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a b s t r a c t

Studying the photophysical properties of molecules in the gasphase can be advantageous, because it
reduces the complexity of the system examined by eliminating effects due to theinteractions between the
molecule of interest and other species present in the local environment, including those with the solvent
itself. Here, we report on theintrinsic properties of gaseous protonated rhodamine B (RBH+), a well-known
xanthene-based dye. Protonated rhodamine B was transferred into the gas phase using electrospray
ionization (ESI) and isolated in a quadrupole ion trap (QIT) mass spectrometer, which has been modified
to enable laser-induced fluorescence spectroscopy of trapped ions. The gas-phase fluorescence excitation
and emission spectra of RBH+show maxima (�ex (max) = 531 nm and �em (max) = 542 nm, respectively)that

+ +

aseous ion fluorescence
aser-induced fluorescence
luorescence lifetime
anthene dyes

lie at higher energy than those of RBH in solution. The fluorescence lifetime of gaseous RBH is 5.97 ±
0.12 ns, which is significantly longer than that of solution-phase rhodamine B. Gaseous rhodamine B is
signficiantly brighter than monoethylamino rhodamines such as gaseous rhodamine 6G. Knowledge of
the intrinsic photophysical properties of chromophores, such as those presented here for rhodamine
B, will enable a better understanding of how the local environment of the chromophore modulates its
properties.
. Introduction

Xanthene-based dyes are one of the most extensively studied
amilies of luminescent dyes. This class of dyes includes fluores-
ein, eosins, and rhodamines [1]. These dyes are used in a wide
ange of applications, for example, as biological stains [2], sensi-
izers [3], fluorescent probes [4], tracing agents [5], and laser dyes
6]. Xanthene dyes exist in a variety of neutral and ionic forms in
olution. Each form usually possesses unique spectral properties,
nd these can be highly dependent on the local environment of the
ye. Numerous studies have shown that the quantum yield, absorp-
ion and emission spectra, and fluorescence lifetimes for these dyes
ary greatly depending on the solvent conditions [7–12]. Despite
xtensive studies of many xanthene dyes in solution, their sensi-
ivity to solvent, compounded with concentration and temperature
ependencies, have resulted in difficulties in understanding their
hotophysics [7–12].

A useful way to better understand the effect of solvent on these
yes is to study their intrinsic properties in the gas-phase. Using
ass spectrometry the various ionic forms of a chromophore can
e individually isolated and studied [13–20]. This restricts ambigu-
ty arising from the equilibria that exist among different ionic forms
f the dye and eliminates the complexity introduced by intermolec-
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ular interactions with the solvent. Comparison of gas-phase with
solution-phase behavior then can be used to distinguish between
intrinsic behavior and the effects of solvent. The role of individ-
ual solvent molecules can also be probed by isolating and studying
gas-phase complexes and clusters containing the dye and a known
number of water molecules.

Here, we report the intrinsic photophysical properties of pro-
tonated rhodamine B (RBH+), a well-known xanthene-based dye.
Rhodamine B is used as the active medium in pulsed and continuous
wave lasers [21], as a staining fluorescent dye in biology [22], and
as a tracer dye to track the movement of water [23]. Rhodamine B
was first synthesized by Maurice Ceresole in 1887 [24] and in aque-
ous solution was first studied by Holmes, who determined that the
absorption spectra could be explained by an equilibrium between
two forms of rhodamine B [8]. In addition to the optically active
protonated and zwitterionic forms, a colorless lactone form is now
also known to exist. These three forms of rhodamine B are shown
in Scheme 1.

The absorption and emission properties of rhodamine B are
highly sensitive to the solvent environment [25,26]. Although
numerous studies have been carried out to examine the properties
of rhodamine B in the condensed phase, its photophysics con-
tinues to be the subject of significant debate [7,9–12,25–27,39].

Similar to other rhodamine dyes, rhodamine B has a high molar
absorptivity (ε) (∼106,000 M−1 cm−1 in ethanol at 543 nm [28]).
Reported fluorescence quantum yields (Фf) range from 0.3 to 0.66,
depending on the solvent [7,9–11,29]. Fluorescence lifetimes (�)
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Scheme 1. Structure of rhodamine B (a) cati

re also strongly solvent dependent, ranging from 3.2 ns in octanol
o just 1.5 ns in water [7]. The sensitivity of fluorescence life-
ime and quantum yield to the solvent is attributed primarily to
hanges in non-radiative relaxation rates. The fundamental rea-
on behind this variation is not well understood. One clear trend
s that as the polarity of the solvent mixture increases, the quan-
um yield of rhodamine B decreases [9,11,30]. Some studies have
lso identified solvent viscosity as an important contributing fac-
or in rhodamine B’s solvent sensitivity; in a high viscosity solvent,

otion of the flexible diethylamino groups on the xanthene ring is
estricted, which could lower non-radiative decay rates [6,7,9,30].
owever, other studies have discounted this suggestion, finding
o direct dependence of the non-radiative decay rates on solvent
iscosity [10,11,31]. Specific mode coupling between vibrations
f rhodamine B and those of interacting solvent molecules have
lso been invoked to explain the large variation in non-radiative
ecay rate [9,32]. The identity of the solvent also affects the posi-
ion of the absorption and emission maxima for rhodamine B.
or cationic rhodamine B in methanol, these values are 552 nm
nd 577 nm, respectively, whereas in water, there is a small red-
hift of the respective maxima to 557 nm and 580 nm [11,25].
his red-shift has been attributed to a greater stabilization of the
ighly polarizable excited state with respect to the ground state
ue to more favorable interactions between the dye and polar
olvents, which leads to a decrease in the S0 → S1 energy level
ap [17,19,33].

Reports on the properties of gas-phase rhodamine B are sparse.
he absorption and emission maximafor the neutral form of rho-
amine B, transferred into the gas phase by heating, were shown
o occur at significantly shorter wavelengths (435 nm and 525 nm,
espectively) compared with the corresponding bands in ethanol
540 nm and 575 nm, respectively) [33]. Very recently, Zenobi and
oworkers have studied the neutral form of a different rhodamine,
hodamine 19 (R19, also known as rhodamine 575), by forming
omplexes with metal cations (R19 + M+), in the gas-phase [34].
hotodissociation action spectra of the complexed neutral form of
19 also indicate a blue shift in absorption upon transfer from
olution to the gas phase. This blue shift in fluorescence exci-
ation and/or emission maxima upon transfer from solution to

he gas phase has been reported for several other ionic xanthene
yes [13–16,26,34,35], including a well-known series of protonated
onoethylamino-rhodamine dyes (rhodamine 575, 590 and 6G)

15].
H+; (b) zwitterion, RB±; and (c) lactone, RB.

In this work, we investigate the intrinsic properties of gaseous
RBH+ using a trapping mass spectrometer which has been mod-
ified to enable laser excitation and fluorescence detection of the
trapped ions. A major benefit of using a trapping mass spectrome-
ter for these studies is the ability to mass select and store the ion
of interest, eliminating the need for solution phase purification and
uncertainty about the identity of the fluorescing species. Fluores-
cence emission and excitation spectra, as well as the fluorescence
lifetime of gaseous cationic rhodamine B (RBH+) are reported and
compared with pre-existing theoretical calculated values [36] as
well as literature solution-phase data.

2. Experimental methods

Rhodamine B (Scheme 1) was supplied by Sigma–Aldrich
Canada Ltd. (Oakville, ON) and used without further purifica-
tion. Solutions for electrospray ionization (ESI) were prepared by
dissolving the dye in 50:50 methanol/water solutions to a concen-
tration of 0.1 �M. Mass spectra were recorded using a modified
commercial quadrupole ion trap (QIT) mass spectrometer (Bruker
Esquire 3000+, BrukerDaltonik, Germany) equipped with an ESI
source[16]. The solution was infused at a flow rate of 2.5 �L/min
with a concurrent flow of N2 nebulization gas (11–28 psi) through
the electrospray emitter. Counter-current drying gas (also N2) was
fixed at 3.5 L/min at a temperature of 300 ◦C. In the Bruker ESI
source, the ESI emitter is held at ground while the entrance of
the capillary inlet to the mass spectrometer was adjusted to –
(3000–3200) V. The ion accumulation timewas set to maintain an
ion charge control (ICC) value of ∼1 × 106 for all fluorescence exper-
iments. This ICC value corresponds to an estimated ion number
of ∼5 × 104 [16]. Ions are held in the QIT by an electrodynamic
trapping field at trapping parameter qz of 0.59, and are subject
to collisions with ∼3 × 10−3 mbar of room temperature helium
bath gas, which serves to focus the ion cloud to the center of the
trapping electrodes and to remove excess internal energy from
the trapped molecular ions. At this pressure, the collision rate
between the trapped molecular ions and the helium bath gas
is ∼105 s−1.

RBH+ ions generated by ESI were mass-selected and stored in the

QIT where they were irradiated with the frequency-doubled output
of a mode-locked Titanium:Sapphire laser (Tsunami, Spectra-
Physics, Mountain View, CA pumped by a 10 W Millenia Pro;
80 MHz repetition rate, ∼130 fs pulse duration). Upon second har-
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6G (0.95). If this is the case, the implication is that interactions
ig. 1. Fluorescence excitation (squares) and emission (solid line) spectra for
ationic rhodamine B (RBH+) in the gas phase.

onic generation, visible light in the range of 350–540 nm can be
enerated from this laser source. The laser beam enters and exits
hrough two holes in the ring electrode of the QIT, thus intersecting
he cloud of trapped, mass-selected ions. Fluorescence is collected
hrough a third hole in the ring electrode which is orthogonal to the
ath of the laser beam. The collected fluorescence light is directed
hrough an appropriate filter (Chroma Technology Corp., Rocking-
am, VT) and focused on the slit of a spectrograph (Shamrock303i,
ndor Technologies, Belfast, Ireland) which disperses the light onto
n electron-multiplied charge-coupled device detector (Newton
M-CCD, Andor Technologies, Belfast, Ireland). The EM-CCD was
ooled and operated with electron multiplying features activated.
ore detailed information about this experimental set-up can be

ound elsewhere [16,37].
Fluorescence spectra were measured by irradiation of isolated

on populations with 2 mW laser power for 2 s. Following the
rradiation period, the ions were scanned out of the QIT and a

ass spectrum was recorded. The laser power and irradiation
ime used for fluorescence measurements were selected to ensure
hat fragmentation of the RBH+ precursor ion, which would be
isible in the recorded mass spectra, did not occur. (A photodis-
ociation mass spectrum, recorded with higher laser power and
onger irradiation time, is shown in Fig. S.1-a.) We note also
hat collisions with the helium bath gas help suppress ion heat-
ng and fragmentation upon irradiation [15,16]. Emission spectra
ecorded from 20 different ion populations were averaged at each
xcitation wavelength. The emission spectra were background-
ubtracted using spectra recorded under identical conditions but
ithout any ions in the trap. The fluorescence emission spectrum

f RBH+ ions shown was measured using 500 nm laser excita-
ion with a 515 nm long pass filter. The spectrum was processed
ith a 1st-order, 25 point, Savitzky–Golay digital filter and is the

hick solid trace shown in Fig. 1. The excitation spectrum was pro-
uced by measuring the fluorescence intensity upon irradiation
t a series of excitation wavelengths between 420 and 532 nm,
tepping in 5–10 nm intervals. A band pass (546–610 nm) filter
as used in the detection path and the fluorescence intensity at
ach excitation wavelength was taken as the integrated emission
ntensity between 550 and 610 nm. The excitation spectrum shown
s the average of four separate measurements. The error shown
Photobiology A: Chemistry 220 (2011) 173–178 175

corresponds to ± one standard deviation of the four replicate mea-
surements.

A few modifications to the instrumentation described enabled
fluorescence lifetime measurements. A pulse picker was used in
the excitation beam path to pick one out of three pulses in a
train of pulses, thus increasing the time between laser pulses
from 12.5 ns to 37.5 ns in order to ensure sufficient time for
fluorescence decay between laser pulses. For detection, the flu-
orescence emission from the trapped ions was sent through
a 515 nm long pass filter and then directed towards an infin-
ity corrected objective (RMS10X, Thorlabs, Newton, NJ), which
focuses the light onto a Single-Photon Avalanche Diode (SPAD –
PDM Series, Micro Photon Devices, QC). Concurrently, the laser
beam exiting the QIT was sent onto a fast photodiode (Thorlabs,
Newton, NJ) and the signals from both the SPAD and photo-
diode detectors were sent to a Time-Correlated Single-Photon
Counting (TCSPC) card, model TimeHarp 200 (PicoQuant GmbH,
Berlin, Germany) to record the fluorescence decays. Fluores-
cence decays for RBH+ were obtained by irradiating multiple
populations of trapped, mass-selected ions, each with 4 mW at
510 nm for 5 s irradiation times, to a total of 1200 s. No photo-
dissociation of the precursor ion was observed in the subsequently
recorded mass spectra. The reported error in fluorescence lifetime
indicates one standard deviation from three replicate measure-
ments.

3. Results and discussion

3.1. Emission and excitation spectroscopy

3.1.1. Gas-phase fluorescence spectra
The fluorescence excitation and emission spectra for gaseous

cationic rhodamine B are shown in Fig. 1. The maximum excita-
tion (�ex (max)) and emission (�em (max)) wavelengths are 531 nm
and 542 nm, respectively. The Stokes shift, the energy difference
between the emission and excitation maxima, is 380 cm−1. The
emission and excitation spectra have a distinct mirror-image like
quality. There is a shoulder, presumably due to a strong vibronic
transition between S0 and S1, ∼1400 cm−1 below the emission max-
imum and this is mirrored by a shoulder present at ∼1570 cm−1

above the excitation maximum. The small Stokes shift and the
mirror-image quality of the fluorescence excitation and emission
spectra indicate that the geometry change between the ground and
electronically excited states of rhodamine B in the gas-phase is
small.

Unexpectedly, we found that gaseous RBH+ is approximately
two-fold brighter than gaseous protonated rhodamine 575 (for
which Фf = 0.82 and ε = 82,000 M−1 cm−1 in ethanol [38]) (see
Fig. S.2) which means that it is brighter than the well-known
rhodamine 6G by ∼50% in the gas phase [15]. The difference in
brightness was the same upon excitation near each dye’s �ex (max)
and upon excitation of the vibronic shoulder (see supplementary
information for more details). While part of this difference in
brightness may be due to differing absorptivities, the magnitude
of the difference (R575H+:R6GH+:RBH+ ∼ 1.0:1.3:2.0) suggests that
the fluorescence quantum yield of gaseous RBH+ may be higher
than that of gaseous R575H+and R6GH+. This would be the reverse
of their relative quantum yields in solution, in which protonated
rhodamine B has a significantly lower quantum yield (0.3–0.66)
[9–11,29] than protonated rhodamine 575 (0.8) or rhodamine
between RBH+ and solvent molecules provide significantly bet-
ter deactivation pathways than those between the solvent and
monoethylamino rhodamines such as R575 and R6G.
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.1.2. Comparison of gas-phase and solution-phase fluorescence
pectra

The most striking difference between the experimental gas-
hase data and literature solution-phase data is that the
olution-phase fluorescence absorption and emission maxima are
ed-shifted compared to the gas-phase fluorescence excitation and
mission maxima (by −720 cm−1 and −1120 cm−1, respectively in
ethanol solutions [11] and −880 cm−1 and −1210 cm−1, respec-

ively in aqueous solutions [25]). This presumably reflects a larger
0 → S1 energy gap in the gas-phase than in methanol or water solu-
ions, consistent with a more highly polarizable excited state being
etter stabilized than the ground state due to solvent interactions
17,19,33]. Similar red shifts in the absorption of rhodamine cations
pon solvation have also been reported in previous experimental
nd computational studies [14–16,26,34], and by Pappalardo and
hmed who studied vapour phase neutral RB [33].

Setiawan et al. have examined solvent effects on the spec-
roscopy of RBH+ computationally using time-dependent density
unctional theory (TD-DFT) and several different levels of theory
36]. Solvent effects were included via a conductor-like polarizable
ontinuum model. Calculations at the BLYP/6-311G* level of the-
ry found the S0 → S1 transition to lie at 512 nm in the gas-phase
nd at 528 nm in water. The predicted solvent shift (−613 cm−1) is
n the same direction as seen by experiment, but it is somewhat
maller than what is actually observed (−880 cm−1). While the
LYP density functional was identified as being the most accurate in
hat report since it gave an excitation maximum in water (528 nm)
hat is closest to the literature value (557 nm) [25], it is interest-
ng to note the other methods used (B3LYP, BH&HLYP, and HF)
redicted solvent shifts (−863 cm−1, −939 cm−1, and −891 cm−1,
espectively) that were closer to the experimental solvent shift.
owever, these other functional/basis set combinations gave exci-

ation maxima that were much higher in energy (463–361 nm gas
hase, 373–482 nm aqueous) than experimental values of 531 nm
gas phase) and 557 nm (aqueous).

The observed fluorescence Stokes shift for gaseous RBH+

380 cm−1) is approximately half that of RBH+ solvated in methanol
785 cm−1), consistent with a smaller change in molecular geom-
try from S0 → S1 in the gas phase than in solution. This is not
urprising, given that solvent relaxation is expected to occur
round the excited RBH+, which would result in further geometrical
hanges in the excited solvated dye.

.2. Fluorescence lifetime

The measured fluorescence decay for gas-phase RBH+, with
he corresponding fit by an exponential decay convoluted with a
aussian instrument response function, is shown in Fig. 2. The flu-
rescence decay of RBH+ in the gas phase is well fit by a single
xponential with a lifetime of �gas = 5.97 ± 0.12 ns. This is signifi-
antly longer than that of the dye in octanol (3.2 ns) or water (1.5 ns)
7]. Other cationic rhodamine dyes, as well as other fluorophores-
uch as fluoranthene and BODIPY-TMR, have similarly been found
o have longer lifetimes in the gas-phase than in solution [40–45].

e note that the gas-phase fluorescence lifetime reported here is
ot affected by the presence of helium bath gas within the trap
ecause the measured lifetime (∼6 ns) is significantly shorter than
he average time between collisions, which is approximately one
ollision every 10 �s at the pressure of helium used.

The increase in the fluorescence lifetime for rhodamine B in vac-
um must correspond to a decrease in the radiative (kr) and/or

on-radiative (knr) rate constants (Eq. (1)).

= 1
kr + ˙knr

(1)
Fig. 2. Fluorescence decay for gas-phase RBH+. Fit to the data is shown as a solid
line.

In solution, kr for RBH+ has been calculated to vary little
(1.7–2.3 × 108 s−1), regardless of the type of solvent (i.e. in water
or a series of alcohols) [7,9,11,30]. On the other hand, the non-
radiative rate (attributed primarily to internal conversion) is much
more sensitive to the solvent, ranging from 1.7 to 4.6 × 108 s−1 in
the same solvent series [9,11,30].

The increase in the fluorescence lifetime when going from the
condensed phase to vacuum is in part due to a decrease in kr

because of the lower index of refraction (n) in vacuum. This effect
can be estimated using a simple model (Eq. (2)) which links the gas-
and solution-phase radiative rates by [46,47]:

kr(soln) ≈ n2
soln

n2
gas

εsoln(�)
εgas(�)

kr(gas) (2)

where ε is the molar absorptivity in solution or in vacuum at a
particular wavelength. Unfortunately, εgas cannot be measured in
our present experimental set-up because of the low ion density and
short optical path length. We note however that in principle this can
be done; Kondow and coworkers recently successfully coupled cav-
ity ring-down spectroscopywith a quadrupole ion trap to directly
determine the optical absorption cross section of metal ions and
metal ion clusters [48,49].

Assuming that the difference in absorptivities between a given
molecule in solution and in the gas phase is negligible, Eq. (2) can
be simplified to give Eq. (3):

kr(gas)∼kr(soln)
n2

gas

n2
soln

(3)

This simplifying assumption seems reasonable given that the
estimated difference in molar absorptivities of RBH+ in solution and
in vacuum is less than 2% according to both the Lorentz virtual cav-
ity model and the empty spherical cavity models [46]. The refractive
index in solution is higher (nmethanol = 1.329) [50] than that of
vacuum (ngas = 1), so this simple model suggests that the radia-
tive rate decay constant in the gas-phase should be roughly half
(∼1.3 × 108 s−1) that in solution phase (∼2.3 × 108 s−1 in methanol)
[9], which would contribute to the longer fluorescence lifetime of
RBH+ in the gas phase.

A decrease in non-radiative decay rates can also contribute to
the longer fluorescence lifetime of gaseous RBH+ (Eq. (1)). The non-
radiative rates in vacuum can be estimated from Eq. (4), which

results from rearrangement of Eq. (1) followed by substitution
by Eq. (3). Using literature values for kr(soln) and nsoln [9,11,30],
the assumption made above that absorptivities do not change
between the gas and solution phases and the experimental gas-
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hase lifetime of �gas = 5.97 ns, we arrive at a range of values for
nr(gas) of ∼0.4–0.7 × 108 s−1. These values are 4–6 times lower
han the reported solution-phase radiative rates (1.7–4.6 × 108 s−1)
9,11,30] which further explains the longer fluorescence lifetime in
acuum. A substantially lower non-radiative rate for gaseous RBH+

s also consistent with our speculation that the relative brightness
f RBH+ results from a fluorescence quantum yield that is signifi-
antly higher in the gas phase than in solution. This also supports
he idea that coupling between the solvent and the chromophore
rovides an important non-radiative decay pathway [9,32].

knr(gas)∼
1

�gas
− kr(soln)

n2
soln

(4)

. Conclusions

The intrinsic (gas-phase) properties of cationic rhodamine B
ere determined using quadrupole ion trap mass spectrometry

oupled with laser-induced fluorescence spectroscopy. The mea-
ured excitation and emission maxima for RBH+ lie at higher energy
n the gas phase than in the solution phase and the fluorescence life-
ime for the cationic form of rhodamine B in the gas phase is much
onger than in solution phase.

This study is part of our laboratory’s effort to determine the
ntrinsic photophysical properties of various ionic dyes in a con-
rolled gas-phase environment [15,16,35,40]. We are building up

library of the intrinsic properties of ionic fluorophores. This
ata will provide a baseline from which to better understand sol-
ent effects. In addition to comparisons with bulk solvation, our
nstrumentation allows isolation of specific complexes of the flu-
rophores and a known number of solvent molecules. The optical
roperties of the fluorophores in well-defined microenvironments
an thus be studied. Another application of this fundamental
esearch is to enable selection and characterization of appropriate
onor and acceptor fluorophore pairs to carry out gas-phase flu-
rescence resonance energy transfer (FRET) experiments [51–53].
hese show promise as a novel way to determine the conformation
f larger molecules, such as proteins, in isolation and thus inves-
igate the role of the solvent in protein folding; however, they are
ampered currently by the relative lack of knowledge about the
roperties of gaseous chromophores.
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