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We have measured the fluorescence lifetin)eof both pure GFsH* and pure GFsHs™ confined in an open
cylindrical (ICR) Penning trap as 44 2 ns and 514+ 2 ns, respectively, consistent10%) with prior
literature values in the absence of ion trapping and magnetic field. For an equimolar mixtwfeldf @nd
CsF3H3™ the effective lifetimeges, was 474+ 2 ns. lon cyclotron-resonant azimuthal quadrupolar excitation
successfully isolated eithegsH™ or GsF3Hs™ ions from the mixture, each with the same fluorescence lifetime

as from a pure sample. The signal-to-noise rati®4:1, demonstrates the feasibility of observing fluorophores

of lower quantum vyield, such as tryptophan. This work represents the first determination of fluorescence
lifetimes of organic ions in a Penning trap, and demonstrates the feasibility of resolving fluorescence from
individual species in a chemically heterogeneous mixture by mass-selective ion cyclotron resonance.

Introduction fluorobenzene cation ground state is obtained by removing an

Fluorescence lifetimes can yield valuable information about €lectron from the highest occupiedorbital of the neutral,
the rates of electronic excited-state reactibidoreover, the ~ resulting in three electronic bound states, all withi eV,
three-dimensional structure of a macromolecule and/or its denoted (from lowest to highest energy) &s A, and B
site(s) of ligand binding may be determined by energy transfer Emission mainly corresponds toza—x transition from the
and quenching; molecular size and shape are reflected by ground vibrational 2nd excited electronic state to the quantum
rotational correlation times determined from fluorescence ani- ladders of the various vibrational modes of the electronic ground
sotropy* and chemical components may be distinguished by State, generally denoted 8 X. The fluorescence lifetimes)
fluorescence lifetime filtering2 There is considerable current  for members of the series were obtained~a0=3—10"° Torr
interest in extending such analyses to unhydrated molecules orS@mple pressure) by a gated electron impact t.echicﬁqamj
ions in the gas phase. For example, the fluorescence lifetimes Were found to exhibit single-exponential detawith 7 ~ 50
of electrosprayed plumes of tryptophan and cytochromwere ns and a quantum yield of nearly uniﬁ/Lat_er experiment§18
recently obtained by laser-induced fluorescence @LIR) report(_ad LIF excitation spectroscopy atmlllltqrr sample pressure,
establish the hemetryptophan proximity, as well as to enable reveallr!g substantial wprauqnal information, |n.clud|ng' an
fluorescence detection under controlled hydration and chargeinteresting JahnTeller distortion of the symmetric species,
conditions in ahigh vacuum enironment Here, we couple the ~ 1.3,5-trifluorobenzene and hexafluorobenzene.
ion storage and mass selection of a Penning trap with LIF to  In this paper, we show that fluorescence lifetime may be
measure fluorescence lifetimes of individual components of a measured to within-10% accuracy from pulsed laser-induced
mixture of gas-phase ions. fluorescence decay profile of ions of a single mass-to-charge

Atomic ions, such as Mgy Be'*, Hg', and B& 4% have been (m/2) ratio. Moreover, from a mixture of fluorescent ions of
characterized by LIF in a Penning trap (i.e., static magnetic field two differentnvz values, mass-selective ejection can eliminate
plus three-dimensional axial quadrupolar electric potential either ion to provide for fluorescence lifetime measurement of
field).1° The first example of LIF of organic molecular ions in  the other, making it possible to measure fluorescence lifetimes
an ICR Penning style trap was the detection of the excitation from a chemically heterogeneous sample.
spectrum of GFg+.11

To demonstrate measurement of fluorescence lifetimes of Experimental Methods
mass-selected trapped ions, we chose fluorobenzenes, because
their radical cations, N, fluoresce at much longer wavelengths
than the parent neutrals. Pioneering work on the electronic
spectroscopy of fluorobenzene ionssfFgHs—n™)12 was done
by Allan and Maiet® by use of electron impact ionization to
obtain wavelength-resolved emission spectra. Generbtlye

Detection of Penning-trapped ion laser-induced fluorescence
in a direction perpendicular to the laser beam has previously
been describeti*' Here, we provide a brief overview, highlight-
ing recent improvements. The sample (1,3,5-trifluorobenzene
and/or pentafluorobenzene, Aldrich Chemical Co., Milwaukee,
WI) enters tle 3 T FT-ICR MS instrumefi#! at a pressure of

" Part of the special issue “Jack Beauchamp Festschrift”. ~8 x 107° Torr (base pressure;2 x 107° Torr) via a variable
+ Corresponding author. . . __  leak valve. lons are produced by impact from a 45 eV beam of
*lon Cyclotron Resonance Program, National High Magnetic Field .
Laboratory. electrons (severalA), generated from an off-axis electron gun
8 Department of Chemistry and Biochemistry. located in the fringe field of the magnet, and focused by the
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magnetic field to the central axis of an open-ended cylindrical Fluorescence Decay of Pure
(Malmberg-Penningy-2tion trap. After 0.5 s of ion accumula- Fuorescence. " ¢ ond Cefe
tion, the filament current is switched off and helium buffer gas Intensity in(ntensiy)

+
CeF3Hs
t=51ns

is pulsed into the vacuum chamber ail x 107> Torr for
azimuthal quadrupolar excitation (Q&).24

To avoid switching between the dipolar excitation circuitry /
necessary for detection of the ion image current and the circuitry g’
required for QE, we follow the method of Hendrick3b? et H
al., in which switching is eliminated by application of the QE ]
waveform to only the excitation electrodes. All excitation
waveforms are amplified with a two-channel, TTL selectable . . —
amplifier (ENI, 2100LM2, Rochester, NY). A balun transformer 20 0 20 40 60 80
(North Hills, type 0902BB, Syosset, NY) generates two wave- Time (ns)
forms of equal amplitude and phase for QE (by applying the Figure 1. Fluorescence relative intensity of a pure sample of either
QE waveform to the center-tap of the secondary coil) and 180 CgFsH* or CsFsHs™ as a function of time following a 433 nm laser
out of phase for dipolar excitation (by applying the dipolar pulse. The intensity profiles are scaled to the same maximum value
waveform to the primary coil input). Trifluorobenzene or and superimposed. The inset shows the natural log of fluorescence
pentafluorobenzene was isolated individually by single-fre- {g'?;g’iém:{i‘fg%:; ar;léglcté?g céfg?wee;éﬂe";lgorescence decay lifetime
quency QE at 360 kHz, 18.2,V, and 293 kHz, 15.4 V., (i.e., 9 P P '

neaf® the ion cyclotron frequency for ¢EsHs* or CeFsH™, slightly longer than needed (i.e-,16 cm length to attenuate an
respectively). For simultaneous raqhal conflnemgnt §F 5" oscillation of ~3.5 ns period) by use of a BNC T adaptor
and GFsH", a stored waveform inverse Fourier transform petween the output of the amplifier and the input of the
(SWIFT)*~2% produced QE at two bands, each consisting of a qscilloscope, and trims its length while observing the signal on

frequency sweep of uniform _excitation and amplitude spanning the oscilloscope until maximum suppression of ringing is
the cyclotron resonance of either of the fluorobenzene ions. All 5chieved.

aspects of the ICR experiment were controlled by a MIB#S

data station. Results and Discussion
A (Lambda-Physik Scanmate 1E, Fort Lauderdale, FL) dye

laser (with Coumarin 120 dye) was pumped by the third

harm(_)nic (355 nm-85 mJjpulse) of a Surelite | Nd:YAG laser CsFsH3s™ was normalized to gsH™ for easier visual compari-

(Continuum, Santa Clara, CA) produ_cmg_kc= 433 nm 1.2 . son) as a function of time, following pulsed laser excitgtion

mJ/pulse) at 10 Hz. The laser excitation pulse was guided (hexc = 433 nm) of GFsHs* (0) and GFsH* (a). The time-

through a Brewster window into the vacuum chamber through resolved exponential decay of the fluorescence intensity
a homemade baffle system25 x 75 mm Vespel rod with for a single fluorophore is described by ’

~6 mm diameter bore hole through its center) into the ICR
cell, so as to intercept the axialized (concentrated) ion cloud. F(t) = F(0) et 1)
Fluorescence in a direction orthogonal to the laser beam was

cpllected by a UV/visible fiber optic bundle, I_eading either i which F(0) is the fluorescence intensity & 0, andr is the
directly to a fast gated (Hamamatsu Co., Bridgewater, NJ) fjyorescence lifetime. The inset in Figure 1 shows the natural
H7680-01 photomultiplier tube (PMT) (in the present experi- |oq of the intensity decay over the region from which each
ments) or to a double port PC-controlled 0.5 m monochrom_ator lifetime was obtained (see eq 1) by a least squares linear fit,
(Chromex, Albuguerque, NM). The monochromator can switch yith 5 correlation coefficient> 0.998 in each case. The
between the PMT and an intensified fast time charge-coupled forescence lifetimes (averaged over multiple experiments)
device (CCD) camera (Andor Technology, South Windsor, CT). \yerer = 444+ 2 ns for GFsH+ andr = 51 + 2 ns for GFsHs*.
The PMT was gated on after the trailing edge of the laser pulse, The value for GFsH* agrees to within experimental error with
thus avoiding saturation of the photon detector. The PMT output 4 prior measuremen§, 47 & 2 ns, obtained by gated electron
is amplified and. sent (through a snubber netweske below) _ beam excitation. However, the value fogfgHs* is somewhat
into a (Tektronix, Beaverton, OR) TDS784D 1 GHz oscil- gmaller than the literature vald,57 &= 2 ns. The sample
loscope, and the data from 10000 acquisitions are summedpressures for the prior measurements wel®-3—1075 Torr,
(~20—30 min). Scans are acquired alternately with the electron \yhereas our sample pressure 8 x 107 Torr and our
gun on (providing ions to the trap), and off (backgrqund vyith. experimental (collision gas) pressure~d x 1075 Torr. Our
no ions in the trap), and the reported fluorescence intensity is |ower experimental pressure would be expected to yield a longer
the difference between those scans. lifetime, so it is not clear why our value is slightly shorter. It is
The raw fluorescence-vs-time profile exhibited a ringdown possible that the magnetic field affects intersystem crossing.
oscillation, which was effectively eliminated, without significant  In any case, our data are self-consistent and reproducible, and
attenuation of the fluorescence signal, by installation of a show that fluorescence lifetimes of Penning-trapped organic
“snubber” system. The snubber consists of a short piece of 50molecular ions differing by 15% are readily differentiated.
Q coaxial cable whose length is chosen such that the round Photons Detected and Signal-to-Noise Ratid.he number
trip transit time through the cable is equal to the period of the of fluorescence photons detecté?d) may be approximatéd
observed oscillation. Termination by<s60 Q resistor sets up  asPye:= AJA, WhereAs is the integrated area of the fluorescence
an inverted reflection that effectively cancels the oscillation signal (Figure 1, @FsH™) and A, is the integrated area of a
signal. We found that elimination of the resistor (open circuit) single photon (as determined from the average integrated area
also canceled out the ringing, with no significant attenuation of multiple single spikes in low-level light/dark count condi-
of the PMT signal. In that case, one inserts a coaxial cable tions). Utilizing this method, we estimate that the time profile

% w0 e[ s Time(ns)

CeFsH*
1=44ns

Fluorescence Lifetimes of GFsH3z™ and CgFsH™ in a
Penning Trap. Figure 1 shows fluorescence intensity (NOTE:



Fluorescence Lifetimes for Trapped lons J. Phys. Chem. A, Vol. 106, No. 42, 20020035

FT-ICR Mass Spectra of a Fluorobenzene Mixture and Fluorescence Fluorescence from Mass-Selected
Component Isolation by Quadrupolar Axialization Intensity Components of a Mixture

S
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Figure 2. Fourier transform ion cyclotron resonance (FT-ICR) mass Time (ns)

. . + + .
spectra of an equimolar mixture ofksH™ and GFaHs™ Top: spectrum g0 3 Superimposed plots (as in Figure 1) of fluorescence intensity
Iollowmg_quadruporllar Sx'ﬁl'zat'qn encong)passn:jg ?tOth ICR resonant (geajed to a common maximum value) or natural log of relative intensity
requencies. Note that both species are observed after a trapping penoq(,s time for an equimolar mixture of&.H* and GEsH.*. The topmost
of ~20 s. Bottom: FT-ICR mass spectrum after application of q s GRatts b

quadrupolar axialization at the cyclotron frequency GFEts" (left) and lowermost traces in each case are acquired during application of
. ; '3 uadrupolar axialization nefrthe cyclotron frequency of §&sHst or
or GsFsH™ (right). Note that either component may be isolated from p P 4 q y Of &t

CsFsH™, respectively, and the middle trace is acquired during simul-
the other component. taneous quadrupolar axialization at the cyclotron frequencies of both
CsFsHs™ and GFsH™ (see text). For clarity in display, some data points
in Figure 1 represents an average~of5 photons/laser pulse.  have been omittedthe experimental time resolution is 0.5 ns.
Although the present detection efficiency is still low, it is
significantly improved above our prior level of2 photons/

TABLE 1: Lifetimes of the Fluorobenzenes, Both Pure and

11 QE-Selected

pulse: —

Signal-to-noise is here defined as the maximum time-domain fluorescence decay lifetime,
signal divided by the standard deviation of the baseline noise. CeFaHs* CoFsH*
The stanc_zlard devigtion of the baseline was determineo_l by Ieast- pure sample, LIF (this work) 5% 2 ns 444 2 ns
squares fit to the difference between two fluorescence intensity- mixture 47+ 2ns
vs-time traces in the absence of ions. The signal-to-noise ratio QE-selected 5% 2 ns 44+ 2 ns
for the data in Figure 1 was 94:1. pure sample, electron ionizatithn 57+2ns 47+ 2 ns

Mass Selection by Azimuthal Quadrupolar Excitation.The
three-dimensional axial quadrupolar electrostatic potential re-
quired to confine ions along the magnetic field axis of a Penning
trap necessarily introduces a radially outward-directed force that
results in ion radial diffusion (and ultimate loss). To confine
ions of massm, and chargey, in a magnetic field, B, for tens
of seconds for exposure to multiple laser shots, it is necessary
to introduce an additional azimuthal quadrupolar electric excita-
tion (QE) at the unperturbed ion cyclotron resonance frequency,

Resolution of Heterogeneous Fluorescenc€&luorescence
intensity and In(intensity) as a function of time are shown in
Figure 3 for a fluorobenzene mixturl) in which SWIFT QE
traps both GFsH3™ and GFsH™. (For clearer display, only every
fifth data point is shown in the main figure, and only every
eighth data point in the inset.) Least-squares analysis (see inset
in Figure 3) yields an effective lifetimeaes = 47 + 2 ns. Also
shown are similar plots for the same mixture subjected to QE
at the slightly off-resonaft ICR frequency (360 kHz) of
CeF3Hs™ (O) or (293 kHz) for GFsH™ (a). The respective
fluorescence lifetimes (see inset) were®12 ns and 44+ 2
ns, in good agreement with the values we obtained for pure
in the presence of a collision gas (in this case, helium). The CsFH,™ and GFsH™. Table 1 summarizes the fluorescence
QE interconverts ion cyclotron and magnetron motion, and the Jifetimes for each pure fluorobenzene ion, their mixture, and
collisions rapidly dampen the cyclotron radius to zero. The net for each fluorobenzene ion isolated in the Penning trap from
effect is to shrink the ion packet, leaving the ions centered an initial mixture, along with prior literature valuésThese
(“axialized”) along the magnetic field direction in a packet data demonstrate that a two-component mixture can be resolved
mm in diametef? 233.343Nonresonant ions diffuse rapidly  to yield the same fluorescence lifetime for each component in

to the side electrodes of the trap and are removed. Thus, QEthe mixture as for either component presented as a pure
acts to select ions of a givem/z from a mixture of ions of compound.

multiple mvz values. )

Simultaneous and separate isolation gFls™ and GFsH* Conclusion
from a 1:1 molar mixture are shown in Figure 2. The upper  This work has, for the first time, shown that fluorescence
trace shows the mass spectrum of the mixture following a 20 s lifetimes are readily obtainable at acceptable precistel0d6)
SWIFT QE excitation spanning a small frequency band near from organic ions in a Penning trap. We are also able to resolve
the ICR frequency of each ion; both species are clearly observedthe fluorescence decays for two gas-phase ions of very similar
by subsequent broadband dipolar excitation. The lower left and lifetime (44 vs 51 ns) by mass selection based on quadrupolar
lower right mass spectra were acquired after application of excitation nea® the ion cyclotron resonance frequency. Because
single-frequencd? 20 s QE at 360 kHz (to retain only the the ions are distinguished by their masses rather than their
trifluorobenzene) or 293 kHz (to retain only pentafluoro- fluorescence lifetimes, the present method (unlike methods based
benzene). These data show that either or both fluorobenzeneon phase-sensitive detectiyrcan distinguish ions of similar
ions can be mass-selected and confined for 20 s, to allow for or even identical fluorescence lifetimes. An interesting extension
repeated LIF analysis. of this research would be to examine the magnetic field

o ~=qB/m (Sl units) (2)
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dependence, if any, of the fluorescence lifetimes and emission

Cage et al.

(13) Allan, M.; Maier, J. P. Emission spectra of the radical cations of

intensity to explain the small discrepancy between the present!€xa-, penta-, tetra-, and trifluorobenzen@bem. Phys. Letl975 34,

values and the priét literature values.

We further project the feasibility of analysis of gas-phase
macromolecule (e.g., protein) ion conformation based on
fluorescence energy transfer measurements based in turn o

442—-446.
(14) Miller, T. A. Light and radical ionsAnnu. Re. Phys. Cheml982
33, 257-282.
(15) Allan, M.; Maier, J. P.; Marthaler, O. Radiative relaxation of the

entafluorobenzene, 1,2,3,4-, 1,2,3,5-, and 1,2,4,5-tetrafluorobenzene, 1,3,5-

|E(pi‘l) excited electronic states of the radical cations of hexafluorobenzene,

fluorescence lifetime measurements, because the present signaknd 1,2 4-trifluorobenzene, and 1,3-difluorobenzeesm. Phys1977, 26,

to-noise ratio (94:1) bodes well for successful analysis of
fluorophores of lower quantum yieldD(), such as tryptophan
(® 20%)3%> For example, a common doneacceptor
fluorescent labeling combination for proteifis dansyl chloride
(acceptor) andu-naphthyl-isocyanate (donor), with a donor
guantum vyield® of ® = 60%. One obvious interest in such
experiments would be to compare the conformations of the

131-140.

(16) Bondeybey, V. E.; Miller, T. A. Laser induced fluorescence from
fluorobenzene radical cations in the gas phdse&Chem. Phys1979 70,
138-146.

(17) Cossart-Magos, C.; Cossart, D.; Leach, S. Jdreiler effects in
substituted benzene cations. Il. Gas-phase emission spectrum of 4£3;5-C
D3 and comparison with 1,3,5¢E3H3". Chem. Phys1979 41, 345-362.

(18) Sears, T.; Miller, T. A.; Bondeybey, V. E. Jahieller distortions
in CgHsFs" and GHsClst, J. Chem. Phys198Q 72, 6070-6080.

solution-phase protein with the completely unhydrated gas-phase (19) Malmberg, J. H.; O'Neil, T. M. Pure Electron Plasma, Liquid, and

protein, to assess the effect of solvation on protein conformation.

Similarly, one could examine fluorescence quenching and/or
frequency shift on binding of a ligand to the active site of an
enzyme or receptor ion in the gas phase.

Finally, fluorescence of mass-selected components of mix-

Crystal.Phys. Re. Lett. 1977, 39, 1333-1336.

(20) Beu, S. C.; Laude, D. A., Jr. Open trapped ion cell geometries for
FT/ICR/MS, Int. J. Mass Spectrom. lon ProcesskE392 112 215-230.

(21) Gabrielse, G.; Haarsma, L.; Rolston, S. L. Open-Endcap Penning
Traps for High Precision Experimentat. J. Mass Spectrom. lon Processes
1989 88, 319-332.

(22) Savard, G.; Becker, S.; Bollen, G.; Kluge, H.-J.; Moore, R. B;

tures could be extended to optically.de.tected high-field magnetic Schweikhard, L.; Stolzenberg, H.; Wiess, U. A new cooling technique for
resonance (ODMR) of large organic ions, as already achievedheavy ions in a Penning traphys. Lett. AL991 158 247—252.

for atomic iong and small organics at lower field-0.34 T)37
Experiments at a Zeeman field 8 T could generate highly
accurate quantum parameters, such as the Lgnddues (for
both the ground and excited states), zero field splittings, and
hyperfine fields of organic molecular and/or inorganic transition
metal complex ions.
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