 1201.4520 23.5901
50 1229.7879 36.5877
51 1257.5610 241.4628
52 1301.0785 202.8437
53 1340.1625 56.5201
54 1350.4369 138.9834
55 1380.3360 40.1796
56 1384.9824 144.2089
57 1396.7129 139.7355
58 1413.5822 17.8570
59 1444.3583 519.3765
60 1456.0541 90.7845
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