
Kinetics of Deuterium Exchange on Resorcinol in D2O at High Pressure and High
Temperature

Shi Bai, Bruce J. Palmer, and Clement R. Yonker*
EnVironmental and Energy Sciences DiVision, Pacific Northwest National Laboratory,
Richland, Washington 99352

ReceiVed: April 12, 1999; In Final Form: August 23, 1999

The kinetics of deuteration of resorcinol in pure D2O were studied for the first time using a flow-through
capillary tubular reactor with on-line, proton, and deuterium NMR detection at high temperatures and high
pressure. The global rate constants for hydrogen/deuterium (H/D) exchange were determined from temperatures
of 200-450 °C (723 K) at a pressure of∼400 bar (the critical temperature and pressure of water are 374.2
°C and 218.3 bar, respectively). The H/D exchange rate in resorcinol (1,3-dihydroxybenzene) under these
extreme conditions was determined using proton NMR as a function of the resorcinol residence time in a
capillary tubular reactor, which also served as a high-pressure NMR cell. The1H and2H NMR results indicate
that H/D exchange in resorcinol for the ring protons was observed at temperatures as low as 200°C. The
kinetics of H/D exchange in resorcinol and the activation energy was extracted from the experimental1H
NMR data.

Introduction

In subcritical and supercritical water the hydrothermal oxida-
tion of many organic compounds is enhanced due to the
increased reactivity of the substrate with water and the enhanced
solubility of nonpolar organic compounds at these high tem-
peratures. The increased reactivity of organic compounds in
subcritical water shows potential for the oxidative destruction
of toxic and organic wastes.1,2 Because of the enhanced
miscibility of many nonpolar organic compounds with super-
critical water, this solvent may prove to be a new reaction
medium for organic chemistry.3,4

Hydrogen/deuterium (H/D) exchange of some extremely weak
organic acids in subcritical and supercritical water has been
investigated.5-7 Yao and Evilia5 estimated the equilibrium
constant for H/D exchange of benzene with OD- to be 3 orders
of magnitude higher at 400°C than at 25°C in water. The
hydrogen in the ortho position was found to be slightly more
acidic than those in the meta or para positions for the substituted
benzene compounds of fluorobenzene, 1,2-diphenylhydrazine,
and nitrobenzene, when reacted under basic conditions in D2O
at 400°C.5 However, Yao and Evilia encountered difficulties
when attempting to obtain quantitative chemical kinetic data
for these reactions due to the large experimental errors in
determining temperature, pressure, and heating time when using
a batch reactor. Kuhlmann et al.6 reported the first-order global
rate constant (1.47× 10-4 s-1) for H/D exchange of the
R-methyl protons in pinacolone at 225°C and 25.4 bar using a
batch reactor.

In situ, real time Raman spectroscopy has been used in the
kinetic investigations of the oxidation of methane,8 methanol,9

and water-gas shift reactions10 in supercritical water. Fiber-
optic11 and other Raman spectroscopic methods12 have been
applied to examine the rates of chemical reactions in super-
critical water. Other techniques, such as fluorescence, UV-

vis, and IR, have also been used to characterize reactions in
subcritical and supercritical water.11 Recently, a review of
reactions at supercritical water conditions has been published
by Savage.13

NMR has not been widely used for in situ investigations of
reactions in supercritical water; its main use has been to monitor
batch reaction products after quenching.6,14 There is one report
of the in situ monitoring by NMR of hydrogen exchange in
supercritical water.15 The use of NMR detection for the in situ
study of chemical kinetics generally requires that the NMR data
acquisition time for a spectrum be much shorter than the reaction
half-life. With flow-through NMR,16-18 it is possible to
investigate chemical reactions provided the equilibrium Boltz-
mann distribution of nuclei spin states is not violated by rapid
flow rates. Applications and technical concerns using flow NMR
have been previously discussed.19-21

We describe our experimental effort using a novel combina-
tion of a high-pressure, high-temperature flow-through capillary
tubular reactor with on-line NMR detection for the investigation
of reaction kinetics in subcritical and supercritical water. High-
temperature, high-pressure1H NMR allowed the measurement
of peak area, and therefore concentration of reactant as a
function of reactor residence time.2H NMR was used to monitor
the extent of the deuteration reaction under similar conditions.
We assume that steady-state concentration conditions are rapidly
achieved in the heated portion of the capillary due to the very
low thermal impedance of the capillary reactor wall (∼90 µm
thick), which should contribute to the rapid heating of the
solution. Of course, this is dependent on the flow rate through
the capillary, but over the flow range studied, we believe this
assumption to be valid. Using this high-temperature, high-
pressure, microvolume flowing NMR technique, the kinetics
of H/D exchange of resorcinol in subcritical and supercritical
water were studied. The global rate constant for H/D exchange
was determined by the disappearance of theR-hydrogens in
resorcinol (reactant) under these extreme conditions. The kinetic
data for the resorcinol H/D exchange reaction in pure D2O and* Corresponding author. E-mail: clem.yonker@pnl.gov.
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the difference in the reactivity between theR- andâ-hydrogens
in resorcinol are discussed.

Experimental Section

Sample Preparation. Resorcinol (Aldrich Chemical Co., Inc.,
99+%) was used without further purification. To deoxygenate
the solution, D2O (Cambridge Isotope Laboratories) was boiled
for 5 min under dry nitrogen and a 20% (w/w) (∼2.2 M)
resorcinol-D2O solution was prepared and purged using dry
nitrogen for 10 min.

Flow-Through NMR . A schematic of the experimental
system is shown in Figure 1. This system includes a high-
pressure syringe pump (ISCO 260D), a tubular piston separator
(HIP), a fused-silica capillary NMR cell (180µm i.d. by 360
µm o.d., Polymicro Technologies, Inc), and back-pressure
regulators (Upchurch Scientific). In practice, the resorcinol-
D2O solution was loaded into one side of the piston separator
and the other side was filled with water and connected to the
syringe pump. The fused silica capillary was bent in a U shape
and placed in a 10 mm glass NMR tube so that the bent end
did not extend below the bottom edge of the NMR sensitive
region along thez-axis. One end of the capillary tube was
connected to the solution outlet of the piston separator, and the
other end of the capillary was connected to the back-pressure
regulators. When the high-pressure syringe pump was operated
in a constant volumetric flow rate mode, the sample pressure
was controlled by the back-pressure regulators. Five back-
pressure regulators (∼80 bar each) were used in series so that
the sample pressure was maintained between 380 and 400 bar
depending on the flow rate.

The residence time (tR) of the resorcinol in the heated region
of the capillary can be determined as

whereF′ is the density in the heated region,Vcap is the volume
of the capillary within the NMR detection region, andMR is
the mass flow rate of the solution in the heated reactor. The
difficulty is accurately determining the mass flow rate of the
solution. Since, the mass flow rate is constant throughout all
temperature regions of the capillary, one can write a similar
equation for residence time at room temperature. Equating the
two mass flow rates, allows one to express the residence time
of resorcinol in the heated region in terms of the volumetric
flow rate at room temperature as

HereF is the solution density at room temperature andfr is the
volumetric flow rate of the high-pressure pump at room
temperature. A step profile is assumed for the temperature
gradient in the reactor region. Using the inner diameter (180(
6 µm) of the capillary and twice the length of the NMR receiving
coil (3.90 cm), the volume of the NMR detection region was
estimated to be∼9.8× 10-4 mL (0.98µL). The density at high
temperature was approximated using the density of pure D2O
at the experimental temperature and pressure.22

A standard reaction was chosen for initial investigation with
the capillary flow-through reactor using the well-characterized
thermal decomposition of 2,2′-azobis(isobutyronitrile) (AIBN),
a radical initiator. The thermal decomposition of this molecule
was investigated in the same manner as outlined in the
Experimental Section for resorcinol. The temperature range
investigated was 120-150 °C at ∼190 bar, in this case using
perdeuterated benzene as the solvent. The first-order rate
constants were determined at four different temperatures and
from an Arrhenius plot of the data, anA factor of 1.57× 1018

s-1 (ln A ) 41.9( 3.2) and an activation energy (Ea) of 35.3
( 2.6 kcal/mol were obtained. The values reported in the
literature using standard techniques for AIBN areA ) 1.58×
1015 s-1 andEa ) 30.8 kcal/mol.23,24At 120 °C the rate constant
for thermal decomposition of AIBN is 0.0193 s-1.24 The value
determined using the flow-through NMR technique is 0.0375
( 0.0118 s-1. Figure 2 is a plot of the natural logarithm of the
experimental rates for AIBN compared with the literature values
versus reciprocal temperature.24 The two sets of data are
comparable. The derivations of the concentration profile in the
NMR reactor cell will be discussed in the next section.

The accuracy of the solute residence time in the heated region
also depends on the volumetric flow rate of the pump. A system
calibration was performed at room temperature and a pressure
of 400 bar by collecting and weighing the water eluted from
the capillary at specific flow rates over a set time interval. We
found a 1:1 relationship between the pump volumetric flow rate
and the measured volumetric flow rate over the range of interest.

NMR Measurements. The NMR data for the AIBN thermal
degradation experiments was obtained on a Varian VXR 300
NMR spectrometer, while the resorcinol-D2O H/D exchange
experiments were performed on a Chemagnetics CMX-300
wide-bore spectrometer operating at 299.3 and 46.13 MHz for
proton and deuterium detection, respectively. A high-temper-
ature, high-resolution, specially built broad band 10 mm NMR
probe (Doty Scientific, Inc.) was used for the D2O experiments.

Figure 1. Schematic diagram of the apparatus used for the high-
pressure, high-temperature flow-through capillary tubular reactor with
on-line NMR detection.

Figure 2. Plot of the natural logarithm of the rates for the thermal
decomposition of AIBN from ref 24 (b) versus reciprocal temperature
compared to the experimental rate constants (O) determined by the
flow-through NMR technique.

tR ) Vcap(F′/MR) (1)

tR ) (F′/F)(Vcap/fr) (1′)
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The resolution was 8-10 Hz for proton and 4-8 Hz for
deuterium in the resorcinol-D2O solution in the capillary cell
at room temperature, which generally improved at higher
temperatures due to a decrease in viscosity of the resorcinol-
D2O solution. Thez-axis temperature profile for the high-
temperature probe was determined. The temperature at various
positions in the NMR sensing region was measured using a
calibrated thermocouple along thez-axis at 325°C. A temper-
ature deviation of(5 °C was noted in this calibration. The
relative reproducibility in the temperature setting of the probe
is estimated to be about(2 °C for low (<250 °C) and(5 °C
for high (>250 °C) temperatures, respectively. The calculated
Reynolds number for the conditions investigated in the capillary
was <200, indicating laminar flow. On the basis of laminar,
parabolic flow, the average heat-transfer coefficient can be
determined by assuming a uniform wall temperature at the
capillary surface. The bulk solution temperature can then be
determined at some distance,x, down the capillary reactor. The
temperature of the bulk solution was determined to be equal to
the wall temperature at the capillary surface at 10% or less of
the total reactor length for all conditions studied. The only
exception was determined to be at the highest flow rate and the
highest temperature where the value was 14%.

In a typical experiment, the resorcinol-D2O solution is
flowing through the capillary high-pressure NMR cell25,26 at
constant temperature and pressure. Concurrent with solution
flow, a NMR experiment is co-adding transients until a
satisfactory spectrum with an adequate signal-to-noise ratio is
obtained. Since the heated region of the capillary is an integral
part of the NMR capillary cell, a steady-state concentration of
the product and reactant is established during the experiment.
Generally, 64 and 128 transients were accumulated for proton
and deuterium measurements, respectively. The sample tem-
perature was changed with each flow rate at a constant pressure
and the1H peak area was determined. The parameters for1H
NMR were an acquisition time of 0.25 s, spectral line broaden-
ing of 1 Hz, and a flip angle of 45° and for 2H NMR, an
acquisition time 0.7 s, spectral line broadening of 1 Hz, and a
flip angle of 36°, respectively.

In flow NMR, the observed spin-lattice relaxation rate can
be considered a summation of the static relaxation rate (1/T1)
and a contribution from the sample flow,19,20,27

wheretR is the residence time. The protonT1 for water in our
resorcinol-D2O solution ranges from 4.1 to 8.3 s over 25-
350 °C. The protonT1 for resorcinol is shorter than water in
the resorcinol-D2O solution. According to eq 2, the observed
T1 over the experimental volumetric flow range is smaller than
the static values reported above. A1H NMR pulse repetition
time of 3T1(static) was used throughout the measurements in
order to facilitate quantitative analysis and compare results for
different flow rates and temperatures. The reproducibility of
the proton peak area integral for resorcinol is∼10%.

Results and Discussion

Resorcinol Proton NMR. The proton spectra as a function
of temperature are shown in Figure 3, at a constant volumetric
flow rate of 0.010 mL/min. The chemical shifts were referenced
externally with respect to tetramethylsilane (TMS). Of the two
peaks between 6 and 8 ppm, the lower field peak is the
â-hydrogen and the higher field peaks are theR- and R′-
hydrogens, respectively. The peak at∼4 ppm represents protons

from residual water and HDO, which results from the exchange
between the D2O solvent and the hydroxyl protons on resorcinol.
A second source of HDO results from the H/D exchange reaction
of the ring protons on resorcinol. Note that the relative peak
area of theR-hydrogens decreases and the peak area of hydrogen
in HDO increases as the reaction temperature increases due to
exchange with D2O. Another observation in Figure 3 is that
the chemical shift of the water peak moves to a higher field
strength. This chemical shift change is composed of two
contributions, a change in the solution’s magnetic susceptibility
with density and a weakening of the hydrogen bond network
in water at higher temperatures.28 This observation has been
seen for both water and methanol29,30at supercritical conditions.
The opposite behavior is noted for both theR- andâ-protons
in resorcinol. The variation in chemical shift of the resorcinol
ring protons is related to a change in solution density (change
in magnetic susceptibility) with temperature.

The reaction of substituted benzene in basic solutions of D2O
has been discussed by Yao and Evilia.5 The H/D exchange
mechanism for resorcinol in pure D2O is facilitated by the
presence of electron-withdrawing groups on the aromatic ring.
This activated aromatic ring is deuterated through an electro-
philic substitution mechanism, which increases the ease of
deuteration under these experimental conditions and eliminates
the need of either an acid or base to catalyze the reaction.5,31

Resorcinol is an ortho/para director in electrophilic substitution
reactions.32 Therefore, H/D substitution would be facilitated for
the R- and R′-hydrogens and not for the meta hydrogen (â-
hydrogen). The experimental results presented in Figure 3
demonstrate the positional selectivity of the H/D electrophilic
substitution reaction under these extreme conditions. The
â-hydrogen can serve as an internal molecular standard relating
the stability of resorcinol to hydrothermal oxidation or hydrolysis
reactions under these conditions. Benzene, toluene, and fluoro-
benzene5 (400°C, 300 bar), ando-, m-, andp-cresol33 (460°C,
254 bar), were found to be relatively stable to hydrolysis in
supercritical water under the conditions listed for residence times
of 30 s to 10 min. In fact, hydrolysis of resorcinol at 460°C
and 254 bar was reported to produce a maximum of 10%
conversion, for residence times of 1-7 s at 0.01 M solution
concentration.33 Our 1H NMR results demonstrated the relative
stability of the â-proton to any side reactions during our
experimental investigations.

Figure 3. Temperature-stacked1H NMR spectra at a constant
volumetric flow rate of 0.010 mL/min. The disappearance of theR
and theR′-proton in resorcinol can be seen.

(1/T1)obs) (1/T1) + 1/tR (2)
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Kinetics of the H/D Exchange Reaction.The peak areas of
theR- andR′-protons were determined as a function of residence
time at constant temperature for a series of different tempera-
tures. Harris34 has discussed the influence of isotope effects and
concluded that H/D exchange will always be approximately first
order. This is also supported from the results of Kuhlmann et
al.6 From the NMR investigation of the qualitative behavior of
both theR- andâ-protons in resorcinol, it appears that a possible
reaction scheme is

where R-H is resorcinol, R-D is deuterated resorcinol,kh is
the rate of H/D substitution determined fromR-proton disap-
pearance,kT is the hydrolysis rate, and X represents a potential
hydrolysis product. The hydrolysis rate can be determined from
the rate of disappearance of theâ-proton and is assumed constant
and independent of the reactant (R-H or R-D). The rate
expressions for H/D exchange are

where CH is the concentration of the resorcinol,CD is the
concentration of the deuterated resorcinol, andt is time.

For the sake of simplicity, we assume an ideal plug-flow
tubular reactor under the experimental conditions investigated.
Therefore, the local rate equation in the capillary tubular reactor
under flowing conditions is

whereu is the solution linear velocity andl is the length along
the tubular reactor. The steady-state solution for this equation
is

where the concentration at the reactor inlet (l′ ) 0) is CH′ (CH′
is the initial concentration of resorcinol).

NMR measures the number of protons in the capillary cell,
which is assumed to be equal to the length of the heated region
of the capillary. Thus,

where L is the length of the tubular reactor. The average
concentration of the protonated resorcinol,CH, can be deter-
mined by substituting the concentration profile forCH (eq 6)
into eq 7 and then integrating over the NMR detection length.
The average concentration of the protonated resorcinol measured
by 1H NMR, CH, expressed in terms of the reaction rate constant
and residence time,tR, is

CH′ is approximated by the peak area of theR-protons of
resorcinol at 25°C. As tR f ∞, CH f 0 and one would
anticipate that the H/D substitution reaction goes to completion
and the average protonated resorcinol concentration in the
reactor is negligible. AstR f 0, CH f CH′, the H/D substitution
reaction does not occur and the resorcinol concentration will
equal the starting resorcinol concentration,CH′.

One can determine the first-order global rate constant for H/D
substitution by solving forkh, at the different temperatures using
the experimentalCH values and the various volumetric solution
flow rates. The importance of hydrolysis was determined using
eq 8 withkh set to zero using the peak area of theâ-proton for
all the temperatures investigated. The average value forkT

determined in this manner was∼0.046( 0.011 s-1, because it
was so small its variation with temperature was outside our
limits of determination. Therefore, the hydrolysis rate is not
anticipated to be significant over this temperature range as
compared to the H/D exchange rate. The first-order global rate
constants for H/D substitution determined byR-proton disap-
pearance are listed in Table 1. These values were determined
by allowing kT to vary between 0.0 and 0.046 s-1 during the
nonlinear least-squares fit to eq 8 of the experimental data. A
plot of CH versus residence time for several temperatures ranging
between 200 and 450°C is shown in Figure 4. The solid lines
are the fit to the experimental1H NMR data using eq 8 and the
parameters listed in Table 1. From the temperature dependence
of the first-order global rate constants, the activation energy
may be estimated from an Arrhenius plot, which is shown in
Figure 5. The activation energy for H/D substitution obtained
from the1H NMR data of resorcinol forR-proton disappearance
is 14.1( 1.8 kcal/mol.

Deuterium NMR. As the reaction temperature increases to
200°C, the deuterium NMR spectrum showed a new peak with
a chemical shift of 7.2 ppm. The chemical shift difference
between this peak and that of D2O at 200°C is 3.0 ppm, which
is the same as the chemical shift difference between the

R-H
VkT
X

98
kh R-D

VkT
X

(3)

dCH/dt ) -khCH - kTCH (4)

dCD/dt ) khCH - kTCD (4′)

dCH/dt ) -khCH - kTCH - udCH/dl ) 0 (5)

CH ) CH′e-(kh+kT)l/u (6)

CH ) 1/L∫CH dl (7)

CH ) [CH′/(kh + kT)tR](1 - e-(kh+kT)tR) (8)

TABLE 1: Global First-Order Rate Constants of H/D
Exchange in Resorcinol Determined Using High-Pressure/
High-Temperature 1H NMR

T (°C) kh
a (s-1)

200 0.018((0.006)
250 0.11((0.04)
300 0.40((0.15)
350 0.92((0.34)
400 2.6((0.8)
450 2.8((1.1)

a Global first-order rate constants determined from theR-proton
disappearance in resorcinol using eq 8. The nonlinear least squares fit
for kh was constrained by 0.0< kT < 0.046. The values in parentheses
represent the error in the determined rate constants.

Figure 4. Plot of the normalized peak area of the proton concentration
measured by1H NMR versus residence time for the different temper-
atures of (b) 200 °C, (9) 250 °C, (O) 300 °C, (2) 350 °C, and (0)
450 °C. The solid lines are the nonlinear least squares fit to the data
using eq 8. The rate constants determined from the fit to the data are
listed in Table 1.
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R-hydrogens and water in the1H NMR measurement at the same
temperature. Therefore, this resonance was assigned to resorcinol
deuterated at theR-position. This observation demonstrated that
H/D exchange did indeed occur for the resorcinol-D2O solution
at 200°C for long reactor residence times. Deuterium NMR
proved useful in following the reaction and confirming that H/D
substitution had occurred at the different temperatures in the
flow-through reactor.

Conclusions

An advantage of the flowing capillary NMR technique is the
combination of the capillary tubular reactor with the high-
pressure, high-temperature NMR cell. The microvolume and
low thermal impedance of the capillary tubing contribute to the
rapid temperature equilibration in the flow-through reactor
region in the NMR probe. There are criteria to consider in using
a flow-through NMR probe to study reaction kinetics. One
important criteria includes the reaction half-life, which must
fall within the ability to control solute residence time through
volumetric flow rates. Realistically, this limits the reaction half-
lives in the flowing system to between∼0.1 and 60 s. Faster
reactions require higher volumetric flow rates (shorter residence
time) and would be impossible to quantitatively measure if the
T1 value (relaxation time) of the molecule is too large, due to
the Boltzmann distribution of the nuclei not being established
in the magnet prior to chemical reaction in the flow-through
reactor region. Slower reactions are difficult to quantitate due
to the lower limit set by the pump volumetric flow rate control.

Considering the large temperature range amenable to NMR
studies, coupled with investigating a molecule having a fastT1

(or combined with a relaxation agent), this technique could prove
useful in characterizing first-order kinetics under extreme
conditions of temperature and pressure, which are difficult to
address by other techniques. The temperature range investigated
for the AIBN thermal decomposition in perdeuterated benzene
was 120-150 °C and for the H/D exchange reaction of
resorcinol in D2O was 200-450°C. A potential advantage in a
flowing, steady-state concentration experiment is that a large
number of spectra can be obtained to enhance the S/N ratio.
Solution usage does not limit the experimental time because of
the microliter volume of the capillary.

The investigation of the first-order kinetics of the thermal
decomposition of AIBN in perdeuterated benzene proved useful
in validating the technique for use under pressure and temper-
ature. At 120°C the rate constant for thermal decomposition
of AIBN is 0.0193 s-1.24 The value determined using the flow-

through NMR technique is 0.0375( 0.0118 s-1. The reaction
half-lives determined using the flow-through NMR method for
AIBN over the temperature range 120-150 °C are shown in
Figure 2. Over this temperature range the thermal decomposition
of AIBN in the capillary reactor appears well behaved and
follows the reported literature data.

For resorcinol the H/D exchange reaction occurred at lower
temperatures than previously reported for substituted benzene
compounds (fluorobenzene, 1,2-diphenylhydrazine, nitroben-
zene),5 but over similar temperatures as reported for 4-ethylphe-
nol by Hoffmann and Conradi.15 On the basis of2H NMR, it
was apparent that H/D exchange had occurred at 200°C for
long residence times. Kuhlmann et al.6 reported a rate of
deuteration of theR-methyl protons in pinacolone in pure D2O
at 225°C and 25.4 bar (370 psi) as 8.8× 10-3 min-1 (1.47×
10-4 s-1) with an activation energy of∼20.0 kcal/mol over a
temperature range of 200-250 °C. This rate is more than 2
orders of magnitude smaller than our reaction rate at 250°C
for theR-protons on resorcinol. The larger activation energy of
H/D exchange in pinacolone as compared to our measuredEa

for resorcinol does support a slower rate constant for pinacolone.
An advantage in using NMR is the detection of specific nuclei

of interest and the elimination of spectral interference due to
differences in chemical shifts. Of course for NMR, this will be
limited on the basis of sensitivity issues. Other nuclei of potential
interest, such as19F, 31P, or 13C, could be investigated under
extreme conditions of pressure and temperature. The molecular
structure information (R- andâ-protons) obtained during these
studies proved important in determining the contribution of the
hydrolysis reaction during H/D substitution. Global rate con-
stants for higher order reactions could ultimately be determined
in a similar manner using this technique.

There have been numerous investigations of hydrogen bond
structure and molecular dynamics of subcritical and supercritical
water by high-temperature, high-pressure NMR.35 This inves-
tigation demonstrates the use of a microvolume, flow-through
tubular reactor with on-line NMR detection to study reaction
kinetics under the extreme conditions of subcritical and super-
critical water. Considering the assumptions made in this study,
the probable error in the rate constants is in the range of 20-
50%. These are acceptable in light of the extreme conditions
under which they were determined and in light of being obtained
in real time using on-line NMR detection. Further efforts are
in progress to reduce the error in these measurements and in
studying other systems in supercritical water.
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