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Abstract: The proton NMR chemical shift has been measured for water from 25 to 600°C and from 1 to 400 bar,
conditions extending well beyond the critical point. Dilute solutes were employed as chemical shift references to
avoid the effect of the varying magnetic susceptibility. The large changes in chemical shift (4.1 ppm) are interpreted
as changes in the hydrogen bond network, because all other intermolecular interactions are known to result in much
smaller effects. Using a linear relation between chemical shift and the mean number of hydrogen bonds, the NMR
results show there are still 29% as many hydrogen bonds at 400°C and 400 bar (F ) 0.52 g/cm3 ) as for room
temperature water. The present results are compared to other measurements and calculations.

I. Introduction

Many of the unique properties of water are due, in large part,
to its network of hydrogen bonds.1-3 For example, H2S and
H2Se have substantially lower boiling points than H2O because
H2S and H2Se form only weak H bonds, at best.1,2 The
tetrahedral arrangement of molecules in liquid water is similar
to that in ordinary ice (-Ih) and serves to maximize the H
bonding.2,4 This unusually open structure leads to the well-
known density maximum of water5 at 4°C. The high-pressure
structures of solid H2O, ices VII and VIII, have two interpen-
etrating, separate, ice-I-like sublattices;4 this is striking evidence
of the open structures of ice-I and, similarly, ordinary water.
The large heat capacity of water and its substantial increase for
T < 0 °C (supercooled) are also believed to be due to H
bonds.6-9

Several recent developments have resulted in increased
interest in supercritical water10 (scw, generally taken as water
above the temperature of the critical point;Tc ) 374 °C, Pc )
221 bar, andFc ) 0.32 g/cm3). Hazardous and toxic organics
can be fully oxidized to innocuous end products10-12 using scw
as the reaction medium. Furthermore, organic waste can be
partially transformed into light feedstocks13 using scw. Super-

critical water is believed to be important in the geological
formation of hydrocarbons, particularly methane.14-17 New
forms of life have been found at deep-sea hydrothermal
vents;18-20 the conditions at some of the vents are close to the
critical point of water.18 Massive deuteration of simple organics
with very little auxiliary reaction has been found in near-critical
and supercritical D2O.21 In addition, the study of supercritical
water is relevant to the widespread use of supercritical (sc)
solvents in reactions and separations.
It is crucial to an understanding of supercritical water to know

to what extent H bonds persist in this fluid. This issue has
been stimulated by a neutron diffraction study22,23 using the
isotopic substitution technique (NDIS).24,25 These workers
reported that H bonding was essentially absent at conditions
(400 °C and 0.66 g/cm3 ) just above the critical point. The
interpretation of NDIS data is evidently nontrivial, since a
reanalysis of the original data has been published.26 Aside from
the difficulty of extracting OO, HH, and OH pair distribution
functions (e.g.,gOH(r) ) from the raw data, it is unclear how to
determine the extent of H bonds from the pair distribution
functions. That is, it is not clear in the neutron data exactly
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what constitutes a hydrogen bond.27,28 X-ray diffraction data
is also illuminating,29-31 although X-rays do not efficiently
detect the low-Z hydrogen atoms. Thus, X-ray data provide
somewhat indirect evidence of H bond formation.
Another powerful technique for examining H bonds is

vibrational spectroscopy, either infrared (IR) absorption32 or
Raman scattering.33-35 Both experiments have been performed
on supercritical water and reveal a red-shift upon formation of
H bonds. For example, the OD vibration of HOD dilute in H2O
(to avoid resonant couplings) falls from approximately 2700
cm-1 in isolated molecules to nearly 2500 cm-1 in 25 °C
water.32,33 Vibrational spectroscopy has an additional useful
featuresthe spectral widths are large enough that time averaging
is avoided. Thus, the observed spectrum is a superposition of
the spectra of the various molecular configurations in water, as
opposed to a simple Lorentzian whose center frequency reflects
the time- and ensemble-average of the configurations present
(e.g., as NMR does). The IR and Raman data have been
analyzed to yield quantitative estimates of the extent of hydrogen
bonding in supercritical water, as discussed below.31,33 How-
ever, there is no general agreement about the analysis of the
vibrational data.
Molecular dynamics simulations and Monte Carlo calculations

have provided insight into hydrogen bonding.27,28,36-38 As
discussed in greater detail below, these methods generally find
a reduced but non-negligible extent of H bonding in supercritical
water.
In this study, we exploit the well-known, large changes in

proton NMR chemical shift due to hydrogen bond forma-
tion.1,39,40 The approximately 4.5 ppm shift40 between water
vapor and 25°C liquid water demonstrates the large size of the
effect from H bonding, when compared to the only 10 ppm
range of proton shifts in all chemical compounds. The proton
NMR shift has been used before to measure the changes in H
bonding upon dilution41,42 and in pure water from the super-
cooled region to 120°C.43-45 In fact, the chemical shift
variations of alcohols46,47and H2O (or D2O, used as a deuterium
field frequency lock48) have found routine applications for
thermometry in NMR experiments at modest temperatures.49-52

The results presented here extend this well-known technique
to much higher temperatures and pressures, up to 600°C and
400 bar (1 bar) 105N/m2 ) 0.987 atm), conditions well beyond
the critical point. Also, the chemical shift data are analyzed to
yield a quantitative measure of hydrogen bonding in the fluid.
We note that the group of Nakahara53 has made chemical shift
measurements of H2O to 375°C. Also, Jonas and co-workers
have reported the diffusion coefficient and spin-lattice relax-
ation of water at supercritical conditions.54-56

II. Experimental Section

Proton spectra of water were obtained with an NMR probe designed
for this purpose. The probe is thoroughly described elsewhere;57 in
brief, the water sample is held in an alumina ceramic tube with a
floating-piston device (at room temperature) to transfer the pressure
from the argon gas pressurizing fluid. The hot H2O comes into contact
only with alumina ceramic, to avoid the solubility and reactivity of
some other materials. The pressure vessel itself is made of titanium
alloy and is internally heated. The probe is located in the room-
temperature bore of a 4.4 T (186.6 MHz) superconducting magnet with
adjustable room-temperature shim coils. Generally, 0.1 ppm field
uniformity is attained. The NMR spectrometer is home-built. All
spectra reported here are the Fourier transforms of free-induction decays
following singleπ/2 pulses.

Pure water (Aldrich Chemical) was used after three freeze-pump-
thaw cycles to remove dissolved gases. The water, together with a bit
of solute, was then loaded into the ceramic tube/floating piston
assembly. The solute was generally benzene or isopropyl alcohol, but
cyclohexane andp-ethylphenol were occasionally used for comparisons
between these reference compounds.

The solute served as an internal chemical shift reference. Thus, any
changes in bulk magnetic susceptibility of the sample resulted inequal
frequency changes of the solute and the water.39 By measuring the
frequency of the H2O line relative to the solute resonance, only changes
in chemical shiftare measured. We note that virtually all high-
resolution NMR today employs an internal lock or an internal shift
standard.48 Clearly, our internal shift standard approach is useful only
if the chemical shift of the reference solute remains constant, so the
observed relative frequency changes are correctly interpreted as changes
in the H2O chemical shift. This issue is addressed by experimental
results (below). Here, we note that the effect upon chemical shifts of
hydrogen bonding is much larger than all of the other intermolecular
interaction effects (e.g., van der Waals, typically in the 0.2 ppm
range).58-60 Thus, provided the solute cannot participate in hydrogen
bonding, we can safely regard the shift of the solute as a constant. The
chemical shifts reported here are all determined from the frequency
difference (∆f) of the water and dilute solute resonances (typically 2
mol %). The fractional shift is reported as∆f/fo, with fo being the
frequency of either resonance. Negative shifts are for H2O towards
lower frequency (more shielded).

The temperature across the NMR active region of the sample varied
by at most 2°C. The temperatures reported here are accurate to(3
°C, and the pressure is believed accurate to within 1%. Given the
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gradual variation of chemical shift with temperature and pressure (see
data below), these uncertainties are negligible.

III. Results: Chemical Shift

Typical NMR spectra of water are presented in Figure 1,
where the temperature was raised to 600°C and then decreased,
all at 250 bar. Small quantities of benzene (B) and cyclohexane
(CH) were present to serve as internal references of chemical
shift. The concentrations of the solutes are best determined from
the ratios of intensities (areas) in Figure 1, keeping in mind the
numbers of hydrogens per molecule. The large temperature
gradient along the ceramic sample vessel results in a nonuniform
distribution of the solute throughout the vessel. The increasing
solubilities of benzene and cyclohexane at elevated temperatures
lead to the increasing solute concentrations apparent in Figure
1.
The down-frequency shift (to the right) of the water (W)

resonance with increasing temperature is clearly evident in
Figure 1. Measurement of this shift and its interpretation in
terms of hydrogen bonding as a function of temperature and
density constitute the subjects of this research.
The spectra in Figure 1 have been aligned (i.e., by small

additive frequency shifts to correct for changes in bulk magnetic
susceptibility) to keep the benzene (B) resonance at a fixed
position. The cyclohexane (CH) and methane (M) lines remain
at fixed positions (when visible), indicating that their shifts
remain virtually constant. Further support for treating the
benzene resonance as afixedreference is presented below. The
methane signal first becomes evident at 500°C (not shown)
and is believed to be due to chemical reaction of the cyclohex-
ane; no methane signal was ever found with only water and
benzene. When the sample was cooled from 600°C, the
methane resonance remained, as expected. At room tempera-
ture, the identity of the gas was confirmed by mass spectrometry.
Much of the data presented here used dilute benzene as an

internal reference. However, at low temperatures, the low
solubility of benzene in water made it advantageous to use the
methyl (CH3 ) resonance of isopropyl alcohol as a reference

line. At high temperatures, isopropyl alcohol partially dehy-
drates to propene,61 making isopropyl alcohol unsuitable as a
high-temperature reference.
The chemical shift data in Figures 2-4 cover the high-

temperature range and were all measured with respect to dilute
internal benzene. From Figure 2, the water resonance shifts to
lower frequency (i.e., more shielded) as temperature increases
and the hydrogen bond network is gradually destroyed. As
explicitly shown in Figure 3, the pressure dependence of the
shift is quite weak over our pressure rangein the liquid range
(above the coexistence pressure, for temperaturee350 °C).
Presumably, this reflects the low compressibility of the dense
liquid. Across the liquid-vapor coexistence, large changes in
the chemical shift are observed (Figures 2 and 3), showing that
the hydrogen bonding is substantially weaker in the less-dense
vapor phase. The location of the discontinuities in shift agree
with the published coexistence curve for pure water5 to within

(61) Narayan, R.; Antal, M. J., Jr.J. Am. Chem. Soc.1990, 112, 1927.

Figure 1. Proton NMR spectra of water at 250 bar with dilute benzene
and dilute cyclohexane as internal references. From top to bottom, the
spectra appear in the order they were measured. The peaks are labeled
W (water), B (benzene), CH (cyclohexane), and M (methane, from high-
temperature decomposition). The spectra are aligned to maintain a fixed
location of the benzene peak. The display gain has been increased (×11)
for some of the weaker solute peaks. The down-frequency shift (to the
right) of the water resonance with increasing temperature is evident.

Figure 2. Chemical shift of water relative to dilute benzene as an
internal reference, at several pressures. Negative shifts are to lower
frequencies. The smooth curves are to guide the eyes; the dashed lines
indicate the discontinuity across the liquid-vapor coexistence. The
right-hand scale forη, the extent of hydrogen bonding, is linearly related
to the chemical shift as explained in the text.

Figure 3. Pressure dependence of the chemical shift of water relative
to dilute internal benzene, at several temperatures. The smooth curves
are guides for the eyes; the dashed lines indicate two-phase coexistence
regions. The degree of hydrogen bonding is expressed by the right-
hand scale, as described in the text.

Hydrogen Bonds in Supercritical Water J. Am. Chem. Soc., Vol. 119, No. 16, 19973813



our coarse data grid, despite the presence of dilute solute. For
vapor and supercritical fluid (T > 374 °C), the chemical shift
does vary with pressure in the expected directionsincreasing
pressure and density result in more H bonding and an up-
frequency shift (less shielded).
At high temperature and low pressure, the shift of water

appears to reach a limiting value. This is made clear in Figure
4, where the shift is plotted as a function of fluid density.
Within the uncertainty of the data, the shift approaches-6.6
ppm as density approaches 0. Densities were obtained from
PVT data for pure water5 and should be accurate for the present
dilute solutions, except very near the critical point. As expected,
the increase of the shift with density is weakest for the highest
temperature, 600°C. Because high temperature and low density
both weaken the hydrogen bonding, we take-6.6 ppm shift as
characteristic of H2O monomers (i.e., unassociated) and no H
bonds.
The chemical shift of liquid water for the lower temperatures

(e350°C) is presented in Figure 5. There the data from three
sets of research groups with various shift references are
compared. First, the present results obtained with dilute internal
benzene reference appear as circles. Because the data extend
to 350 °C, pressure is required to retain liquid densities. We
arbitrarily choose to present 250 bar data, noting the very weak
pressure dependence in Figures 2 and 3 at these conditions.
Because of the low solubility of benzene in cold water, these
data do not extend below 150°C. To overcome this problem,
measurements were performed using the methyl resonance of
dilute, internal isopropyl alcohol as the reference, both at 250
and 1 bar (squares and triangles, respectively). As expected,
the data at the two pressures agree well where they overlap in
Figure 5. The data referred to isopropyl alcohol were converted
to the benzene reference scale using the shifts of benzene and
the methyl resonance of isopropyl alcohol relative to TMS
(tetramethylsilane, 7.33 and 1.20 ppm, respectively), as tabu-
lated.62 While the tabulated values are obtained in a solvent
quite different from water, the solvent effect upon these non-
hydrogen-bonding groups is expected to be small. We will
return to this crucial issue below. The data with isopropyl
alcohol reference, additively corrected as described above, are
found in Figure 5 to be in agreement with the benzene-
referenced measurements to within 0.1 ppm.

The chemical shift of water at room pressure from Nakahara45

appears as a solid curve in Figure 5. The curve is obtained
from the empirical equation used to fit the original data. The
data were referenced to TMS, so the shift of 7.33 ppm of
benzene relative to TMS was used as a subtractive correction.62

The earlier data of Hindman43 were expressed as shift relative
to water at 0°C. The Hindman data were additively shifted by
an amount selected to obtain agreement with the Nakahara data
at 0 °C; this is theonly adjustable offset in all of the data in
Figure 5.
There are two major conclusions to be drawn from Figure 5.

First, the data of the three NMR research groups are in
remarkably good agreement. Second, as demonstrated by the
agreement of shifts with different reference solutes, our
procedure that assumes the chemical shifts of the solutes are
constants appears to be valid.
We now turn to direct experimental tests of the validity of

our use of internal reference solutes. The shift of water,
measured against internal, dissolved benzene is presented in
Figure 6 as a function of benzene concentration. The variations
are all small, so that quite reliable “zero concentration” values
may be obtained. Of course, it is possible that the water and
benzene chemical shifts were affected equally by the presence
of the benzene solute, but this seems unlikely, especially over
the wide range of temperatures in Figure 6.
The chemical shifts of several solutes are compared in Figure

7. The shifts of methane (M) and cyclohexane (C6H12) in the
figure are referenced to internal, dilute benzene, as in Figure 1.
The shifts of the -CH2 - and -CH3 groups ofp-ethylphenol were
measured relative to the ring resonances in the same compound.
These values were additively corrected by the tabulated shift
between the ring resonances and benzene.62 The solute shifts
are essentially independent of temperature. By comparison, the
solid curve shows the large variation in the shift of the water
itself. It seems extremely improbable that all of these solutes
(alkyls) and benzene have nontrivial changes in chemical shift
which are all equal. Thus, from Figures 6 and 7, we conclude
that the chemical shifts of the solutes are essentially constants
and that we are working in the limit of low solute concentration.

(62) Pouchert, C. J.; Behnke, J.The Aldrich Library of13C and1H FT
NMR Spectra, 1st ed.; Aldrich Chemical Co.: Milwaukee, WI, 1993.

Figure 4. Density dependence of the chemical shift of water relative
to internal benzene at several temperatures above the critical temper-
ature. The five curves are eye guides for the data at low density at
each temperature, in order of increasing temperature from top to bottom.

Figure 5. Chemical shift of water relative to dilute internal benzene
in the lower temperature (high density) region. The NMR data of
Nakahara are from ref 45, and Hindman’s NMR data are from ref 43.
The present data obtained at 250 bar with benzene reference are shown
together with 1 bar and 250 bar data taken with the methyl resonance
of dilute internal isopropyl alcohol as reference. See text for conversion
between the different references. The good agreement between the
groups is evident. Data forη from the Raman work of ref 65 are shown.
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IV. Discussion: Hydrogen Bonding

The changes in chemical shift of the H2O protons with
changes in temperature and density overwhelmingly reflect the
changes in hydrogen bonding.39-41 By comparison, other
influences upon the chemical shift are minor.39,58-60 This
assertion is graphically demonstrated by Figure 7, in which the
non-hydrogen-bonding solute molecules show at most only small
shift changes compared to the water, as the temperature of the
water solvent is changed over a wide range.
The measured value of the chemical shift is a time average

(or, equivalently, an ensemble average) over the multitude of
configurations of the fluid. Specifically, the NMR time scale
is the reciprocal of the line width and is of order 10-1 s, much
longer than the 10-12 s characteristic of structural fluctuations.
Thus, our NMR shift measurements extract a single number
from the fluid.
We analyze the chemical shift data by a linear relation

between the shift (σ) and the extent of hydrogen bonding (η).

We require thatη ) 0 in the limit of no H bonds, as is the case
for hot, low-density vapor whereσ tends to-6.6 ppm, relative
to internal, dilute benzene. We setη ) 1 for water at 25°C
and 1 bar, an arbitrary though convenient reference state with
σ ) -2.5 ppm (see Figure 5). Thus, we have

The above linear relation betweenη and the shiftσ is easily
justified in a two-state model, in which hydrogen nuclei are
either involved or not involved (yes/no) in a hydrogen bond. A
chemical shift (σyes andσno ) describes each of the two states.
The measured shiftσ is then the weighted average of the two
limiting shifts, so thatσ will be linear in the time-average
number of hydrogen bonds per molecule. In more complete
descriptions of H bonding than the two-state model, the linear
relation between the chemical shiftσ and the extent of H
bondingη is not rigorous. Indeed, there is no longer an unique
definition of hydrogen bonds. We will return to this point
below. Nevertheless, we use the linear equation (eq 1) for our
analysis because of its simplicity.
The data of Figures 2-5 are presented with chemical shift

scales along the left. By means of eq 1, scales for the H-bonding
extentη have been affixed along the right sides. Thus, these
figures simultaneously present the principal results (chemical
shift) and interpretation (in terms of H bonding) of this research.
We now compare the present results forη with previous

measurements. From Figures 2 and 3, we findη ) 0.29 at the
supercritical conditions of 400°C and 400 bar, a density of
0.52 g/cm3. This is certainly a nontrivial amount of H bonding.
But in their NDIS study, Postorinoet al.22,23found no evidence
of H bonds at 400°C and thehigherdensity of 0.66 g/cm3. We
recall from Figures 2-4 that more H bonding, not less, is
expected at the higher density and pressure of the neutron NDIS
work. We note that the NDIS results have been critiqued.63

Also, a comparison between the data and molecular dynamics
simulations finds specific disagreements.64 The reanalysis of
the NDIS data is awaited.26 Recent low-frequency Raman
measurements35 in water at pressures of 500-2000 bar are
interpreted as indicating that H bonds are largely broken down
at 150-200°C, in striking disagreement with the data of Figures
2-5.
An earlier Raman study by Walrafen and co-workers reports65

the fractionfB of hydrogen atoms involved in hydrogen bonds
between 0 and 100°C at 1 bar. These data have been converted
to the presentη scale, usingη ) fB/0.781; the denominator is
the value offB at 25°C. These Raman-derived values appear
in Figure 5 as a dotted curve. The agreement with the NMR
results at 25°C is forced, of course. The Raman data have a
substantially larger temperature dependence than the NMR-
derived values.
Several quantitative estimates of the extent of H bonding in

supercritical water appear in the literature. These estimates,
together withη values from Figures 2-4, are presented for
comparison in Table 1. In each case, the reported values have
been normalized to unity for 25°C, 1 bar water.
The Raman measurements of Franck’s group were reported33

as values ofK, the ratio of H-bonded to non-H-bonded hydrogen
atoms. These data were obtained by a complicated fitting
procedure with many parameters, such as the center frequency,
width, and asymmetry of both spectral components (bonded and

(63) Löffler, G.; Schreiber, H.; Steinhauser, O.Ber. Bunsen-Ges. Phys.
Chem.1994, 98, 1575.

(64) Chialvo, A. A.; Cummmings, P. T.J. Phys. Chem.1996, 100, 1309.
(65) Walrafen, G. E.; Fisher, M. R.; Hokmabadi, M. S.; Yang, W.-H.J.

Chem. Phys.1986, 85, 6970.

Figure 6. Dependence of the water chemical shift relative to internal
benzene as a function of the concentration of the benzene. The near
absence of concentration dependence allows reliable extrapolations to
the infinitely dilute limit. The solid lines are eye guides.

Figure 7. Chemical shifts of several dilute solutes, referred to dilute
internal benzene; in all cases the medium is water at 250 bar. From
bottom to top, the solute resonances are methane (M), the -CH3 line of
p-ethylphenol, cyclohexane (C6H12 ), and the -CH2- line of p-
ethylphenol. The constancy of the shifts of these solutes demonstrates
that the solute shifts are unaffected by the changes in hydrogen bonding
of the water. The straight lines are eye guides. For comparison, the
curve shows the large variation of the shift of H2O (data points
suppressed to reduce clutter).

η ) 0.2439σ + 1.610 (1)
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nonbonded), separately adjustable at each temperature. TheK
values were converted to the numberN of H bonds per H2O
molecule (on a scale where 2 is maximum) usingN ) 2K/(K
+ 1). The 25°C water had 1.73 H bonds per molecule. Finally,
the data were normalized toη ) 1 at 25°C. These data are
only available at high density, about 0.8 g/cm3, and do not
extend beyond 400°C. Given the very high density, the value
in Table 1 should be regarded as being in reasonable agreement
with the NMR value.
Gorbaty and Kalinichev31 have published values of the

H-bonding extent (ø in their work). The values used here are
from their straight line fit to both infrared data (based on the
large variation in the integrated IR absorption coefficient) and
to X-ray diffraction data. The data are presented only for the
high densities of 0.7-1.1 g/cm3. Simple normalization by the
25 °C value ofø yields theη values of Table 1. As expected,
at the higher density of Gorbaty and Kalinichev, they find
somewhat higherη values.
A lattice fluid calculation of H bonding has been published

by Johnston and co-workers.66 They report their results as
“fraction of monomer”, although this is not to be understood
as water molecules participating in no H bonds (out of a possible
four, two as donors and two as acceptors). Instead, the fraction
of monomer (FM) is the fraction of non-H-bonded hydrogen
atoms. Thus, these are converted toη values usingη ) 2(1-
FM)/1.73. Unfortunately, Johnston and co-workers do not report
results at 25°C, so the 1.73 normalization value was obtained
from the work of Franck,33 as discussed above. Similar values
are deduced from the Raman value65 of fB ) 0.781 (i.e., 0.781
× 2) 1.562 ). Theseη values from Johnston run substantially
above the NMR-derived values in Table 1. We note that values
are presented over a wide range of temperatures and density.66

Smitset al.have computed67 the fraction of monomers in water
and have compared their results to the Johnston results.
Several molecular dynamics and Monte Carlo studies have

reported estimates of H bonding in supercritical water. Kalin-
ichev and Bass27 suggest that a combined energetic and
geometric criterion (as to whatis an H bond) yields better values
of the extent of H bonding than either one alone. These workers
used a TIP4P potential at 500°C; theirnHB values were divided
by 3.2 (the 25°C value) for theη scale in Table 1. Mountain36

has used a purely geometric criterion and findsnHB values that

vary mostly with density and surprisingly little with temperature.
The reported values ofnHB are divided by 1.75 (the 25°C, F )
1 g/cm3 value) to convert toη. In two papers, Mizan, Savage,
and Ziff have reported38,68 molecular dynamics results at 500
°C and hotter. Their values ofnHB are normalized by the room
temperature value (nHB ) 3.13). In all cases, the molecular
dynamics and Monte Carlo values exceed the present NMR
values, by as much as a factor of 2 (e.g., at 500°C).
The Monte Carlo workers have pointed out27 that it is

relatively easy to formulate a good criterion for whatis an H
bond at low temperatures. But in supercritical water, the
situation appears to be better described as a broad distribution
of H-bonding environments, as opposed to a bonded/non-bonded
dichotomy. Thus, different criteria result in numerically dif-
ferent results forη from the same simulation/calculation. The
question arises, then, what criterion does the NMRmeasurement
of chemical shift employ? The chemical shift is a measure of
changes in the electronic shell, driven by the proximity of H
bond donors or acceptors. The chemical shift is similar to the
intermolecular potential energy in this regard. Just as energetic
calculations allow the energetic and geometric criteria to be
compared, quantum calculations of chemical shift should reveal
the chemical shift changes for specific intermolecular configura-
tions. It is difficult to regard any one of these measures of H
bonding (geometric, energetic, or chemical shift) as clearly
superior to the others.1

We point out that the present data can be used for comparison
to predictions of the chemical shift from Monte Carlo or
molecular dynamics (MD) calculations. In fact, Svishchev and
Kusalik69 have done such a comparison from their MD
simulations, but limited to temperaturese100 °C. In general,
Monte Carlo or MD can generate a large set of molecular
configurations of the fluid. Because one desires only a
“Boltzmann-weighted market-basket of configurations,” Monte
Carlo may prove to be more efficient (i.e., time evolution of
the configurations is not important). The chemical shift of each
hydrogen nucleus would be calculated for each configuration
using a quantum chemistry computer code, for example, or the
simpler technique of Svishchev and Kusalik69 using the effect
of electric fields upon the chemical shift.70 The final step would
be to average the shifts over time and over the many molecules
in the simulation. Comparison of such predicted chemical shifts
with the present experimental results could validate the inter-
molecular potential employed in the simulation. Most impor-
tantly, such a scheme could be used to tie together such disparate
measures of H bonding as radial distribution functions and
chemical shift.

V. Conclusions

The chemical shift of water is reported from 25 to 600°C
and from 1 to 400 bar, a range extending well beyond the critical
point. The technique of an internal chemical shift standard was
employed to eliminate the influence of the bulk magnetic
susceptibility. Data are presented to demonstrate that the
reference solutes employed here were in the infinitely dilute
limit. Further, the excellent agreement between different solute
resonances shows that the solute chemical shifts were essentially
constant, with only the H2O shift varying with changes in
temperature and pressure.
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Table 1. Degree of Hydrogen Bonding in Supercritical Water (η)

T
(°C)

F
(g/cm3) η method reference

400 0.52 0.29 NMR this work
400 0.45 0.43 MD Mountain, ref 36
400 0.5 0.45 theory Johnstonet al.,ref 66
400 0.66 negligible NDIS Postorinoet al., refs 22 and 23
400 0.66 0.5 theory Johnstonet al., ref 66
400 0.75 0.66 MD Mountain, ref 36
400 0.8 0.36 Raman Francket al., ref 33
400 0.7-1.1 0.45 IR+ X-ray Gorbatyet al., ref 31
500 0.12 0.08 NMR this work
500 0.115 0.11 Monte Carlo Kalinichevet al., ref 27
500 0.15 0.14 MD Mountain, ref 36
500 0.115 0.15 MD Savageet al., refs 38 and 68
500 0.115 0.16 theory Johnstonet al., ref 66
500 0.20 0.13 NMR this work
500 0.257 0.19 Monte Carlo Kalinichevet al., ref 27
500 0.25 0.23 MD Mountain, ref 36
500 0.257 0.26 MD Savageet al., refs 38 and 68
500 0.257 0.29 theory Johnstonet al., ref 66
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The changes in H2O chemical shift are interpreted using a
linear relation between shift and the extent of H bonding. Such
a linear relation is predicted in a two-state (bonded/non-bonded)
model of hydrogen bonding. For the more complex situation
in real water, the linear relation cannot be justified rigorously
but is certainly the simplest approach. Using the linear scale,
all of the measurements here yield values of the extent of
hydrogen bonding (η). In particular, the H bonding in super-
critical water at 400°C and 400 bar (F ) 0.52 g/cm3 ) is 29%
of that in ordinary water (25°C, 1 bar). This is in sharp contrast
to a recent neutron diffraction/isotopic substitution study which
found no remaining hydrogen bonds, even at somewhat higher
density (F ) 0.66 g/cm3, T ) 400 °C). The NMR results are

in fair agreement with molecular dynamics calculations and with
combined diffraction and vibrational spectroscopic data.
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