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Abstract

266 nm 11 resonance-enhanced multiphoton ionisation has been used in conjunction with a liquid microjet time-of-flight
mass (TOF) spectrometer to detect anisole, 4-methoxyphenol and hydroquinone in ethanol solution. We have demonstrate
detection limit of 1 ppm for the parent molecular ion of hydroquinone. A comparison of TOF mass spectra of samples
introduced by way of the liquid beam with those entrained in a supersonic free-jet expansion shows that the solute molecule
are ionised after evaporation from the surface of the liquid beam. Extensive fragmentation of each parent molecular ion i
attributed to excess energy available to the molecules by way of additional photon absorption following the initial
photoionisation event. Hydroquinone photoion fragmentation patterns are found to be independent of laser power in the ranc
2.4-7.1 GW/crf, suggesting that saturation of the multiphoton fragmentation channels has been achieved. (Int J Mass
Spectrom 207 (2001) 1-12) © 2001 Elsevier Science B.V.

[4]. Faubel and co-workers have measured the kinetic
energy distribution of water molecules evaporating
from a liquid microjet and have determined that the

1. Introduction

An in vacuo liquid microjet (lwJ), or “liquid

beam,” is formed when a liquid sample is injected
through a thin aperture or capillary at relatively high
speed directly into a vacuum. Liquid beam techniques
have gained in popularity over the past decade, with
recent advances in the field providing valuable exper-
imental insight into molecular dynamics at the liquid—
vacuum interface [1-3]. In an earlier article we
reported an extensive investigation into the electroki-
netic charging processes occurring in liquid microjets
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aqueous liquid microjet is supercooled at its surface
[5,6]. Kondow and co-workers have made seminal
advances in the coupling of liquid beams with time-
of-flight (TOF) mass spectrometry as a tool for
investigating laser-induced ion formation and ejection
mechanisms at or near the liquid surface [7-17].
Kondow’s group has performed a number of experi-
ments showing that UV laser-induced ion formation
occurs within the liquid beam, with solvated ions near
the liquid surface ejected as clusters into the vacuum
by a Coulomb explosion mechanism [18-23]. In a
limited number of cases, these workers have also
reported solute monomer parent and fragment ions
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that are generated in the gas phase following evapo- OMe OMe OH
ration from the liquid beam [13,14,18,19,22].

In the last few years liquid beam techniques have
been developed to introduce nonvolatile compounds
into the gas phase for mass spectrometric interroga-
tion. One motivation for this development has been to
overcome the problem of thermal decomposition of
many low- or nonvolatile compounds when heated, in OH OH
attempts to introduce these species into the gas phase.
Brutschy and co-workers have employed a liquid
beam as the interface between a liquid chromatograph 1 2 3
and a TOF mass spectrometer to study the stability of
noncovalent complexes, including polypeptides [24—
26] and macrocyclic ionophores [27] as well as other

biomolecular systems [28,29] and solute—solvent in- thoxyphenol (4-MPP, introduced into the vacuum by
teractions [30-32]. Brutschy and co-workers use a means of a liquid microjet (LJ) at concentrations of
moderate-to-high powered pulsed IR laser to rapidly 103 M in ethanol. In addition, we demonstrate the
heat the liquid beam and drive pre-formed ions into getection sensitivity of this experimental technique by
the vacuum. Very recently Kondow's group have presenting 266 nm photoionisation TOF mass spectra
extended their work to investigate the gas-phase of the essentially nonvolatile molecule hydroquinone
microsolvation dynamics of hydrated clusters of the (HQ) 3introduced into the vacuum by means of al
low volatility molecule resorcinol, metazE,(OH),, at concentrations of I, 104 and 10° M in
by means of IR irradiation of an aqueous liquid beam gthanol. The vapour pressures of compouhd and
[9,17]. In these experiments neutral resorcinol and its 3 gt 450 K are approximately 1360, 104, and 22 Torr,
hydrated clusters are liberated from solution prior to respectively [33], reducing to approximately 3.6,
subsequent ionisation by a separate UV laser pulseo_015, and 0.001 Torr at 298 K [33]. Having presented
that passes by the liquid beam. these data, we discuss possible strategies to improve
The laser-induced liquid beam ionisation/desorp- he detection sensitivity of the L) technique in the
tion (LILBID) technique developed by Brutschy's f,ture.
group has been shown to exhibit good sensitivity, | order to establish the mechanism for the parent
detecting species in the concentration range“t0  and fragment ion formation, we compare the anisole
107° M [24,26,27]. However, the technique is-di  and hydroguinone LuJ spectra with those generated in
rected to the detection and interrogation of preformed g pyised supersonic expansion. Consistent with earlier
ions in solution. Conversely, Kondow's work has resylts reported by Kondow and co-workers for ani-
demonstrated that the liquid beam technique is well |ine [14,18,19], anisole [13], and phenol [22], we
suited to the investigation of a wide variety of gphow that unlike cluster ion formation, ionisation of
chemical species, including neutral molecules, but the solute monomer occurs within an evaporative
relatively high solution concentrations of 0.1-0.2 M gnsemble released from the surface of the liquid

have typically been used. microjet rather than from within the liquid itself.
In this article we report the results of an investi-

gation that shows that the liquid beam/TOF approach

can be used to detect neutral molecules in solution at 2. Experimental

concentrations as low as 10 M. We present a 266

nm photoionisation TOF mass spectra for molecules A schematic illustration of the LJ apparatus

of high volatility, anisolel, and low volatility, 4-me- coupled to a TOF mass spectrometer is presented in

Scheme 1
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Fig. 1. The apparatus consists of a source chamberzle aperture, the LJ is intersected at right angles
(A), a condensation chamber (B), and a TOF chamber (into the plane of the page in Fig. 1) by the focused
(C). The source chamber is equipped with an Edwards 266 nm output generated by externally doubling the
Diffstak model 160/700, 700 L/s diffusion pump. The 532 nm output from a pulsed Nd:YAG laser (Big Sky
condensation chamber is pumped using two Edwards Laser, ULTRA-CFR). The laser interaction region in
Model EO02, 150 L/s diffusion pumps and the TOF Fig. 1 is denoted by an asterisk (*) downstream from
chamber is pumped using a Varian VHS-6 2400 L/s the nozzle aperture. The laser output (typically 220—
diffusion pump. When the LJ is in operation, the 260 pJ/pulse) is focused into the liquid beam by a
pressure in the source chamber is typically 410> plano convex lens with a focal length of 250 mm. The
Torr, depending upon the liquid flow rate. Lower diameter of the laser beam incident upon the focusing
source chamber pressures are maintained by cooling adens is 5 mm, resulting in a focal spot diameter (i.e.
5 cm diameter copper cup placed above the throat of 2xXbeam waist) of approximately 2zZm [34]. There-
the diffusion pump with liquid nitrogen (d). Approx-  fore, the focal spot diameter is20% larger than the
imately 8 cm downstream from the nozzle thel liquid beam diameter of 2pum.
passes into the condensation chamber. Here, up to The ultraviolet laser radiation ionises solute mole-
three 619 cm cylindrical stainless steel traps (e) cules by way of multiphoton absorption and the
filled with liquid nitrogen act as cryropumping/con- nascent solute ions are accelerated out of the source
densation units. Typically, the(LJ can be operated chamber by a two-stage static electric field generated
for approximate} 3 h before the condensation traps between three ion extraction plates. The first two
need to be removed and cleaned. plates (i and j) are separated by 3 cm. ThaJL

The LuJ assembly enters the source chamber by aperture is situated midway between these two plates.
way of a gate valve interlock (f). Theld assembly  For the positive ion detection mode discussed here,
consists of a fused silica capillary tubing of 3 cm in the rear plate (i) is maintained &2.5 kV whereas the
length with a 25um internal diameter (g) attached to
0.51 mm internal diameter stainless steel chromatog-
raphy tubing (h). A constant flow of liquid throughthe (4
Lud capillary is supplied and maintained by a con- . — —k

i iaui : Oscilloscope

ventional liquid chromatography solvent delivery —n
pump (Waters model 590). The pump is fitted with
flow dampening modules to minimise oscillations in
the flow rate. A 0.2um porous filter designed to -
prevent clogging of the nozzle aperture is placed in Delivery
series with the flow dampening modules. Liquid flow Pump
rates of between 0.2 and 1.0 mL/min are used ﬂ
throughout. Sample solutions of 1 mL are injected L] Sample
into the continuous liquid flow using a Reodyne Injection
chromatography injection valve (Model 7725i) fitted
with a 1 mLsample loop. The 3 cm channel length of
the LuJ capillary (g) allows for laminar flow condi-
tions to be established prior to the liquid jet entering
the vacuum chamber [4]. The fused silica tubing is
used in these experiments as it is readily available asFig. 1. A schematic illustration of the liquid microjet (L)

a gas Chromatography consumable, and is reIativer appa_ratus coupled to a TOF mass spectrometer. The apparatus
. . consists of a source chamber (A), a condensation chamber (B), and
Inexpensive. a TOF chamber (C). See text for an explanation of the key features

Approximately 12 mm downstream from the noz- of the instrument and for the details of operation.

DP
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middle plate (j) is maintained at1.2 kV. The third
ion plate (k), maintained at ground potential, is
separated from the middle plate by another 2 cm. In
order to maintain a uniform electric field between the
first-stage ion extraction plates, theul capillary
passes through a small brass block (I) chargetdza0
kV. The charged brass block prevents distortions of
the ion-extraction field attributable to the electrically

W.L. Holstein et al./International Journal of Mass Spectrometry 207 (2001) 1-12

Fig. 2(a). The laser power was limited to 269/pulse

for the collection of this mass spectrum. The parent
ion is clearly visible atm/z = 108, with extensive
fragmentation evident. The heaviest fragment ion at
m/z=93 corresponds to the loss of GHwvith the loss

of OCH; evident by the fragment ah/z=77. Frag
ment peaks ain/z= 78 and 79 correspond to;8¢

and GH7, respectively. Other groups of hydrocarbon

grounded fused silica capillary being located between fragment peaks containing five, four, three, and two

the two charged plates.
Entering the TOF chamber, the fast-moving ions

carbon atoms, respectively, are also present in good
abundance, with the 1, n = 0—4, group having the

pass through a series of ion focusing and steering greatest intensity. The lightest fragment peaks corre-

optics (m) before traversina 1 mlong field free drift

spond to CH and C'; the latter peak indicating that

region (n). lons are detected with a microsphere plate complete fragmentation of a fraction of the parent

detector (0) (El Mul, MSP-EQ33A) and their arrival

times are measured on a fast digital oscilloscope

(LeCroy, model 9350AM, 500 MHz). Resultant mass

spectra are routinely collected over 2000 laser pulses.
Gas-phase resonance-enhanced multiphoton ioni-

ions occurs upon photoionisation.

Anisole is ionised by *+1 resonance-enhanced
multiphoton ionisation (+1 REMPI). At a photon
wavelength of 266 nm, the two-photon excitation
energy deposited into the neutral parent is 9.34 eV.

sation (REMPI) TOF mass spectra are recorded by Therefore, with the ionisation potential of anisole

replacing the liquid microjet source with a pulsed
supersonic free-jet expansion aligned co-axially with
the TOF detection axis. Anisole vapour is mixed with

reported to lie in the range 8.18-8.76 eV [35], an
upper limit of only 0.58—-1.16 eV of excess energy is
available to fragment the parent molecular ion, as-

He seed gas (28 psi) at room temperature behind asuming zero kinetic energy of the departing electron.

pulsed solenoid value (General Valve, Series 9).

This small amount of excess energy is insufficient to

Hydroquinone solid is packed between layers of glass account for the extensive fragmentation observed

wool in an in-line reservoir located behind the sole-
noid valve through which He gas (28 psi backing

under the conditions reported here. However, the
multiphoton ionisation and dissociation behaviour of

pressure) is passed. The sample reservoir and solenoicbenzene and its substituted derivatives is well covered
valve are heated to 124°C in order to increase the in the literature and can be used to interpret the mass

hydroquinone vapour pressure within the He bath gas.

All L uJ experiments are conducted using once-
distilled ethanol as the solvent. All chemicals are used
as supplied by the vendor without further purification
(hydroquinone, Aldrich, 99%; 4-methoxyphenol, Al-
drich, 98%; anisole, Flukasx99%).

3. Results and discussion
3.1. 266 nm photoionisation of anisole in EtOH
A typical mass spectrum generated following the

irradiation of a 10° M solution of anisole in ethanol
with focused 266 nm laser radiation is presented in

spectrum in Fig. 2(a).

MPI of organic molecules has long been shown to
be connected with strong multiphoton dissociation of
the molecular ions if the laser power density is high
enough [36—38]. The MPI spectrum of benzene was
first reported by Johnson in the mid-1970s [39,40] and
has subsequently become one of the most extensively
studied molecules for elucidating aspects of MPI and
fragmentation [37,41,42]. Schlag and co-workers pro-
posed a “ladder-switching” model to explain the
relationship between laser power density and the
degree of molecular ion fragmentation [43—46]. Com-
plete fragmentation of the benzene molecular ion is
observed with the formation of T fragment ions
using nanosecond lasers and medium power densities
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Fig. 2. (a) Liquid beam/TOF +1 REMPI mass spectrum of a 1®M solution of anisole in ethanol recorded using 26Bpulses of 266 nm
laser radiation (2.9 GW/cf (b) Gas-phase TOF1 REMPI mass spectrum of anisole vapour seeded at room temperature into a helium
supersonic expansion. This spectrum was recorded usingu22iilses of 266 nm laser radiation (2.4 GWRm

(<10 GWricnf) [47]. The general conclusion from benzene discussed previously, our observation of
this extensive body of work is that for power densities complete fragmentation of a fraction of the anisole
less than approximately 10 GW/éymolecular ioni molecules at a laser fluence of 3 GWfcris not
sation precedes dissociation, with up to four photons unexpected. At 3 GW/cfnthe laser power density is
being absorbed by the molecular ion leading to sufficiently high to facilitate the absorption of up to
complete molecular fragmentation [41,42]. four additional photons following ionisation.

The 266 nm REMPI mass spectrum of anisole has  Having discussed the extent of fragmentation in
been reported by Chang and Johnson with a laserthe anisole luJ mass spectrum, some consideration
fluence of~10 MW/cn¥ [48]. These workers found  needs to be given to the mechanism of fragment ion
only a moderate amount of parent ion fragmentation, formation from anisole originating as a solute within
with the lightest fragment ion observed mfz= 65, the liquid microjet. The anisole fragment ions can
corresponding to gHZ . These workers attributed the conceivably be generated by three possible mecha-
formation of fragment ions an/z= 93, 79, 78, and nisms. The first possibility is that solute molecules
65 to the absorption of only one additional photon within the liquid beam are photoionised, with the
following the ionisation event. The interpretation of resulting intact parent molecular ions being ejected
Chang and Johnson is consistent with the reported from the liquid beam prior to fragmentation occurring
appearance potentials of the relevant fragment ionsin the gas phase. This mechanism of slow fragmen-
from anisole [35]. By contrast, the REMPI spectrum tation following Coulomb ejection into the gas phase
presented in Fig. 2(a) displays considerably greater seems improbable because the considerable amount of
molecular fragmentation than reported by Chang and excess energy deposited into the anisole parent will
Johnson. The presence of thé @agment ion indi result in rapid fragmentation within the liquid beam
cates that complete fragmentation is occurring for following photoexcitation. Moreover, although the
some of the anisole parent. The mass spectrum in Fig. mass spectrum in Fig. 2(a) contains peaks with some
2(a) was collected with a laser power density-e3 asymmetry, the spectrum presents no compelling
GW/cn?. Based upon the fragmentation behaviour of evidence for metastable ion decay within the TOF
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drift region. The second ion formation possibility is
that ionisation and fragmentation occur within the
liquid beam with the subsequent Coulomb ejection of
all ions on or near the liquid surface. The Coulomb

velocity distribution of HO molecules evaporating
from the surface of a liquid beam of water has been
reported by Faubel et al. [5]. In work more closely
related to that reported here, Kondow and co-workers

ejection model has been described extensively by have photoionised solute aniline molecules in the gas

Kondow and co-workers [18-23]. Under the Cou-
lomb ejection conditions it is likely that different
fragment ions will interact with the ethanol solvent to
differing extents, yielding a mass spectrum intensity
distribution that tells us something about the extent of
these fragment ion-solvent interactions. The third ion
formation possibility is that anisole evaporates from
the liquid beam with the resultant vapour subse-
quently ionised within the laser ionisation volume.
Under these conditions the ion fragmentation intensity
pattern would be expected to be indistinguishable
from that obtained in a gas-phase photoionisation
mass spectrum.

The 266 nm ¥+1 REMPI TOF mass spectrum of

phase that have been attributed to evaporation from a
propanol liquid beam [18]. Nonetheless, there have
been only a few reports in the literature describing
evaporation from small diameter liquid jets [49,50],
and further work is required in this area to more fully
characterise the mechanistic details of evaporation
into a vacuum,.

Careful comparison of the mass spectra presented
in Fig. 2(a) and (b) reveals that the peak widths of
ions generated in the gas-phase region surrounding
the liquid beam are broader than those generated in
the pulsed supersonic free jet. The added width of the
peaks in the uJ mass spectrum can most likely also
be ascribed to interactions between the nascent gas-

anisole generated in a pulsed supersonic expansion isphase photoions and the liquid jet as the ions are

presented in Fig. 2(b). This photoionisation mass

accelerated towards the TOF mass spectrometer. Re-

spectrum was generated with a laser power of 221 call that the laser focal spot diameter is approximately

uJd/pulse (2.4 GW/cR) and is essentially identical in

27 pm which is~20% larger than the diameter of the

appearance to the mass spectrum presented in Figliquid beam at 25um. Therefore, photoions generated

2(a), providing compelling evidence for the scenario
in which anisole solute evaporates from the liquid
beam prior to laser ionisation. In theull source, if
fragment ions were formed in solution it would be
expected that ion—solvent interactions would result in
a differing fragment ion intensity pattern to that
generated in the gas phase.

When the ionisation laser irradiates outside the
liquid beam by translating the laser focal point 5 mm
(more than 150 laser focal spot diameters) in the
direction toward the TOF chamber, an almost identi-

behind the liquid beam (away from the TOF analyser)
will interact with the liquid beam to a greater extent
than those generated in front of the liquid beam
(toward the TOF analyser). The differing degrees of
interaction with the liquid beam will result in some

peak broadening.

3.2. 266 nm photoionisation of 4-methoxyphenol in
EtOH

A typical mass spectrum generated following the

cal mass spectrum to that presented in Fig. 2(a) is irradiation of a 103 M solution of 4-methoxyphenol

obtained, providing further evidence in support of the
evaporative model. Interestingly, if the ionisation

(4-MP) in ethanol with focused 266 nm laser radiation
is presented in Fig. 3. The laser power was limited to

laser is translated 5 mm away from the TOF chamber 227 uJ/pulse (2.5 GW/cR) for the collection of this
a degraded mass spectrum (both in terms of resolution mass spectrum. 4-MP has a room temperature vapour
and ion intensity) results, presumably because the pressure approximately two orders of magnitude

photoions interact with the liquid beam as they are
accelerated out of the source chamber.
Evaporation from the surface of liquid beams has

lower than that of anisole [33]. 4-MP is also ionised
by a 1+1 REMPI process. The ionisation potential for
4-MP is reported to lie between 7.5 and 8.02 eV [35],

been previously reported. For example, the molecular leaving a maximum of between 1.3 and 1.8 eV of
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Fig. 3. Liquid beam/TOF 41 REMPI mass spectrum of a 1®M solution of 4-methoxyphenol in ethanol recorded using g27ulses of
266 nm laser radiation (2.5 GW/&n

excess energy available to the parent ion following 315-245 nm, with a maximum at 287 nm [52]. The
two-photon ionisation. Extensive fragmentation is gas-phase absorption spectrum, recorded with 4-MP
evident in the mass spectrum in Fig. 3, with a small vapour in a static cell at 335 K, is similar to that in
parent ion am/z= 124 and the most intense fragment ethanol solution [52], with a small shift in the absorp-
atm/z = 27 corresponding to 5. Brown [51] has tion band of~3 nm to the red. At 266 nm both the
reported appearance potentials for heavy mass frag-solution and gas-phase absorption intensities are ap-
ments around 11 eV. The presence of heavy massproximately 60% of their maxima. The absorption
fragments would indicate that only one additional intensities at 300 nm are also approximately 60% of
photon is being absorbed following the ionisation their maxima, indicating that this longer wavelength
event. However, these species do not dominate thehas a comparable one-photon absorption cross section
mass spectrum in Fig. 3. It is therefore evident that to that at 266 nm. With an ionisation potential
between two and three additional photons are ab- reported to lie between 7.5 and 8.02 eV, we therefore
sorbed by the parent molecular ion following the expectthat at the laser powers employed in this study,
initial ionisation event. Compared to the anisole mass two-photon ionisation of 4-MP at a laser wavelength
spectrum in Fig. 2(a), the lack of Cin the mass of approximately 300 nm (4.1 eV) should proceed
spectrum in Fig. 3 may suggest that a fourth photon is with a similar propensity to that at 266 nhm. However,
not absorbed following ionisation. An alternative even with two to three photons absorbed following
explanation is that absorption of a fourth photon is ionisation, the lower energy of each photon should
required to generate the fragment ions around result in less fragmentation and hence a greater mass
m/z= 27 but that the C formation channel(s) has spectral detection sensitivity for the parent ion.
(have) a low propensity. As will be discussed in the Our experiment is currently only equipped with the
next section, this latter scenario appears to apply to fixed-frequency 266 nm quadrupled output from a
the photoionisation of hydroquinone. pulsed Nd:YAG laser. Tunable wavelength excitation
The absorption spectrum of 16 M 4-MP in experiments designed to explore fragmentation path-
ethanol shows a broad absorption feature in the rangeways and extend the detection sensitivity of this
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Fig. 4. Liquid beam/TOF 1 REMPI mass spectra of solutions of hydroquinone in ethanol recorded usingJ2p6lses of 266 nm laser
radiation (2.8 GW/crf). (a) 10 * M (110 ppm), (b) 104 M (11.0 ppm), and (c) 10° M (1.10 ppm).

technique are planned for the near future. The obvious is evident, with the most intense peaks in each mass
point to keep in mind from this work is that 266 nm  spectrum corresponding to,8; ions atm/z = 27.
1+1 REMPI is not necessarily suited as a generic The C" fragment ion is present in small yield,
photoionisation method. Rather, a tunable photoioni- suggesting that complete fragmentation to atomic ions
sation source should allow for better detection sensi- is not a dominant process. An investigation into the
tivity of a wider range of aromatic parent solute ions. stepwise ionisation of HQ in a static cell by means of
TOF mass spectrometry has recently been reported by
3.3. 266 nm photoionisation of hydroquinone in EtOH Feofilov and co-workers [53]. These workers ionised
HQ vapour in the range 315-275 nm and found that at
The liquid beam technique described here is per- laser powers less thar10 MW/cnt the TOF mass
haps best suited to the mass spectrometric detection ofspectra are dominated by the presence of the parent
nonvolatile neutral molecules in solution where other molecular ion. Indeed, there is almost no evidence for
commonly used techniques lack the required detection any molecular fragmentation at all under these low
sensitivity. Hydroquinone (HQ) has a very small laser power conditions. Conversely, at higher laser
room temperature vapour pressure -©0.001 Torr powers (up to~100 MW/cnT) extensive fragmenta
[33] (cf. ~0.015 Torr for 4-MP and~3.6 Torr for tion similar to that observed in the mass spectra in
anisole) and is therefore an excellent candidate to testFig. 4 is evident. Feofilov and co-workers explore the
the detection sensitivity of this experimental tech- dynamics of the HQ photoionisation process and
nique. Mass spectra generated following the focused conclude that apart from fragmentation occurring in a
266 nm irradiation of 10°, 10 4 and 10° M HQ in stepwise manner following the initial ionisation event
ethanol are presented in Fig. 4(a), (b), and (c), (Schlag’s ladder-switching model), formation of the
respectively. The mass spectrum recorded at a con-light fragment ions atm/z = 26-29 requires the
centration of 10°> M corresponds to a parent ion absorption of at least 4 additional photons following
detection limit of 1.1 ppm. All spectra in Fig. 4 were ionisation. We must therefore conclude that at the
collected with a laser power of 25aJ/pulse (2.8 higher laser powers employed in our study at least
GWi/cnv). four additional photons following ionisation are being
The mass spectra in Fig. 4 clearly show the parent absorbed.
molecular ion ain/z= 110. Extensive fragmentation In Fig. 5 we present a series of 266 nm1
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Fig. 5. Liquid beam/TOF +1 REMPI mass spectra of a T®M solutions of hydroquinone in ethanol recorded using (a) @d@ulses (7.1
GWi/cn?), (b) 483 ud pulses (5.3 GW/cR), (c) 344 ud pulses (3.8 GW/cA), (d) 253 uJ pulses (2.8 GWI/cA), and (e) 221uJ pulses (2.4
GWr/cn?) of 266 nm laser radiation.

REMPI mass spectra of 16 M HQ in an ethanol
liquid beam. Laser powers vary by a factor of3,
ranging from 221uJ/pulse (2.4 GWI/cR) to 646
wJd/pulse (7.1 GW/cr). Clearly the magnitude of the

in the HQ 266 nm REMPI spectrum because fragmen-
tation channels that lead to the formation of this ion
have a weak relative propensity.

Even though HQ has a significantly lower vapour

ion signal increases with laser power, but over the pressure than 4-MP or anisole, the 1 REMPI mass
laser power range investigated, the fragmentation spectra presented in Fig. 5 still arise from photoioni-
intensity patterns remain essentially unchanged. The sation of gas-phase molecules that have evaporated
lack of variation in the REMPI mass spectra, com- from the surface of the liquid beam and are present in
bined with the fact that mass spectra with a similar the laser ionisation volume. Indeed, an almost identi-
appearance have been reported by Feofilov and co-cal mass spectrum is generated when the ionisation
workers at laser powers100 times lower than those laser irradiates outside the liquid beam, confirming
reported here [53] suggest that the multiphoton frag- the evaporative model. However, unlike other gas-
mentation channels have been saturated. The in-phase studies of HQ where the sample is initially
creased ion yield as a function of laser power density heated to between 80 and 200 °C in order to obtain
is attributable to the initial two-photon ionisation step, sufficient number densities for spectroscopic interro-
not any subsequent processes. Indeed, it is unlikely gation [53-58], the mass spectra in Fig. 5 are col-
that the HQ parent molecular ion or any daughter lected from gas-phase molecules maintained at or
fragment ions are absorbing more than four “post- slightly below room temperature. Temperatures lower
ionisation” photons. Under saturation conditions we than ambient may be achieved because even though
must conclude that Cis not a dominant fragmention the liquid beam in these studies is created from



10 W.L. Holstein et al./International Journal of Mass Spectrometry 207 (2001) 1-12

2

7
N 110
*(a) ULAMJ'W A—JL—*
MMMM —

T T T T T ]

Intensity (arb. units)

|

20 40 60 80 100 120
Mass (m/z)

Fig. 6. (a) Liquid beam/TOF +1 REMPI mass spectrum of a 1®M solution of hydroguinone in ethanol recorded using 2&6pulses of
266 nm laser radiation (2.8 GW/&n(b) Gas-phase TOF11 REMPI mass spectrum of hydroquinone vapour seeded at 124 °C into a helium
supersonic expansion. This spectrum was recorded usingu23®ilses of 266 nm laser radiation (2.4 GWAm

samples equilibrated to the laboratory temperature of clear whether these differences can be attributed to the
20 °C, endothermic evaporation will lower the tem- fact that the HQ sample is initially heated prior to
perature of the liquid beam itself. As a result, the cooling in the supersonic expansion. Further work
molecules evaporating from the liquid surface should will be required, including ionisation at longer wave-
possess a thermal energy distribution lower than lengths, to explore this issue.

ambient. Indeed, Faubel and co-workers have previ-

ously determined that evaporation of water results in

supercooled aqueous liquid beams with solution tem-

peratures less than 210 K [5,6]. 4. Conclusions
In Fig. 6 we compare the gas-phase 266 nill .
REMPI mass spectra of HQ recorded undgsLFig. We have used 266 nm+il REMPI together with

6(a)] and supersonic free jet [Fig. 6(b)] conditions. @ liquid microjet/ TOF mass spectrometer to detect
The former spectrum was recorded at a solute con- Nonvolatile aromatic species in solution. We have dem-
centration of 10° M HQ in ethanol with a laser  onstrated a detection limit of 1.1 ppm for the parent
power of 256 uwJ/pulse (2.8 GWI/cR). The latter molecular ion of hydroquinone. A comparison of TOF
spectrum was recorded with the sample heated to mass spectra of samples introduced by way of the liquid
124 °C behind the nozzle and with a laser power of beam with those entrained in a supersonic free-jet
222 pdipulse (2.4 GW/cR). As with the mass spectra  expansion shows that that solute molecules are ionised
presented in Fig. 2, thel spectrum exhibits slightly  after evaporation from the surface of the liquid beam.
broader peak widths compared to the free jet spec- Extensive fragmentation of the parent molecular ions is
trum. As with anisole, we ascribe these differences in attributed to the excess energy available to the molecules
peak widths to the fact that ions generated in the following additional photon absorption after the initial
vicinity of the liquid beam interact with the liquid as  photoionisation event. Our results indicate that liquid
they are accelerated into the TOF drift region. How- beam mass spectrometry has significant potential as an
ever, unlike the spectra presented in Fig. 2, the spectraexperimental technique for exploring the photochemical
in Fig. 6, while broadly similar, show significant behaviour of low- or nonvolatile compounds at non-
differences in their fragmentation patterns. It is un- elevated temperatures.
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