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In the present article a novel approach for rapid product screening of fast reactions in IR-laser-heated liquid
microbeams in a vacuum is highlighted. From absorbed energies, a shock wave analysis, high-speed laser
stroboscopy, and thermodynamic data of high-temperature water the enthalpy, temperature, density, pressure,
and the reaction time window for the hot water filament could be characterized. The experimental conditions
(30 kbar, 1750 K, density-1 g/cn?) present during the lifetime of the filament (280 ns) were extreme

and provided a unique environment for high-temperature water chemistry. For the probe of the reaction products
liquid beam desorption mass spectrometry was employed. A decisive feature of the technique is that ionic
species, as well as neutral products and intermediates may be detected (neutrals as protonated aggregates) via
time-of-flight mass spectrometry without any additional ionization laser. After the explosive disintegration of

the superheated beam, high-temperature water reactions are efficiently quenched via expansion and evaporative
cooling. For first exploratory experiments for chemistry in ultrahigh-temperature, -pressure and -density water,
we have chosen resorcinol as a benchmark system, simple enough and well studied in high-temperature water
environments much below 1000 K. Contrary to oxidation reactions usually present under less extreme and
dense supercritical conditions, we have observed hydration and little H-atom abstraction during the narrow
time window of the experiment. Small amounts of radicals but no ionic intermediates other than simple
proton adducts were detected. The experimental findings are discussed in terms of the energetic and dense
environment and the small time window for reaction, and they provide firm evidence for additional thermal
reaction channels in extreme molecular environments.

1. Introduction developed a technique to generate shock waves with fast rise
) o ) times in specially designed assemblies, which are then probed
Chemistry at extreme conditions, i.e., temperature, Pressure g, qtroscopically with picosecond time resolutioRecently,
and qen5|ty, S of fundamentql interest because gxpenmentalthe groups of Baer and Miller have developed a technique for
data in exotic molecular environments are providing some laser heating of liquid aerosol droplets with subsequent mass

Sﬁc:amtlgtlr\rﬁéilsligz tct]k?érzzgtfh?rlllilr;gr;]negsteiitso'tg;:hc?grrwrﬁzition analysis of the reaction produétsi® Laser-initiated decomposi-
Y ’ tion of single aerosol particles in the source region of a time-

systems, and in high-enthalpy air flows has motivated many f_fliaht ¢ ter. foll db traviolet |
studies of chemistry at high temperatures and pressures. Many.o ngnt spectrometer, followed by vacuum ullraviolet 1aser
studies of elementary processes under these conditions have beel m;atmp and mass analysis (.)f the reaction products, revealed
performed in shock tubes, typically at temperatures in the rangethe identity of Species formed in the early stages of condensed-
1000-2000 K2 Although, high-pressure and high-temperature phase decomposition of several molecules embedded in the
gas phase systems are often complex, systems in the condenseifOPIet.
phase or at liquid phase densities are even more challenging Chemistry in supercritical fluids, for example, is drawing
and have a large potential for technical applications. Novel increasing attention for the possibility of replacing organic
methods are being employed to examine chemistry in the solvents in synthetic, purification, and separation procelSses.
condensed phase at extremely high temperatures and pressure€f the many solvents available for chemistry water is still special
For example, Suslick and co-workers use ultrasound to initiate (T, = 647 K, pc = 221 bar,p. = 322 kg/n¥). A number of
sonochemistry. In their work, ultrasound is directed into a liquid reviews have looked at reactions in supercritical wéte¥s
creating bubbles that grow and then implosively collafzbe.  Studies of energy transfer in competition to chemical reaction
Studies of chemical dynamics in gem anvil cells are beginning in supercritical fluids provide an important way to bridge our
to be carried out and some unique chemical synthesis can alsainderstanding of dynamics in the gas phase and liquid phase.
occur at these extreme conditiohBlott and co-workers have Often gas-phase combustion rate constants are used to model
reactions in high-temperature watérKinetic models based
T Part of the special issue “dyen Troe Festschrift”. upon these rate constants often fail particularly at higher water
; Corresponding author. E-mail: BABEL@GWDG DE. densities, even when they are corrected for high pressures, in
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part because the models do not account for solvation effects
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Most of the mechanistic knowledge about reactions at high-
temperature conditions has been obtained from off-line chemical
analysis following conversion in a batch or flow reactor. Dyna-
mic, real-time analysis, however, has a higher potential to deep-
en insight into the details and mechanisms of high-temperature
water reactiond! Unfortunately, direct and selective (time
resolved) in situ spectroscopic measurements are often difficult
due to spectral overlap and often unknown spectra of many
transient species, intermediates and product molecules. A variety
of readily available spectral methods such agiRamar?223
and electronic spectroscofdy® are being used to characterize
reactions at high-temperature conditions, each of them having = <. JR
its strengths and weaknesses. A practical aspect of high
temperature and supercritical water investigations is the fact that
water at these conditions reacts with most materials commonly TOF-MS analysis
used to construct reaction as well as spectroscopic cells.

In the present contribution we present an alternative novel
analytical approach that is similar in spirit to the technique |
developed by Baer and Milleand is also related to some extent HV-pulse
to the LILBID?® and IR-MALDI? processes. We use a pulsed Figure 1. Experimental setup and details of the liquid beam ion
IR laser tuned in resonance with the OH-stretch absorption of source: 1, reflectron time-of-flight mass spectrometer; 2, turbo pump;
bk water fo rapid and exreme heating of a-IID um 2 ki T, ek Tzt iRt
diameter water f"af”e”‘ in a.vacuu%‘?'lwhlch in turn disinte- F1U2 e'lccgleratiFr)]g voltaggs of the ié)n’optics; d, dipstanrc):egbetwgeén
grate_s af_ter S time. In t_h's process, reactant_s, products an esorption and ion gate\t, time between desorption and trigger of
reaction intermediates are isolated and energetically quenchedne ion optics. The length of the HV-trigger pulse~€ us.
in the gas phase. A fraction of the neutrals are protonated and
may be analyzed together with real ions via subsequent masg€ached early in the leading edge of the laser pulse. Indeed,
spectrometry®-3 Because the technique does not involve an numerical estimations show that only a small fraction of the
ionizing laser for the ionization process, the technique relies total available energy is sufficient to raise the temperature up
upon preformed ions or ionic aggregates that are not neutra”zedto the critical one such that the filament is heated much beyond
due to charge recombination in the desorption process. It shouldTe- It should be emphasized here that the laser energy is
be noted here that the detection of protonated species providegontrolled in a way that plasma formation is avoided and not
a quantitative measure of neutrals in the condensed phase witin issue here. The choice of the wavelengtid et 2695 nm
a linear response of the gas-phase signal on the solution phasésee Figure 2a) is a tradeoff between a large penetration depth
concentration of neutrals, as has been shown rec&ntly. that ensures a relatively homogeneous heating of the irradiated

In the present article we report first results on new reaction P&am volume segment and the overall absorption that should
pathways of resorcinol in extremely heated water at very high P& optimized. The absorbed energy of the IR laser is redistrib-
pressure and liquid water density. The high-temperature kinetics Uted Within picosecond$* and heats the volume to a high
of phenols and substituted phenols have been studied by severdpUt initially unknown temperature. The time scale for super-
groups because of their role as model pollutdAid:32-36 critical water reactions in the f|Iament_between th(_e excitation
Typically, phenol and resorcinol in supercritical (SC) water Process and the unavoidable explosive beam disintegration,
undergo oxidation reactions on longer time scales induced byWh'Ch efficiently quenches reactions, has been characterized via
OH radicals4 Products of phenol and resorcinol oxidation in  Nigh-speed laser stroboscoffyAlthough the enthalpy of the
SC water include dimers (e.g., phenoxyphenols, biphenols, high-density supercritical state of water could be determined
dibenzofuran) single-ring compounds, ring-opening products ToM accurate measurements of the absorbed IR laser energy,
such as carboxylic acids and finally G& Our intention was the |n|t_|al high pressure of the sup_ercntlcal water filament coy_ld
to set up a device that is able to quickly screen and identify _be (_astlmated from thermodyn_am|_cs and shock wave velocities
ionic and neutral intermediates or products of fast decomposition I @ir at 1 bar, also recorded with high-speed laser strobostopy.
reactions in a particular time window in water under extreme From our data and thermodynamic data of high-temperature

conditions and to look for new chemistry under these extreme Water in the literature we were able to characterize the
conditions. temperature, density, pressure, as well as the reaction time

window of the hot water filament.

After the laser-induced temperature jump, an explosive
expansion follows after about 30 ns, which accelerates water

A. Experimental Approach. We employed a thin water  vapor as well as protonated molecules or ions in free form or
beam (12-13 um diameter, flow speed 40 nTY containing within water aggregates of various size (“nanodroplets”) that
the compounds under investigation, which is ejected into the boil off water and stabilize. In the explosive decay of the
vacuum chamber at high pressure (see Figure 1). The liquid jetsuperheated beam, high-temperature water reactions are ef-
is rapidly heated in the focus of an IR laser pulse tuned in ficiently quenched via expansion and evaporative cooling, and
resonance with the OH-stretch absorption of bulk wites reaction products in the form of completely desolvated ionic or
produce superheated (supercritical) water at high densify (  protonated species or clusters of various size are finally detected
g/cm?) for about 30 ns before the hot beam expands and quantitatively via time-of-flight mass spectrometry (TOF-MS)
disintegrates. As the heating rate achieved in our experimentswithout the need for any additional post-desorption ionization
is extraordinarily high (on the order of ¥0K s™1), the critical laser. The linearity of the present detection for a large number
temperature of watef, = 647 K can, in principle, be already  of molecules is discussed in ref 31. Beyond the multiplex

tl— At —— t,

2. Experimental Section
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temperatures (as observed here) the molecules do not fragment
before they hit the detector of the spectrometer. This may be
different for small molecules such as investigated here. Hydra-
tion reactions such as seen in the present study cannot be
observed for large systems due to a limited and insufficient mass
resolution.

B. Experimental Setup. Figure 1 shows the experimental
apparatus and a detail of the employed setup. The main
components of the experiment consisted of a liquid beam, an
IR laser system, and a reflectron time-of-flight mass spectrom-
eter (Kaesdorf§? A continuous liquid beam was injected
vertically into a vacuum chamber through a quartz nozzle with
an inner diameter of 1xm, forming a water beam with a
diameter of about 12m. The temperature controlled liquid
water was pumped through a sequence of filters and finally
through the nozzle at 10 bar with a high-pressure liquid
chromatography pump (Gynkotek, Model 300C). The flow rate
was kept constant at 0.3 mL/min throughout the experiment. A
solution of resorcinol in pure water at a concentration of 0.01
mol/L (M) was employed in the present studies. The liquid beam
was trapped in a cold trap about 20 cm downstream from the
nozzle (Figure 1). The main chamber was evacuated down to 5

x 107% mbar by a 3700 L/s diffusion pump and an additional
cryotrap. Traveling a distance of-2 mm from the quartz nozzle

spectral rangé O: absorption coefficient measured with an unfocused exit, the liquid beam was CrOSS(_ad with a tightly f_ocused IR laser
IR OPO beam for the determination of the thickness of the center of beam. The IR laser system \.Nlth Qutput energies between O.'5
the planar water jet. In the inset the flat (10 mm long lamellar) water @1d 0.8 mJ/pulse was described in detail in ref 42. For their
jet with a thickness of 6m together with the nozzle head and beam detection small fractions of the charged species or aggregates
dump is displayed. (b) Absorption coefficients and spectrum of high- are sampled within a small solid angle through a skimmer (field-
temperature water1750 K) for the IR-laser-heated water jet measured free space), which is the entrance to the mass spectrometer. The
with a pulsed OPO. The two open circles correspond to two measure- pulsed ion optics of the spectrometer is used here for the
ments reported in ref 46 for S|m|Iar'cond|t|ons. The gray spectrum is acceleration of the molecules for further mass analysis, and most
a calculate_d HITRAN gas-phase stick spectrum of water for 1750 K imoortantly. | for the i S ’
for comparison. portantly, it acts as a gate for the incoming ionic aggregates.
) ) _Varying the timeAt, i.e., the time between IR-laser pulse and
advantage for measuring all reaction products at the same time rigger of the ion optics, allows us to monitor different fractions
the use of a free water jet has a big advantage in terms of theof molecules from the time dependent desorption process. The
problems outlined above that accompany experiments in staticmain advantage of gating the velocity distribution, however, is
high-pressure cells containing supercritical water. the improvement of the mass resolutfnThe signals were
Because the present technique employs a single laser foramplified, visualized with a 200 MHz digital oscilloscope
initiation of high-temperature chemistry in water and the (Tektronix), and recorded with a 150 MHz digitizer card
desorption of organic molecules and fragments at the same time(acgiris) in a computer operated under the LABVIEW software.
it is related to the LILBID techniqu€ and the liquid beam A stanford Research Systems DG535 digital delay generator
desorption technique employed in our laboratérfor the controlled the timing of (the IR laser and) the ion optics. The
analysis of biomolecules. One may ask the question, why is mass resolutiomVAm of the experiment was usually on the
the technique apparently soft to biomolecules and why does it order of 1000 in the mass range below 1000 amu. Resorcinol
induce high-temperature chemistry in the present experiment?\as purchased from Aldrich and used without further purifica-
The main difference of the two applications is the wavelength tjgn.
and the penetration depth of the desorption laser. In the case of The fast flowing microfilament has been visualized with a
the biomolecule desorption, we choose a small penetration depthyigh_speed video stroboscope system and a laser illumination
and disperse the beam with a strong shock wave in the liquid. (¢ chnique described in ref 40. Speckle free illumination has been
In this case the liquid beam is irradiated from the back and we gchieved with Rhodamine dye fluorescence from a small dye
collect the desorbed molecules from the front (lower temper- oyette (quartz) excited with the second harmonic of a Nd:YAG
ature”) side. In this desorption process the bl'omolecules hardly |55er (Indy series, Spectra Physics). These light pulses have been
suffer from a large heat load during desorption. In the present gynchronized with the shutter circuit of the stroboscope camera
case a uniform and strong heating is desired to obtain agnq the |R-Laser pulses. A continuously changing phase shift

superheated water filament in which high-temperature reactionspanyeen the IR Laser pulses and the shutter opening has been
can take place. Nevertheless, it has also been found that U”defntroduced.

such conditions large biopolymers can be desorbed without

significant fragmentation. This is not in contradiction with the 5 . its and Discussion

present experiment because the lifetime of the filament as well

as the desorption is in general too short for significant A. OH-Stretch Mode as a Probe of Hydrogen-Bond
fragmentation of large and complex molecules. At the same time Structure of High-Temperature Water. Formation of a

the molecules are stabilized through expansion and evaporativehydrogen bond ©H:::Y causes a red shift of the fundamental
cooling. Moreover, large biomolecules have a very large number frequency of the OH-stretchwdy) vibration. This red shift

of internal degrees of freedom, such that even for very large increases approximately linearly with decreasing hydrogen-bond

A /nm

Figure 2. (a) Absorption coefficientst of water in the near-infrared
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distance R-p..y. For moderately strong ©H:::Y hydrogen

bonds, such as occur in water and ethanol, the red shifgof 1o ;g“ |

is typically 200-300 cnm 1.3 Simultaneously, with the red shift 08+ 06.] D52 pm

of the OH-stretch frequency, an increase of both the line width 5 06 04 X B
and the absorption cross section of the fundamerjia0—1) & 02+

transition occurs for bulk water. The strong correlation of the < 041 vy o 050
hydrogen-bond strength and the, frequency has made infrared = 02 ' ' '
spectroscopy by far the most important tool to study hydrogen 0.0

bonding?® Therefore, it appears reasonable to use IR spectro- ' — —————
scopy for the investigation of the hydrogen bond network in 00 02 04 06 08 10
high-temperature water and to verify spectroscopically the high- 8/ 1om

temperature state of water. We have scanned the wavelengttfigure 3. Knife edge measurements for the determination of the focus
of our infrared system and determined the transmission and thediameter and the intensity in the focus of the laser beam used for the

bsorbed farf d 0.6 mJ IR bulse i iall absorption measurements and the laser-induced heating of the water
absorbed energy of a focused U.6 m puise In a specially fiament. The beam diameter (#/entensity decay) for &Gaussian

designed flat lamellar microjet (Figure 2a, in the inset) with @ profile is in this case 1.98. = 80 um. In the inset an enlarged range
thickness of 6um. Such jets are otherwise used as ultrathin is displayed.

saturable absorber jets in femtosecond dye lasers in our
laboratory** The thickness of the jet in the center was
determined to be Gm from absorption measurements with an
unfocused IR source and the known absorption coefficient of
water at 300 K (see Figure 2a). The absorption and the
absorption coefficient of water under high-temperature condi-
tions comparable with those of the present experiment were
measured with the tightly focused IR laser pulses. In this
experiment the IR laser pulse is used for heating the medium
and for absorption measurements at the same time. We had to
use this extra setup because quantitative measurements with a
microjet are difficult due to the thickness of the beam (1)
and the unfavorable overlap of the laser beam@&() and liquid
jet (12um). The normalized absorption coefficients for condi-
tions comparable to those in the experiment are displayed in
Figure 2b. The solid line (as in Figure 2a) is the linear absorption
coefficient of bulk water at 300 K taken from literatufeThe
filled circles are our absorption measurements. We also included
two measurements reported by Vogel et®qopen circles) for
comparable conditions. The gray stick spectrum is a high-
temperature spectrum for gas-phase water at 1700 K from the
HITRAN database. The experimental “spectrur®) {n Figure
2b suggests that the water hydrogen bond network after laser
heating is very loose such that the maximum of the absorption
is close to the value for free OH in the gas ph&sEhe observed
shift of the measured spectrum as opposed to the bulk spectrum
is on the order of 200 cr, which may suggest that_ in the Figure 4. Series of high-speed pictures that display the time for
present case the temperature of the water filament is actually gisintegration of the hot (supercritical) volume of the laser-heated water
very high, very likely above the supercritical temperattirat beam after laser impact explosion taken with the stroboscope technique
the same time the measurements clearly show a pronouncedlescribed in the text. The time of the particular time sequence is given
decrease of the peak absorption for the fundamental transitionas well.
but no pronounced narrowing of the band is observable, which 3).4849The size of the focus is still significantly larger than the
is characteristic for free OH of water in the gas phase. However, |, .o+ filament size. The wavelength of interest in our present
the latter observation we attribute to the high-pressure and high'experiment is 2695 nm, a good compromise between a suf-
density medium causing a strong overall broadening. If We ficiently large penetration depth for homogeneous heating and
assume that the structure in the HITRAN spectrum is lost high absorption enabling us to couple enough energy into the
because of strong broadening such that only the envelopeyater filament. To use the present method of laser-heated water
remains, a similarity with the measured high-temperature for high-temperature kinetic investigations, the conditions of
spectrum appears obvious. We take the broad shifted absorptionpe high-temperature water environment have to be determined
feature observed in the present experiment as a first indication 5 precisely as possible. It is simple to show that the energy
for the presence of a dense and very hot phase of water, whichinpt is sufficient to completely evaporate the water jet, as seen
will be further characterized in section B. in a series of micrographs of the exploding beam in Figure 4.
B. Enthalpy, Pressure, Temperature, and Lifetime of the For a 12-13 um diameter jet and a laser focus of 8t the
Hot Filament. Typical pulse energies of our IR laser system laser pulse is absorbed in a volume of approximately 108
are between 0.5 and 0.8 mJ/pulse for a pulse length of 7 nscm?. If we neglect laser light scattering for a moment, about
(fwhm). In the experiments the laser pulse is focused to a focal one-fifth of the pulse strikes the jet such that we hav&14
spot of ~80 um (1.6 timesD., assuming aaussianprofile), mJ for a 0.7 mJ pulse. The energy required to completely
as has been measured with kméfe edgeechnique (see Figure  evaporate this volume of water is about2ZB-so that the laser

10

20

30

L 4

50

t/ns



Reactions in IR-Laser-Heated Liquid Water Filaments J. Phys. Chem. A, Vol. 110, No. 9, 2008301

pulse energy is about 7 times that needed. If we take into account
scattering of 3um light on a small cylindrical object with
dimensions on the order of the laser wavelength, the laser energy
that can be coupled into the water beam is reduced by about
50%3° The enthalpy (i.e., the energy content) of the heated
filament as determined from the absorbed energy (0.7 mJ pulse)
for this case is 127 kJ/mol. Interestingly, this energy content is
comparable with that of many conventional explosi¥es.
Because the enthalpy alone is not sufficient to determine the
temperature, density, and pressure in the filament precisely (it
depends oT andp), we have first estimated the pressure in
the filament from thermodynamics. In general, the pressure
change (of a fluid) due to a change in temperature and volume
is given as

400ns

_ (% ) gy = Brave
dp (8T)VdT+(aV)TdV By dT — < AV = By T +

By
—dp (1
o o 1)

with Bt being the isothermal bulk modulus afidhe isobaric
volume expansion coefficieRt. Simple estimates of the mag-
nitude of the pressure are possible in the stress confinement
regime?®:5354From eq 1 we obtain for\ = 0 and constant

densityp, :
5 —1250ns
Ap=BSAT = B—Tﬂe = ﬂcie =Te (2)
pey oy
wheree is the energy density of the excited volunue,is the Figure 5. High-speed pictures display the formation and propagation
sound velocity in bulk watery is the specific heat, anHl is of a shock wave in air recorded with the stroboscope technique. The

the Griineisen parameté¥ for bulk water that provides a  laser is approaching from the top.
measure for the efficiency of converting energy into pressure.
For a given energy density calculated from the absorbed energy
in the filament volume and the dimensionless " @&isen
parameter at the highest temperature, which is known from
literature (600 K) = 0.34)#6 we calculated a pressure of 25
+ 5 kbar, and from the specific heat of water at high
temperature®355-58 we estimate a temperature jump of 1500
2000 K. Due to the lack of high-temperature data (parameters
in eq 2), the above estimates, however, may not be very accurate,
such that it would be advantageous to have an additional ook . .
independent (and more accurate) method. 0.0 0.5 1.0 L5 20

To measure the pressure in the hot superheated water filament t/us
more (_:ilr_ectly, we hav_e mqnltored_ m'_CrO shock Wave_s In-ar Figure 6. Radius of a shock front (SFR) as a function of time. The
that originate from the irradiated microjet for the same internal sojid line displays a fit through the experimental data. For details see
energy as detailed above (Figure 5). The increasing radius ofthe text.
the shock wave (SFR) is plotted against time, and an expression
SFR() = A(E)t*, with A=8.5+ 1.1 andx = 0.67+ 0.01, is of 1750+ 190 K for the water filament for a 0.7 mJ IR laser
fitted to the data (Figure 6f:59From these data an initial shock pulse. This result corresponds toGriineisenparameter of
wave velocity can be determined to be close to 2000 s 0.376:54in fair agreement with the previous estimate. With this
has been shown that strong shock waves enable the determisomewhat involved but nevertheless powerful approach we are
nation of the equation of state (EOS) of water for extreme able to determine the temperature and pressure of the high-
temperatures and pressures. Rice and Whlsiive measured  temperature water filament. The determined experimental condi-
the EOS of water up to 250 kbar in water shock wave tions (30 kbar, 1750 K, density1 g/cn?) are indeed rather
experiments. They have also investigated water/air interfacesextreme and unique and provide an interesting environment for
at which shocks were reflected, creating a large pregsarel high-temperature water chemistry on short time scales.
an interface particle velocity that compresses air at the interface  For quantitative kinetic measurements it is important to know
creating a shock wave in df.The water/air interface velocity ~ for how long these conditions remain nearly unchanged. In
was given by Rice and Walsh as a function of initial water Figure 4 the beam disintegration after irradiation of the water
(shock) pressur®, which is plotted in Figure 7 (upper panel). filament with a focused IR laser pulse (see characteristics
From these data we determine a filament pressure of 3 outlined above) is displayed in a series of micrographs recorded
kbar. From high-enthalpy data given in ref 63 for 30 kbar with a high-speed video stroboscope behind a microscope. The
(Figure 7, lower panel) we are able to determine a temperaturelaser pulse is fired approximately &t 0. As can be seen, the
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8000 T T T T — liquid beam desorption mass spectroméf§t As was shown
ad in a recent article, the detection can be linear and quantitéive.
g In the positive ion mode mostly protonated or (if present)
6000 | 7 ! cationic species are detected. It should be noted that in high-
—_— 4 temperature (as well as supercritical high-density) water the ion
! .7 product of water is much larger than that at ambient tempera-
. tures, which likely enhances the above protonation process of
. kinetic species. A complete discussion of all mechanistic aspects
2000 k- - i of liquid beam ion mass spectrometry is certainly beyond the
scope of the present article. For mechanistic details we refer
the reader to ref 31 and a recent reviéwt is important to
realize that during the laser excitation of a few nanoseconds
and the very fast vibrational energy relaxation the water filament

0 50 100 150 200 250 300

p / kbar does not evaporate immediately but heats significantly above
200 Y T T T its critical point (see previous section). After the laser-induced
180 | - temperature jump and a lag-time of about-ZD ns, an
160 F ] explosive expansion follows, which accelerates water vapor as
_. 140} ] well as protonated molecules or ions in free form or within water
'-3 120k ] aggregates of various sizes (“nanodroplets”). In the explosive
g o0k 1 decay of the superheated beam, the high-temperature water
o RN § ] reaction is efficiently quenched via expansion and evaporative
= cooling and reaction products in the form of completely
o 6o i ] desolvated ionic or protonated species or protonated clusters
40 1 of various sizes are finally detected via mass spectroniétry.
20¢ ) For the experiment it is important to note that charge isolation
% 500 1000 1500 2000 2500 from the high-density and high-temperature water phase can

be due to two mechanisms depending upon the microenviron-
ment of the ions or ionic aggregates. If the ions (ionic

initial water (shock) pressure from ref 61 for the determination of the ?ggr_egatis) a:jre in the (SUper%r.ltlcql) gdas phage,_l%ﬂly tEe s'f“a”
filament pressure in the present experiment. The dashed line is a fit Taction that does not recombine Is detected. This charging
through the data for extrapolation. Lower panel: high-enthalpy data Mmechanism we will calincomplete charge recombinatidérom
from ref 63 for 30 kbar for filament temperature determination. the high-density gas phase. The cooling of the hot supersonic

. ) ] . ) seeded gas jet may efficiently terminate (gas phase) chemical
hot filament is nearly unchanged during the first 20 ns with a reactions beyond the beam disintegration tih&If we would
the present con.dltlons is difficult to estimate. Using the Hertz supercritical phase, we would have to assume a dense gas phase
Knudsen equatioff,®>we found that for a temperature close to g the mechanism daficomplete charge recombinatiamly.
Te, the evaporation diminishes (t)he water beam within 20 NS prom our high-speed laser stroboscopy data we know that the
diameter olnly b);]a few perce_nt«(i_/olgkt rlnost). Fromlthe F'gu_“;_ laser-induced beam disintegration resembles rather a beam
4 we conc ude t at evaporation is likely present & fe?‘dY within dispersion into small droplets than an evaporation and expansion
the first 30 ns but it does not decrease the diameter significantly. of a supercritical gas phase. In addition, even if a supercritical
It may, h_owever,_ affect th? surface temperature._‘l_'he Surfacegas phase is expanding at very short times ,droplets may be
evaporation continues until the beam starts to disintegrate atgenerated via fast recondensation after a véry small volume
tA|r:1: i?t)OiSnSc.o-[r:lgljslert)(re(lj;eeisp:zégéSthp%n%?g;tSgorr]ls;ti:.:.éﬁtetrz?/t release (expansion) of the hot filament. So, we assume that to
content of the beam, this process may take 20 to 70 ns. From2 large extent very small droplets in the nanometer range are

formed. These hot droplets may evaporate and pass the charge

these data we conclude that the high-temperature filament exists .
for about 26-30 ns (for the high-temperature conditions this is to the embedded molecéifea mechanism that resembles the

an upper limi) and that the density of the hot (core of the) classiccharge residue_ mod&? Tr_\e_ charges on the droplets, in
filament is probably still not very different fro 1 g cn? during general, may have different origins; however, for the present

this time. Surface evaporation and very small volume expansionscnditions we have discussed the charging mechanism in some
may also induce some time dependent radial temperature ancfetail in a recent papét.If the liquid is dispersed into droplets
pressure/density gradients in the filament. More information on OF Spheres (with embedded ion) that are smaller than the Debye
this may be obtained from depth profiling measurements on Screening radius, there is a high probability for obtaining charged
the hot filament and reaction yields as a function of (ion gate) SPheres or aggregates (microsolvated molecules). The latter
delay timeAt in the present experiment. In section D of the appears to be closely linked to the appearance of (low) charge
present chapter we will come back to this issue. states in the experimeft.The heat of evaporation of water is

C. Laser Desorption of lonic Aggregates: Protonationand ~ ~40 kJ/mol, and the molar heat capacity of water is on the
Ejection from the Water Beam. In the present approach we order of 75 J/(mol K). For evaporation of an isolated droplet in
make use of the fact that, in the explosive expansion of the a vacuum that is still liquid, the evaporation energy can only
microfilament ions, preformed ionic aggregates of neutrals such come from the internal energy of the droplet. The result is that
as educt and products or even reactive intermediates can beevaporative cooling is enormously efficiergvaporation of half
isolated from the liquid phasand detected with time-of-flight ~ of a droplet cools the remaining half by about 500 K. Another
mass spectrometry. This technique is a special application of consequence of this fact is that initial droplet temperature must

T/K

Figure 7. Upper panel: water/air interface velocity as a function of
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be well above 1000 K for complete evaporation. The time scale 2000 Banas AR ARAALAS AS An T aanas
of the complete cooling process is on the order of microseconds, I 8us %prs%
which implies very large cooling rates. : : i ;
Due to these features we have a microreactor of superheated 1500
water that lasts for about 280 ns and in which chemical
reactions can take place. After the reaction time that is
determined by the system and laser parameters, the microbeam
disintegrates and educt as well as product molecules are release
either in the gas phase or in nanodroplets. Duemtomplete
ion recombinatio®®3° or charging due to theharge residue ;
(droplet) mode® 70 educts, products, as well as intermediates I J
Gl

1000 |-

500 -

o
abundance/a.u.

(often in the form of their protonated adducts), can be detected ; | H “ l L
in a quantitative fashion with time-of-flight-mass spectrometry. 0 e A L A L

D. Reaction Products of Resorcinol in Superheated and 0 50 100 150 200 250 300 350 400 450 500
High-Density Water. For first exploratory experiments of mass/Da "~
chemistry in ultrahigh-temperature, -pressure and -density water 2000 &
we have chosen resorcinol as a benchmark system because it is
well studied in high-temperature and supercritical water envi-
ronments. At the same time its structure and chemistry is still 1500 k *
simple enough to understand in a complex combustion type =
experiment like the present one. Typical reactions under less 8
extreme SC water conditions and at lower densities are oxidation
and radical reactions (see ref 14). At the high densities of water
in our experiment it may be anticipated that the ionic reaction
channel may compete against radical reactions. The increased
stabilization of ions is indeed reflected in the dramatically
increased ion product of water as opposed to low-density SC
water, which by itself may already catalyze certain reactions
that would not be the case under normal or less extreme
conditions. It is the advantage of the present approach that it
would be able to detect ionic intermediates in the high-enthalpy mass/Da
phase via laser desorption mass spectrometry if they are presentrigure 8. Mass spectrum of the educt (in the form of protonated

A typical mass spectrum of the experiment under the resorcinol and resorcinelater clusters) and protonated (microsol-
conditions outlined in the previous chapter is displayed in Figure Yated) reaction products. Upper panel: overview spectrum obtained
8 (upper panel). The spectrum is obtained from a series of addeq%’ s;(;r:rzan_on ofddlfferedr);fspectra at different delay timegsee Figure

) ; ; ; . given delay different portions of the spectrum are sampled
spectra at different delay (ion gate) timés whenAtis scanned  (...) that are added wheft is scanned. Lower panel: enlarged portion
between 6 and 12s. The summed spectrum rather than the of the spectrum between 50 and 300 Da. The peaks labeled ®y *,
gated spectra provides information about overall products and x, and+ correspond to the progression of singly protonated aggregates
relative yields. What appears to be a disadvantage at first sight(resorcinol) + nH;0, (a) + nH;O, (b) + nH;0, and (c)+ nHO
is actually a nice analytic tool because features of the eXpmsion(progressmn starts with the desolvated protonated species) with masses

) . -~ (110+ n18+ 1) Da, (112+ n18+ 1) Da, (114+ n18+ 1) Da, and
and desorption process are projected onto the delay or gate tlmes(110+ n18) Da, respectively (for assignments see also Scheme 1). #:

This is why smaller masses from smaller aggregates (from lower phenol. W residual water lines. The spectrum is obtained by scanning
density near surface regions of the filament) tend to appear atat in the experiment and by adding all spectra obtained at different
lower delay times and larger masses from larger aggregatesdelay times (6-12 us).

(from the inner part of the filament) at largat, respectively.  oonated species or protonated water adducts are shown. The
In Figure 8 the areas between the dotted lines give the masses labeling the structures therefore give the mass of the
sensitivity for the mass ranges at different gate times. This “mass product and the mass of the protonated species (in parentheses)
effect” is not due to electric fields because the space betweenas observed in the experiment.
the beam and the gated ion optics is field-free. Instead, the Note that all neutrals can only be observed as protonated
aggregates stem from slightly different locations in the hot adducts or protonated water aggregates. It was anticipated that
disintegrating beam and have experienced slightly different resorcinol is desorbed from the water beam with more or less
environments, a feature that may be valuable in providing depth water attached, resulting in a large progression starting at mass
profiling information. We will come back to this feature below. 110@-1) Da. This has been observed in mild IR/UV desorption
Itis important to note that under the present extreme conditions experiments by Kondow and co-workéfsin the present
no larger fragmentation occurs, which would be visible at lower experiment we obtain a somewhat more complex spectrum.
masses, and no multiaromatic ring prodétere observed. Many lines that resemble the progression of the parent resorcinol
In the lower panel of Figure 8 an enlarged portion of the have a multiplet structure (three stronger lines of variable
mass spectrum is displayed with mass assignments. It shouldintensity) with a spacing of two mass units. In addition, mass
be pointed out that the charge state in this type of experiment peaks below 110 Da are visible, possibly suggesting fragmenta-
is usually+1 only (singly protonated species MiHand the tion. Such a pattern is obviously the signature of high-
mass resolutiom/Am is on the order of 5001000, making temperature water chemistry and has not been observed in ref
mass assignments relatively easy and straightforward. For the71 for milder desorption conditions and with UV postdesorption
following mass peak assignments we refer to Scheme 1 in whichionization. The peaks in Figure 8 labeled by a star (*) correspond
the structures of the educt and several products observed ago the progression (separated by 18 Da) of the singly protonated
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SCHEME 1: Different High-Temperature Reaction SCHEME 2: (A) Proposed Mechanism for a

Products of Resorcinol (Consistent with the Observed High-Temperature Hydration of Resorcinol in the Laser-
Mass Spectra) Generated on a Short Nanosecond Time Heated Water Filament and (B) Earlier and Later

Scale before Beam Disintegratiof Fractions of Products after Filament Disintegratior?

solvent cage

© o L
[ N N e Ve
L mass E?Z(llS)Da \ / a) e :‘:t /

H™ y
é\ ‘mass 110(111)Da
H

®) ¢ b)

L 114(115)Da

@ 5
© mass 94(95)Da earlier fraction later fraction

aFor more details see the text.
2 The given masses correspond to the masses of the neutral species

and the masses in brackets are those of the (detected) protonateql"gmy unlikely. What is possible and remaining on the time
aggregates (MH). scale of the experiment are fast unimolecular reactions of the
resorcinoH- nH,O aggregates starting with the protonated parent resorcinol and fast bimolecular reactions with water, which is
molecule at mass 111 Da. The open circle} fhark peaks of in close contact and part of the solvent cage around the reactant.
the (@) + nH,O progression resulting from the protonated If OH radicals are generated under the present high-enthalpy
product (a) displayed in Scheme 1 and its water adducts. Theconditions, they could initiate H-atom abstraction reactions but
cross ) labels the progression of the second (protonated) probably not complete oxidation chains including ring opening
product (b) and protonated (B) nH,O aggregates. A third low-  reactions. This primary H-atom abstraction reaction is seen to
abundance productd) has a similar signature and a progression some extent in the experiment (product c). Hot resorcinol may
resulting from (c+ H* and protonated (c}- nH,O aggregates.  undergo a fast unimolecular dissociation reaction, which may
The corresponding masses are (HM18 + 1) Da, (112+ explain the formation of phenol on the fast time scales of the
nl8 + 1) Da, (114+ nl8 + 1) Da, and (110+ n18) Da, experiment. The yield of the unimolecular dissociation channel,
respectively (for assignments see also Scheme 1). Below 110however, is only moderate, which may be explained by a fast
Da a phenol peak (#) belonging to product d in Scheme 1 and in cagerecombination in the high-density environment leading
residual water lines (W) have been found. back to the parent resorcinol. This behavior is not unexpected
In summary, beyond the parent resorcinol and a small yield given the dense high-enthalpy environment and the short time
of a species with a mass of 12Q Da, which we attribute to  scales, which are very different from other high-temperature
the radical ¢ in Scheme 1, we find two hydration products, (a) water studies on this system. What is somewhat special for a
and (b), of resorcinol, which is surprising at first glance. The high-enthalpy and high-density water environment are the
main product in our hot water filament is obviously the hydrated observed hydration reactions leading to products a and b.
resorcinol (a), as observed from the intensities of the corre- As depicted in Scheme 2a, a hydration reaction can only
sponding mass peaks (small contributions from protonated involve water as a reaction partner. Although water is not a
phenot-water aggregates appearing at masses {1138)Da typical hydration agent nor frequently actively involved in
cause a slight overestimation of the yield for lower masses). reduction reactions, its energy content in the high-temperature
Contrary to oxidation reactions usually present under less environment is large. The high energy content and the fact that
extreme and dense supercritical conditions, we observe hydrationthere is not other reactant around have led us propose the
and little H-atom abstraction during the narrow time window “mechanism” depicted in Scheme 2a). A hydration may be
of the experiment. Small amounts of radicals (c) but no ionic possible if two water molecules are in close contact with each
intermediates other than simple proton adducts are detectedother and with the reactant, which may hydrate the aromatic
These protonated adducts are likely not reaction intermediatesring of resorcinol and in turn form hydrogen peroxide. It is
but simple unspecific complexes. unclear at present whether this process is concerted or sequential
Still the experimental finding is somewhat unexpected. Under or if it involves single water molecules (giving OH radicals that
the extreme temperature and high-density conditions obviously recombine to HO,) or a special “transition state” as suggested
the hydration (reduction) of resorcinol is more favorable than in Scheme 2a). Hydrogen peroxide may boil off the cluster after
oxidation reactions initiated by (OH) radical reactions. The reaction, dissociate to give two OH radicals (which may finally
experimental findings can be rationalized if the short time scale, boil off) or stay in contact with the reaction product. In any
the high-enthalpy environment, and the high density (1 §fcm case it is difficult to detect, because the protonated hydrogen
that is hardly possible in any other experiment are considered. peroxide-product a complex appears at the same mass as the
Under the present conditions and on the relevant time scale mostresorcinol water clusters. A mass change (such as observed here)
bimolecular reactions are diffusion limited and are usually too can only be observed if the B, is boiled off the complex.
slow to contribute if the reactant is not in close contact with Obviously, a double hydration is much less likely than the single
the embedded educt. This makes also secondary reaction stepgrocess, which may be due to steric effects and the limited time

,,,—
\/"“‘

disintegrating
water filament
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T T i T i ] indeed rather extreme and unique and provide an interesting
n environment for high-temperature water chemistry. In the
-l relative yield of (a) E disintegration of the superheated beam high-temperature water
~O-relative yield of (b) " O ] reactions are efficiently quenched via expansion and evaporative
P cooling and reaction products in the form of completely
m O ] desolvated protonated species or protonated water clusters of
' B 1 various size are finally detected via time-of-flight mass spec-
0O 3 trometry (TOF-MS). A decisive feature of the technique is that
o’ ] neutral products are detected as protonated aggregates.
Re) ] For first exploratory experiments for chemistry in ultrahigh-
E temperature, -pressure and -density water, we have chosen
, , , , , , resorcinol, a phenol derivative, as a benchmark system because
0 2 4 6 8 10 it is well studied in high-temperature and supercritical water
number of water molecules environments. A the same time its structure and chemistry is
Figure 9. Relative yield (/1o andly/lo) of the reaction products (a)  still simple enough to understand in a complex combustion type
and (b) as a function of water molecules in the protonated aggregates.experiment like the present one. Contrary to oxidation reactions
lois the intensity of the protonated resorciﬁWater aggregates at the usually present under less extreme and dense supercritical
corresponding masses (139n18 + 1) Da in the progression. conditions, we observe hydration and little H-atom abstraction
during the narrow time window of the experiment. Small
amounts of radicals but no ionic intermediates other than simple
proton adducts are detected. The experimental findings are
rationalized in terms of the energetic and dense environment
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scale. However, following chemical intuition, the proposed

reaction mechanism is difficult to prove and it is difficult to

compare with similar experiments in the literature. However,
the thermolysis of water at high temperatures to yield molecular h . . '
hydrogen and oxygen (and reactive intermediates such as H,and the short time scale of the experiment and provides firm
OH, and HO,) is known to happen at very high temperatures evidence for new chemistry in extreme molecular environments.
such as observed in high-temperature reactors in nuclear power I future experiments also mixtures will be investigated, e.g.,
plants’2 supercritical water oxidation with added hydrogen peroxide, and

The chemical effect of ultrasound on aqueous solutions has high-energy compounds. The method appears to be well suited
been studied for many years. Primary products are often for fundamental rleact|on dynamics and k|ngt!cs in the condensed
molecular hydrogen (5 and hydrogen peroxide ¢8,).4 Other phase and in hlgh-entha_llpy and superc_:rltlcal water or other
high-energy intermediates include H@uperoxide), k(atomic so!vents. The s_omewhat involved analysis of the high-enthalpy
hydrogen), and OH(hydroxyl). Interestingly, the sonolysis of flyld’s state (Wlth what we pall thenthalpy methodcould be
water produces both strong reductants and oxidants responsibl&ircumvented if an alternative method for a robust temperature
for primary and secondary oxidation and reduction reactions. detérmination could be used. In principle, the temperature

The reduction reaction observed in the present study is mostdependence of a well-known reaction proceeding in parallel to
likely an effect of the high-enthalpy dense water environment. the reactions to be studied may be exploited. Such a concept of
If the relative intensities of the mass peaks of products a and b Standard reaction and self-calibrating system is well-known
are analyzed as a function of the number of water molecules in for single shot combustion experiments in shock tuedso
Figure 8, it is found that the relative yield increases with the the approach of using a “chemical thermometer” as reported in
increasing number of water molecules. In Figure 9 relative yields "€f 6 is similar in spirit and appears promising in particular with
(/1o and1y/lg) of the reaction products (a) and (b) are plotted @n additional kinetic energy analysis.
as a function of water molecules in the protonated aggregates. Finally, it should be noted that also the detection of the neutral
lois the intensity of the protonated resorcin@later aggregates ~ Species (as neutrals) from the desorption process may be
at the corresponding masses (130 n18 + 1)Da in the important for mechanistic studies. In such a case a soft UV
progression. It is now important to note that the larger protonated ionization with a second laser such as developed by Baer and
water clusters stem preferentially from a later fraction of the Miller® could be the method of choice. In addition to protonation
explosion process, which is reflected by the larger delay or ion at high temperatures, which is a quantitative and a powerful
gate timeAt. According to Scheme 2b, this implies that the Method of detecting a large range of species of very different
larger water clusters arriving later in the ion optics originate Proton affinities, negatively charged species and adducts JOH
from the interior of the disintegrating beam and the fastest can be detected as well in the negative ion mode of the
smaller aggregates from the outer spheres of the exploding beamspectrometer, making the detection scheme (with one IR
Consequently, the reaction yield in the larger water aggregatesdesorption laser only) truly universal for product screening in
may be larger (likely due to the larger temperature, pressure,laser-heated microfilaments.
and density). This qualitative and certainly not sophisticated
“depth profiling” of the reaction yield supports our previous  Acknowledgment. This work was supported from the
mechanistic conclusions and may shed some light on the issueDeutsche Forschungsgemeinschaft (DFG) within the Sonder-
of radial inhomogeneities of the hot filament in the previous forschungsbereich 357 and the Graduiertenkolleg 782. Discus-
section). It will be further investigated in future experiments. sions of several aspects of the present work with Prof. Dr. J.
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In summary, we have demonstrated that water at extremeaCknOWIedged'
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