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Ruthenium trisbipyridine as a candidate for
gas-phase spectroscopic studies in a Fourier
transform mass spectrometer
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Abstract. Metal polypyridines are excellent candidates for gas-phase optical experiments where their intrinsic properties can be
studied without complications due to the presence of solvent. The fluorescence lifetimes of [Ru(bpy)3]1+ trapped in an optical
detection cell within a Fourier transform mass spectrometer were obtained using matrix-assisted laser desorption/ionization
to generate the ions with either 2,5-dihydroxybenzoic acid (DHB) or sinapinic acid (SA) as matrix. All transients acquired,
whether using DHB or SA for ion generation, were best described as approximately exponential decays. The rate constant for
transients derived using DHB as matrix was 4× 107 s−1, while the rate constant using SA was 1× 107 s−1. Some suggestions
of multiple exponential decay were evident although limited by the quality of the signals. Photodissociation experiments re-
vealed that [Ru(bpy)3]1+ generated using DHB can decompose to [Ru(bpy)2]1+, whereas ions generated using SA showed no
decomposition. Comparison of the mass spectra with the fluorescence lifetimes illustrates the promise of incorporating optical
detection with trapped ion mass spectrometry techniques.

1. Introduction

Metal–polypyridine complexes have long been employed to study fundamentals of energy and electron
transfer reactions in solution. For example, they have been used to investigate pathways [1], reorgani-
zational energy [2], and electronic coupling in metallo protein systems [3]. In condensed-phase studies,
ruthenium (II) trisbipyridine is one of the most exploited metal polypyridines because of properties such
as structural rigidity and stability in multiple solvents [4], a relatively high quantum efficiency [5], an
excited-state lifetime that does not change significantly with pressure [6] and electronic properties that
vary linearly with magnetic fields [7,8]. In view of these properties, ruthenium trisbipyridine was chosen
for optical studies in the gas-phase environment of a Fourier transform mass spectrometer (FTMS).

For many years, physicists have exploited the advantages of Penning traps to study the optical prop-
erties of atomic ions in the gas-phase [9]. For example, Drullinger et al. [10] observed the first laser-
induced fluorescence (LIF) spectra of Mg+ ion in 1980. They obtained a high resolution fluorescence
spectrum of <100 Mg+ ions with an overall detection efficiency of 3 × 10−3. LIF spectroscopy has
since been extended to small molecular ions such as N+

2 [11], CO+ [12], and CO1+
2 [13]. Marshall and

co-workers [14] reported LIF spectra for C6H+
6 trapped in an FTMS. In 2001, we [15] first reported
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emission lifetimes for [Ru(bpy)3]1+. Fluorescent lifetime experiments offer the advantage that the light
from all wavelengths emitted contributes to the overall signal. Recently, Cage et al. [16] reported the life-
times for C6F5H+ and C6F3H+

3 in an FTMS with results that compare favorably with those previously
reported for these species in the gas-phase [17].

In this paper we report the emission lifetime studies of [Ru(bpy)3]1+ using a modified version of
our original optical detection system for an FTMS [15]. In light of our recent work [18] that indicated
the stability of [Ru(bpy)3]1+ generated by matrix-assisted laser desorption/ionization (MALDI) varies
according to the matrix used, we compare the results from experiments using DHB or SA as matrix.

2. Experimental

2.1. Materials

[Ru(bpy)3](PF6)2 (bpy = bipyridine) was prepared according to standard procedures [19].
[Ru(bpy)3]Cl2 was prepared from the PF−

6 salt by anion exchange using Dowex-1 (Chloride form) ex-
change resin (Sigma, St. Louis, MO). Acetonitrile (HPLC grade) was purchased from Aldrich Chemi-
cal (Milwaukee, WI). Matrices 3,5-dimethoxy-4-hydroxycinnamic, commonly known as sinapinic acid
(SA), and 2,5-dihydroxybenzoic acid (DHB) were purchased from Aldrich Chemical (Milwaukee, WI).

2.2. Sample preparation

[Ru(bpy)3]Cl2 was dissolved in acetonitrile. Either sinapinic acid or 2,5-dihydroxybenzoic acid was
added to produce a molar ratio of 1000 : 1 (matrix : analyte). A saturated solution of the matrix was
prepared and aerosprayed onto 316 SS probe tips (19 mm diam.) as a base coat using the modified
aerospray apparatus described in the literature [18]. The MALDI sample was then aerosprayed on top of
the base coat.

2.3. FTMS instrumentation

The FTMS is a laboratory-built design, which has been described previously [20–22]. Briefly, the
system incorporates a 7 T Oxford (Oxford, England) superconducting magnet, vacuum system, and
Odyssey control and data acquisition system (Finnigan FT/MS, Bremen, Germany). Traditionally, the
Finnigan electronics only provide trapping potentials of ±10 V. To increase the applied voltages, a high
voltage direct current amplifier was added to apply 13.5× the voltage specified in the Odyssey software
to the trap plates. A Nd:YAG laser (Continuum, Santa Clara, CA) with a 6 ns pulsewidth operating
at 355 nm equipped with an external laser scanning mechanism is used for both laser desorption and
optical excitation of the ions [20]. Laser fluence was 4 × 105 W for both sample desorption using a
10 µm diameter spot and optical excitation using a beam width of 1.2 cm. The base pressure of the
FTMS was 7 × 10−9 Torr. The system was externally calibrated using sodium-attached polyethylene
glycol 1000.

2.4. ICR and optical cells

The current FTMS cell design is composed of two regions as illustrated in Fig. 1. The first region
consists of a cubic ion cyclotron resonance (ICR) cell equipped with trap plates composed of 95%
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Fig. 1. Schematic of combined ICR and optical detection cells showing setup during (A) desorption and isolation events and
(B) fluorescence lifetime measurement. Trap plates are labeled as 1–5.

transmissive electroformed wire mesh, which has been described in the literature [20]. Ions are desorbed
from the sample by a focused laser pulse and then trapped using the ICR cell. Ions of interest can
then be isolated in the ICR cell. Subsequently, the desired ions are transferred into the second region
for optical detection. The focusing lens is then moved out of the way by a rod mechanism, which is
actuated by a TTL pulse. The trapped ions are then excited with a broad laser beam through a 1-inch
quartz window. The light emitted from the ions exits a second quartz window and is then transferred
to the photomultiplier tube (PMT) via the optical detection system. The two separate vacuum housing
windows are necessary to avoid the light scattering within the quartz window caused by the laser beam
passing through, which would interfere with detection of the fluorescent light from the ions.

2.5. Optical detection

The light collection system consists of an ellipsoidal mirror coupled via a 1/4-inch vacuum UV win-
dow to a liquid light guide (Model 77637, Oriel, Stratford, CT) as illustrated in Fig. 1. The light guide
passes the light through a 480 nm low pass filter into a gated photomultiplier tube (PMT Model R928,
Hamamatsu, Bridgewater, NJ) using a model S502R power supply (Products for Research, Danvers,
MA) and a model 9650A delay generator (EG&G Princeton Applied Research, Oak Ridge, TN). The
collection efficiency with the light guide alone is limited by the angle subtended by the ion cloud (∼0.25
inches, 6.35 mm diam.) at the cloud to fiber distance of 118 mm or ∼9◦ (solid angle) of the 4π (720◦)
available. The ellipsoidal reflector captures an additional 494◦, which is 70% of the light available as
compared to 1.25% if only the light guide was used. This represents an improvement by a factor of 55.
The losses through the air-quartz interfaces [7] for the rest of the light gathering elements result in a
direct loss of 28%, leaving the system with an improvement of 15× over that of the light guide alone.
The PMT has a gain of ∼107 and a quantum efficiency of ∼10%, giving an overall detection efficiency
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of ∼7%. The signal from the PMT was connected through a fast amplifier (Model SR445, Stanford
Research Systems, Sunnyvale, CA) to a digital oscilloscope (Model 7200A, LeCroy, Chestnut Ridge,
NY) interfaced to a PC through a GPIB communications card (National Instruments, Austin, TX). For
each transient, 2000 data points over 2 µs were collected. The timing of the optical detection utilized
a variable beam splitter to send part of laser beam to a photodiode (Model ET-2016, Electro-Optics
Technology, Traverse City, MI). The interface and data analysis software was provided by the Durham
research group, which has been successfully used for solution laser flash photolysis experiments [23].

The limits of detection for the optical system are dependent on the minimum signal that can be de-
tected. For a conservative estimate, a detectable signal is defined as having a signal-to-noise ratio (S/N)
of ∼3. Multiple experiments have shown that a signal of 10 mV is the smallest signal discernable above
the noise with the current apparatus. An exponential transient with a maximum amplitude of 10 mV and
a lifetime of 400 ns measured with an oscilloscope with a 50 ohm input impedance corresponds to a
total charge from all electrons detected at the PMT anode of 8 × 10−11 C or 5 × 108 electrons. Using
the R928 photomultiplier with a gain of 1×107 and a quantum efficiency of 0.1, the minimum detection
limit is 500 photons. The total number of photons detected for each optical transient was determined
by integrating the area under the curve using the trapezoidal rule in Origin 6.0 (Microcal, Northampton,
MA).

2.6. FTMS sequence of events and parameters

During laser desorption, the sample (Fig. 1) was located 0.5 cm from trap plate #1 and the focusing
lens was along the z-axis. The sample was then moved approximately 0.5 m from trap plate #1 and the
lens removed from the optical path for the remainder of the experiment. Initially, the trap plates were
at zero potential, then trap plates #2 and #3 were raised to +6 V, 0.5 s after the desorption event. Ions
not of interest were radially swept from the cell using SWIFT [24] excitation at a radius of 2.3 cm for
complete ejection. The ions present in the cell were initially interrogated using low resolution FTMS
parameters. A chirp excitation over the range of 50 to 800 kHz was applied for the pre-optical detection
to ensure that all unwanted ions had been ejected. After a delay of 0.6 ms, the ions were detected in
direct mode using 64 K data points. Data were then baseline corrected, Hamming apodized, zero filled,
and Fourier transformed to produce the mass spectra. A crude, but conservative approximation using the
signal-to-noise ratio and estimated limit of detection for an FTMS [25], suggests that the number of ions
initially in the cell was on the order of 105.

The ions were then transferred into the optical cell by raising the potential on trap plate #1 (Fig. 1) to
+130 V while the potential on trap plate #5 was raised to +70 V. Trap plates #4 and #5 were then raised
to +120 V to provide the deep potential well centered a focus of the ellipsoidal reflector. It is estimated
that there is a loss of ∼50% of the ions during the transfer resulting in ∼104 ions in the optical cell
during detection. Potentials of +27 V and −27 V were applied to trap plates #1 and #2, respectively,
during the optical detection event to prevent any stray ions in the vacuum chamber from entering the
optical cell. The ion cloud was then excited by a broad laser beam (1.2 cm diam.) operating at a rate of
10 Hz. Unless specified otherwise, 9 emission transients were acquired and averaged using the digital
oscilloscope software. After optical detection, the ions were then transferred back to the ICR cell by
applying voltages of +135 V and +70 V on trap plates #5 and #1, respectively, while all other trap
plates were at a potential of 0 V. This transfer phase also resulted in a loss of ∼50% of the ions. For the
final FTMS detection, a potential of +1 V was applied to both trap plates #2 and #3 while all other trap
plates were set to a potential of 0 V. A chirp excitation over the range of 50 to 800 kHz with a 360 Hz/µs
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rate was applied. After a delay of 0.6 ms, the ions were detected in direct mode using 256 K data points.
Data were then baseline corrected, Hamming apodized, zero filled, and Fourier transformed to produce
the mass spectra. All FTMS spectra were recorded in the positive mode. At the end of the experiment,
the cell is quenched of all ions. Pressure during analysis was 5 × 10−8 Torr, which is higher than the
base pressure because of the neutrals formed during the MALDI events.

3. Results

In an attempt to guarantee that enough fluorophores were present for optical detection, parameters
were adjusted to collect as many ions as possible in the ICR cell (Fig. 1). After unwanted ions were radi-
ally swept from the cell, the ions left were briefly examined to ensure that only isotopes of [Ru(bpy)3]1+

centered at m/z ∼ 570 remained. The mass spectrum produced (Fig. 2A) has very poor m/z resolution
primarily because of the space to charge effects due to the excessive number of ions present [26,27];
therefore, it is not possible to observe the isotope distribution as is possible with fewer ions present in
the cell (Fig. 2B). While the ions were still trapped in the ICR cell, a baseline emission measurement
was made (Fig. 3A) to assess that the optical detection cell was quiet and no signal was observed in
the absence of the selected ions. The ions were then shuttled to the optical detection cell (Fig. 1) with a
transfer efficiency of ∼50%.

In the optical detection cell, the ions were excited by a broad laser beam created by moving the
focusing lens out of the z-axis (Fig. 1B). Light emitted from those ions centered around one focus of the
ellipsoidal reflector was transmitted to the other focus, which is located within the collection cone of the
liquid light guide with the assistance of the refractive index of a quartz window in the vacuum chamber
(Fig. 1). The emission transients recorded for [Ru(bpy)3]1+ generated with matrices DHB and SA vary
significantly in intensity and rate of decay as illustrated in Figs 3B and 3C, respectively. The transients
in Figs 3B and 3C were the best transients acquired for experiments using DHB and SA, respectively.
Both transients can be best described as approximately exponential. The rate constant obtained with
[Ru(bpy)3]1+ generated using DHB (Fig. 3B) is = 4 × 107 s−1. The same experiment performed with
SA as a matrix yields a rate constant of approximately 1 × 107 s−1. Thus, the measured rate constants
are slower for the SA generated [Ru(bpy)3]1+ than for [Ru(bpy)3]1+ generated with DHB. In addition,
the S/N is better with SA than with DHB. The number of photons contributing to the emission signal
in Fig. 3C is ∼5400 compared to only ∼1100 in Fig. 3B. It should be noted that not all experiments
resulted in observable transients. Using DHB measurable transients were obtained in 1 out of every 15
attempts and with SA measurable transients were observed in 1 out of every 6 attempts.

Some suggestions were obtained during the analysis of the data that indicated that the transients may
contain multiple exponential components. To check for the presence of other ions that might contribute
to the emission signals, possibly generated by photodissociation products, the ions were transferred back
to the ICR cell after optical detection to acquire a mass spectrum (Fig. 2B). As seen in Fig. 2B, no other
ions, such as [Ru(bpy)2]1+ at m/z 414, were observed. In addition, the higher quality mass spectrum
allows the isotopic distribution to be observed because the conditions for detection were more typical
for an FTMS [28]. In this spectrum, the isotopic distribution is similar to the theoretical spectrum and
does not show significant signs of H loss, which have been previously observed [18]. However, loss of
H was observed in some experiments with both DHB and SA. There was also evidence of [Ru(bpy)2]1+

produced after optical excitation for some DHB experiments.
Photodissociation experiments were performed to determine if the [Ru(bpy)3]1+ ions could be de-

composed in the gas phase by the 355 nm light. In the case of ions generated using DHB as matrix, 30
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Fig. 2. FTMS spectra of [Ru(bpy)3]1+ ions (A) before and (B) after the optical detection event.

pulses of broad beam laser light produced [Ru(bpy)2]1+ at m/z 414 as seen in Fig. 4. Since [Ru(bpy)2]1+

could be produced by photodissociation, its gas phase emission properties were also examined and while
some light scattering was detected, no emission was observed. Photodissociation experiments where
[Ru(bpy)3]1+ was generated by SA did not show any signs of photodissociation even after 100 laser
shots.

4. Discussion

Transient emission data have been obtained for species best described as [Ru(bpy)3]1+ and control
experiments have been performed which strongly indicate that the transient emissions are not artifacts
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Fig. 3. Fluorescence lifetime transients: (A) background prior to transfer of ions to optical detection cell, (B) from ions generated
using DHB as matrix, and (C) from ions generated using SA as matrix.

Fig. 4. FTMS spectrum showing photodissociation of [Ru(bpy)3]1+ (m/z 570.11) to form [Ru(bpy)2]1+ (m/z 414.04) after
30 laser shots. Ions were generated using DHB as matrix.

of the experiment. Based on solution experiments, emission from [Ru(bpy)3]1+ may seem unexpected;
however, weak emission from ruthenium (I) polypyridines have been observed in frozen matrices where
the solvent effects are minimized [29]. In the gas phase, there is no solvent to couple to the vibrational
and rotational modes of [Ru(bpy)3]1+ and quench fluorescence.

Based on previous work [18,30], it is possible that two ruthenium species are generated by MALDI
that differ by one hydrogen atom as illustrated in reaction Scheme 1. A metal–nitrogen bond in struc-
ture A, [Ru(bpy)3]1+, is broken to produce structure B. Rotation of a pyridine ring and re-formation of
an ortho-metallated complex by a metal–C bond then produces structure C with concomitant loss of a
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Scheme 1.

hydrogen atom. Loss of one H to produce structure C is consistent with stabilization of the ruthenium
complex by following the 18e− rule. The most likely candidates for fluorophores are excited states of
structures A and C. Even in the higher resolution FTMS spectra, the isotopic patterns for structures A
and C would overlap and be difficult to distinguish [18]. Additionally, there may be other conforma-
tions present that also fluoresce because very little is known about the behavior of large molecular ions,
especially inorganic species, in the gas phase.

A caveat to remember is that the lifetime signal is an average of all fluorophores present that are
excited by 355 nm light. The variability in the observed lifetime transients suggests that the identity
and relative concentration of fluorophores present was not consistent from one experiment to the next.
Besides the different structural conformations, fluorescent neutrals that enter the cell and fluorophores of
the same conformation but existing at different energy levels may produce potential fluorescent signals.
Light scattering from ions and/or neutrals could also contribute to the overall signal; however, the low
pass filters should eliminate most of the scattered light.

Because more stable ions are generated by MALDI using SA compared to DHB, it is reasonable
that distributions in energy levels are produced and account for some of the variability in the observed
fluorescence signals. In solution, the energy levels of [Ru(bpy)3]2+ drop to the singlet state in picosec-
onds before fluorescing because of solvent interaction with vibrational and rotational states of the metal
complex [31,32]. In the gas-phase, there are no solvent relaxation modes. While there may be some
relaxation due to collisions, at a pressure of 10−8 Torr the calculated collision rate for [Ru(bpy)3]1+,
assuming a molecular radius of 6.1 Å [33], is approximately 0.2 s−1 [34]. However, the actual efficiency
of collisional relaxation would depend on the size of the neutral involved in the collision [28]. Therefore,
molecular ions may be produced and trapped at multiple energy levels.

5. Conclusion

The results presented illustrate the powerful potential of combining mass spectrometry with gas-phase
optical detection. While the mass spectra may indicate that only one species is present, the multi-
exponential nature of the emission lifetimes suggests the presence of at least two optically active species.
Using MALDI to generate the ions complicates interpretation because multiple structural conformations
with a broad energy distribution can be created. Future experiments should utilize electrospray ionization
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(ESI) to generate ions to hopefully produce a single conformation with a narrower energy distribution.
Additionally, ESI would allow production of the multiply-charged species [Ru(bpy)3]2+, which could be
compared directly to solution experiments. Besides the ability to generate a well-defined population of
large molecular ions, other technological challenges exist for the gas-phase spectroscopic study of mole-
cular ions. For example, solution spectroscopy takes advantage of Beer’s law. In the gas phase, Beer’s
law is difficult or impossible to apply because it is a non-trivial task to define the volume or determine
the exact number of optically active ions; hence, extinction coefficients remain unknown. In essence,
the study of the optical properties of molecular ions in the gas phase is at an embryonic stage similar to
condensed-phase spectroscopic studies in the early 1900’s.

Acknowledgements

JEH would like to thank the INEEL ACE Fellowship program for funding. The authors also grate-
fully acknowledge support from the United States Department of Energy, under contract DE-AC07-
99ID13727 BBWI.

References

[1] B. Durham, J.L. Fairris, M. McLean, F. Millett, J.R. Scott, S.G. Sligar and A. Willie, Electron-transfer from cytochrome
b5 to cytochrome c, J. Bioenerg. Biomembr. 27 (1995), 331–340.

[2] J.R. Scott, M. McLean, S.G. Sligar, B. Durham and F. Millett, Effect of binding cytochrome c and ionic-strength on the
reorganizational energy and intramolecular electron transfer in cytochrome b5 labeled with ruthenium(II) polypyridine
complexes, J. Am. Chem. Soc. 116 (1994), 7356–7362.

[3] J.R. Scott, A. Willie, M. McLean, P.S. Stayton, S.G. Sligar, B. Durham and F. Millett, Intramolecular electron-transfer in
cytochrome b5 labeled with ruthenium(II) polypyridine complexes – Rate measurements in the Marcus inverted region,
J. Am. Chem. Soc. 115 (1993), 6820–6824.

[4] G.A. Neyhart, J.T. Hupp, J.C. Curtis, C.J. Timpson and T.J. Meyer, Solvent-induced electron transfer and delocalization
in mixed-valence complexes. Electrochemistry, J. Am. Chem. Soc. 118 (1996), 3724–3729.

[5] K. Kalyanasundaram, Photochemistry of Polypyridine and Porphyrin Complexes, Academic Press, London, 1992.
[6] J.R. Scott, J.L. Fairris, M. McLean, K.F. Wang, S.G. Sligar, B. Durham and F. Millett, Intramolecular electron-transfer

reactions of cytochrome b5 covalently bonded to ruthenium(II) polypyridine complexes: Reorganizational energy and
pressure effects, Inorg. Chim. Acta 243 (1996), 193–200.

[7] S. Ronco and G. Ferraudi, Magnetic field effects on the reactivity of co-ordination complexes: A probe of the transition-
state magnetic properties in outer-sphere electron transfers, J. Chem. Soc. Dalton Trans. 3 (1990), 887–889.

[8] N.J. Turro, I.V. Khudyakov and K.R. Gopidas, A laser flash photolysis study of magnetic field effects in photoinduced
electron transfer between Ru(bpy)2+

3 and N,N′-dimethylviologen in micellar solutions, Chem. Phys. 162 (1992), 131–143.
[9] R. Blatt, P. Gill and R.C. Thompson, Current perspectives on the physics of trapped ions, J. Mod. Optics 39 (1992),

193–220.
[10] R.E. Drullinger, D.J. Wineland and J.C. Bergquist, High-resolution optical-spectra of laser cooled ions, Appl. Phys. 22

(1980), 365–368.
[11] P.C. Engelking and A.L. Smith, Tunable laser fluorescence spectroscopy of molecular nitrogen cation at 390 nm, Chem.

Phys. Lett. 36 (1975), 21–22.
[12] T.A. Miller and V.E. Bondybey, Laser-induced fluorescence and vibrational-relaxation in CO+, Chem. Phys. Lett. 50

(1977), 275–277.
[13] V.E. Bondybey and T.A. Miller, Laser excitation-spectra of CO+

2 molecular ion A2Πu–X2Πg fluorescence, J. Chem.
Phys. 67 (1977), 1790–1792.

[14] Y. Wang, C.L. Hendrickson and A.G. Marshall, Direct optical spectroscopy of gas-phase molecular ions trapped and
mass-selected by ion cyclotron resonance, laser-induced fluorescence excitation spectrum of hexafluorobenzene (C6F+

6 ),
Chem. Phys. Lett. 334 (2001), 69–75.

[15] J.R. Scott, P.L. Tremblay, B. Durham and J.E. Ham, Design of a fluorescence lifetime detection system for a Fourier
transform mass spectrometer, 49th ASMS Conference on Mass Spectrometry and Allied Topics, Chicago, IL, 2001.



396 J.R. Scott et al. / Gas-phase optical experiments with ruthenium trisbipyridine

[16] B. Cage, M.A. McFarland, C.L. Hendrickson, N.S. Dalal and A.G. Marshall, Resolution of individual component fluores-
cence lifetimes from a mixture of trapped ions by laser-induced fluorescence/ion cyclotron resonance, J. Phys. Chem. A
106 (2002), 10033–10036.

[17] M. Allan, J.P. Maier and O. Marthaler, Radiative relaxation of BΠ1 excited electronic states of radical cations of hexafluo-
robenzene, pentafluorobenzene, 1,2,3,4-tetrafluorobenzene, 1,2,3,5-tetrafluorobenzene, 1,2,4,5-tetrafluorobenzene, 1,3,5-
trifluorobenzene, 1,2,4-trifluorobenzene and 1,3-difluorobenzene, Chem. Phys. 26 (1977), 131–140.

[18] J.E. Ham, B. Durham and J.R. Scott, Comparison of laser desorption and matrix-assisted laser desorption/ionization for
ruthenium and osmium trisbipyridine complexes using Fourier transform mass spectrometry, J. Am. Soc. Mass Spectrom.
14 (2003), 393–400.

[19] B. Durham, J.L. Walsh, C.L. Carter and T.J. Meyer, Synthetic applications of photosubstitution reactions of poly(pyridyl)
complexes of ruthenium(II), Inorg. Chem. 19 (1980), 860–865.

[20] J.R. Scott and P.L. Tremblay, Highly reproducible laser beam scanning device for an internal source laser desorption
microprobe Fourier transform mass spectrometer, Rev. Sci. Instrum. 73 (2002) 1108–1116.

[21] T.R. McJunkin, P.L. Tremblay and J.R. Scott, Automation and control of an imaging internal laser desorption Fourier
transform mass spectrometer (I2LD-FTMS), J. Assoc. Labor. Automation 7 (2002) 76–83.

[22] T.R. McJunkin, J.R. Scott and P.L. Tremblay, Fuzzy logic classification of imaging laser desorption Fourier transform
mass spectrometry data, IEEE Transaction on Systems, Man and Cybernetics – PART C (2003). Submitted.

[23] T.S. Jackson, Electrostatically bound metal complexes for the study of electron transfer in metalloproteins, Dissertation,
University of Arkansas, Fayetteville, AR, 2001.

[24] M.J. Tomlinson, J.R. Scott, C.L. Wilkins, J.B. Wright and W.E. White, Fragmentation of an alkali metal-attached peptide
probed by collision-induced dissociation Fourier transform mass spectrometry and computational methodology, J. Mass
Spectrom. 34 (1999), 958–968.

[25] P.A. Limbach, P.B. Grosshans and A.G. Marshall, Experimental-determination of the number of trapped ions, detection
limit, and dynamic-range in Fourier-transform ion-cyclotron resonance mass-spectrometry, Analyt. Chem. 65 (1993), 135–
140.

[26] S.J. Han and S.K. Shin, Space-charge effects on Fourier transform ion cyclotron resonance signals: Experimental obser-
vations and three-dimensional trajectory simulations, J. Am. Soc. Mass Spectrom. 8 (1997) 319–326.

[27] J.T. Stults, Minimizing peak coalescence: High resolution separation of isotope peaks in partially deamidated peptides by
matrix assisted laser desorption/ionisation Fourier transform ion cyclotron resonance mass spectrometry, Analyt. Chem.
69 (1997), 1815–1819.

[28] T. Dienes, S.J. Pastor, S. Schurch, J.R. Scott, J. Yao, S.L. Cui and C.L. Wilkins, Fourier transform mass spectrometry –
Advancing years (1992 mid 1996), Mass Spectrom. Rev. 15 (1996), 163–211.

[29] P. Reveco, W.R. Cherry, J. Medley, A. Garber, R.J. Gale and J. Selbin, Cyclometalated complexes of ruthenium. 3. Spec-
tral, electrochemical, and two-dimensional proton NMR of Ru(bpy)2 (cyclometalating ligand), Inorg. Chem. 25 (1986),
1842–1845.

[30] R.L. Cerny, B.P. Sullivan, M.M. Bursey and T.J. Meyer, Fast atom bombardment and field desorption mass spectrometry
of organometallic derivatives of ruthenium(II) and osmium(II), Inorg. Chem. 24 (1985), 397–401.

[31] R. Bensasson, C. Salet and V. Balzani, Laser flash spectroscopy of tris(2,2′-bipyridine)ruthenium(II) in solution, J. Am.
Chem. Soc. 98 (1976), 3722–3724.

[32] L.A. Philips, W.T. Brown, S.P. Webb, S.W. Yeh and J.H. Clark, Picosecond time-resolved spectroscopy of electronically
excited tris(2,2′-bipyridine)ruthenium(II) dichloride, Springer Series in Chemical Physics 38 (1984), 390–392.

[33] R.C. Young, F.R. Keene and T.J. Meyer, Measurement of rates of electron-transfer between Ru(bpy)3
3+ and Fe(phen)3

2+

and between Ru(phen)3
3+ and Ru(bpy)3

2+ by differential excitation flash-photolysis, J. Am. Chem. Soc. 99 (1977), 2468–
2473.

[34] J.H. Noggle, Physical Chemistry, 2nd edn, Harper Collins, New York, 1989.



Submit your manuscripts at
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Inorganic Chemistry
International Journal of

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

 International Journal ofPhotoenergy

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Carbohydrate 
Chemistry

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Chemistry

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Advances in

Physical Chemistry

Hindawi Publishing Corporation
http://www.hindawi.com

 Analytical Methods 
in Chemistry

Journal of

Volume 2014

Bioinorganic Chemistry 
and Applications
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Spectroscopy
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Medicinal Chemistry
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Chromatography  
Research International

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Applied Chemistry
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Theoretical Chemistry
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Spectroscopy

Analytical Chemistry
International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Quantum Chemistry

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Organic Chemistry 
International

Electrochemistry
International Journal of

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Catalysts
Journal of


