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Dynamics of Dilute Water in Carbon Tetrachloride
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A dilute solution of water in a hydrophobic solvent, such as carbon tetrachloridg) (B@sents an opportunity

to study the rotational properties of water without the complicating effects of hydrogen bonds. We report
here the results of theoretical, experimental, and semiempirical studies of a 0.03 mole percent solution of
water in CC}. It is shown that for this solution there are negligible wateater interactions or watetCCl,
interactions; theoretical and experimental values for proton NMR chemical shiftsafe used to confirm

the minimal interactions between water and the L Chlculated ab initio values and semiempirical values

for oxygen-17 and deuterium quadrupole coupling constaptsof water/CC) clusters are reported.
Experimental values for th€0, 2H, and'H NMR spin—lattice relaxation timesT;, of 0.03 mole percent

water in dilute CCJ solution at 291 K are 943 ms, 7.0+ 0.2 s, and 12.6t 0.4 s, respectively. Thesh

values for bulk water are also referenced. “Experimental” values for the quadrupole coupling constants and
relaxation times are used to obtain accurate, experimental values for the rotational correlation times for two
orthogonal vectors in the water molecule. The average correlation tgnfar the position vector ot’O
(orthogonal to the plane of the molecule) in monomer watet/®] is 91 fs. The average value for the
deuterium correlation time for the deuterium vector?iO is 104 fs; this vector is along the OD bond.
These values indicate that the motion of monomer water in 8@hisotropic. At 291 K, the oxygen rotational
correlation time in bulkkH,*"0O is 2.4 ps, the deuterium rotational correlation time in the same molecule is
3.25 ps. (Ropp, J.; Lawrence, C.; Farrar, T. C.; Skinner, J.lAm. Chem. So2001, 123 8047.) These
values are a factor of about 20 longer than th&alue for dilute monomer water in C£LI

Introduction dilute solution of water in supercritical G@n which the water
interacts with the C@ The experimental results reported here
will provide some useful benchmarks for theoretical studies of
structure and dynamics in water GGblutions. In addition to
providing information about the molecular dynamics of water,
understanding a water/C{£3ystem is important because of the
connection to environmental problems such as the interactions
present in groundwater contaminated by organic solvEnts.
Furthermore, potential similarities between water molecules in
a hydrophobic solvent and water molecules in a lipid bilayer
make this an important system to study?

Numerous nuclear magnetic resonance (NMR) studies have
been carried out to measure translational and rotational diffusion
rates of water moleculés1® Although this early work has
provided approximate values for the rotational correlation time,
¢, highly accurate measurements were not possible for several
reasons. In proton NMR relaxation time studies it was not
possible to separate the intra- and intermolecular contributions
to the proton dipolar relaxation rate. Quadrupole relaxation time
studies have the great advantage that only intramolecular
interactions contribute to the relaxation. However, quadrupole
relaxation time studies require an accurate value for the
quadrupole coupling constants, and accurate values for theMethods

deuterium and oxygen quadrupole coupling constants were not Experimental Methods. The 170 enriched (250470) water

ava;u]at()jlel. A T‘ire rE;:e_nt study f(t)r bUIlk' l'qL]‘c'd v;/k?ter u3|0r|19 nelvv samples and th&H,0 (99.9% deuterated) were obtained from
me Ic') ology" to o halnbaccura N \]/ta(l;es or the quadrupol®  campridge Isotope Laboratories, Inc. Sample tubes were first
coupling constants "’_‘S een reported. ) soaked in nitric acid and then in EDTA. The tubes were rinsed
. Although a clea}r picture of the structure and dynamics of \yith deionized water and then with dry, reagent grade acetone.
liquid water remains elusive because of its complex network ro|iowing this procedure they were dried for at least 24 h in a
of three-dimensional hydrogen bonding, isolated water mol- \,ac,um oven prior to use. The dilute sample concentrations were
ecules in a hydrophobic solvent, such as carbon tetrachloride neasyred volumetrically using microsyringes. The samples were
(CCly), present an opportunity to study the rota.tlonal properties subjected to at least three freezrimp—thaw cycles to remove
of water without the effects of hydrogen bonding. There have 5y gissolved oxygen and then sealed under vacuum. Before
been several recent tlr31_eoret|cal studies of liquid interf&tes. measurement the sample tube was shaken vigorously for several
Two of these artlcl_éé’ include awater/CQllnterface in which minutes and then put aside for several minutes. After vigorous
water interacts with the solvent. A third arti€¥econsiders a shaking a very faint emulsion could be seen in the tube. This is
. . g oad b ” T Email due to the fact that not all of the water, even for the nominally
*To whom correspondence snhou e aaaressead. maill: 1 i i 1
roppj@morris.umn.edu. Telephone: 320-589-6322. Fax: 320-589-6371. 0.03 m0|f7p§rl\(;|eRnt SOIUFO%V?S entlreéy.dlssoweg' ;I'hlek;’elsultlng
f University of Minnesota. oxygen- spectrurtf, discussed in more detail below,
* University of Wisconsin, Madison. contained two peaks, a well resolved triplet arising from
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monomer water and a broad featureless peak at about 500 ppm
higher frequency than the triplet, arising from the bulk water
emulsion.

The dilute water spectra were taken on a Bruker Avance
300 MHz spectrometer. The temperature was controlled to
+0.1 °C using the Bruker VT unit. The temperature was
calibrated using the methanol-thermometer metdodhe
magnet and its environment are sufficiently stable that no
internal lock is necessary for periods up to several hours. The
chemical shift measurements are accurate-@01 ppm. The
experimental proton chemical shifty, is referenced to TMS.

The relaxation times were measured using an inversion recovery
experiment, and the data were fit with a standard three-parameter ao
fit program?223 All relaxation time values are the average of }; @

at least three separate measurements, reproducitt@%o. J ?

Theoretical Methods.NMR relaxation time methods provide h 0‘\0 o\' .“

a powerful tool for the measurement of via quadrupole @ . 9
relaxation 7O and?2H) if accurate values of the quadrupole @

coupling constanty, and asymmetry parameter, are known.

For monomer water that exists in the gas phaseytlaad n
values are known experimentafl§?®> These values can be
calculated theoretically for a single water molectgemiem-
pirical values for the deuterium and oxygen-<ivalues can be
obtained from the correlation between the chemical shift values

and the quadrupole coupling constahts. , , an unhindered gas-phase molecule to rotate through one radian),
In dilute solution in a solvent free from magnetic nuclei, that 74, for a water molecule from the following equation provides

is, no intermolecular int_eraction_s, proton relax_ation timt_a mea- 5 check of whether or not the dilute water in GBEhaves as
surements can provide information about rotational motion. As 5 free rotor. that is. similar to the gas phase. The free rotor

seen below, however, for small freely rotating molecules or e is given by
molecular groups spiarotation interactions may also be

Figure 1. Water/CC]} clusters used in the calculation of the quadrupole
coupling constant.

The calculatio® of the free rotor time (time for a vector in

present2’The1H relaxation rate and the rotational correlation -
time for a proton magnetic dipotedipole interaction is given I. = 1 (4)
by26 fr kT
Yy
1 2 42 - - wherel is the average moment of inertia. As seen belowzthe
R === ! (10 +1)) ¢ ¢ values found fo70, 2H, and!H are only slightly longer than
T 5r|,6 1 wozrcz 1+ 4w02‘rc2 the value forzy, indicating that water is not interacting strongly

(1) with the CC}, solvent or with other water molecules, but behaves
as a monomer.

The ab initio theoretical calculations were done at the b3lyp/

6-31+g(d,p) level of theory using Gaussian #¥3The equilib-
rium geometries of a monomer water and several watey/CCl
clusters were optimized and minima found. The optimized
clusters are shown in Figure 1. This was also done using the
solvation feature of Gaussian 03 which allows properties of
water solvated with CGlto be calculated.
The geometry optimization also provides the moments of
ertia for the molecule. Electric field gradients oyy, 0z,
were also calculated. The chemical shielding for a water
monomer was calculated at the b3lyp/643f level of theory
using Gaussian 98.

Theoretical quadrupole coupling constants were calculated

where | is the spin quantum numbet, is the rotational
correlation timey), is distance between the two nuclgiis the
gyromagnetic ratio and, is the Larmor frequency. This form

of the equation assumes no intermolecular dipolar interactions,
an expected condition for a dilute solution of water in ¢CI
Spin—rotation is not usually dominant in liquids as molecules
do not remain in a particular angular momentum state for very
long owing to the short times between molecular collisions.
However, for gas phase or dilute solutions with non-interacting in
solvents, the time between collisions becomes long, and a
molecule can remain in one angular momentum state long
enough that the spiarotation relaxation mechanism becomes
dominant. The spirrotation relaxation rate is given By2°

1 2IKT. from the electric field gradient values using
Ri==="73"Ce 1, 2
how eQeq,
2_1. 2 2 2 ~h ®)
Cef‘f = :_g(cxx + ny + sz) (3)

~ wherey is the quadrupole coupling constant in units of s
wherel is the average moment of inertik,is Boltzmann’s the fundamental unit of charg® is the nuclear quadrupole
constant] is the temperature in KelvirGet is the spir-rotation moment andy, is the principal component of the electric field
constant (in units of Hz) and} is the spir-rotation (or angular gradient. The nuclear quadrupole moment is a constant for each
momentum) correlation time. The value f@ has been nucleus. A value of 2.860 mb was used for the deuterium nuclear
measured for gas-phase wéfeand can be used along with the quadrupole moment, and a value -625.78 mb was used for
proton T; value to obtain a value for the angular momentum the oxygen nuclear quadrupole momeé&hAsymmetry param-
correlation time ;. eters were calculated using the following equation:
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qyy — O
9,

n (6)

where
(7)

The quadruple coupling constant, the rotational correlation time,
and the relaxation rate are related by the following equation

2
+ %)xzfc

where R; is the spin-lattice relaxation rateT; is the
relaxation time| is the spin quantum number of the nucleus
(I = 1 for 2H and | = (%) for 170), 5 is the asymmetry
parametery is the quadrupole coupling constant in units of Hz
andz. is the rotational correlation time in secoridsThe 17O
and?H 7. values are associated with the principal axis of the
170 and ?H quadrupole coupling tensors, respectively. The
principal axis of the oxygen electric field gradient (efg) is
perpendicular to the plane of the molecule; the principal axis
of the deuterium efg is along the?® bond.

Ol = 1G] = |0,

1 3722 20+3 (
R=o>=20C_£79 8
YT 101221 - 1) ®)

Results and Discussion

Figure 2 shows a typical’lO NMR spectrum of a dilute
solution of water in CCl The 1:2:1 triplet pattern with a
separation of 79.0 Hz arises from the spspin coupling Jon,
of the two equivalent protons to the oxygen. This well resolved
triplet is clear evidence that the lifetime of the monomer and
the OH bonds in the monomer in this water ¢Bihary system
are long compared to Jdy (~13 ms).

The T; values measured at 291 K for the 0.03 mol % water
in CCl, solution are 94+ 3 ms for'’0, 12.64 0.4 s for'H,
and 7.0+ 0.2 s for2H. To determiner., the 170 and?H T;
values can be used with eq 8.

The use of eq 8 requires thatand » are known. Recent
work!11.20.34has shown that there is a linear relation between
the proton chemical shift and the deuterium quadrupole coupling
constant. For water the relationship is given by the equhtion

Y= —16.05,,+ 309 9)

wheredy is in ppm andyzy is in kHz. A similar relation holds
for the 17O nucleus and it is given By

xP(L+ no13) = 1.74,,0+ 119 (10)
wheredois in ppm andy is in MHZ2,

The y2+ and y5(1 + 73/3) values are obtained from the
chemical shift values observed at a temperature of 291 K. A
value of 0.59 ppm was measured for the proton chemical shift
(relative to TMS) and the “experimental}z+ value is
299.6 kHz! This value is slightly smaller than that of the
theoretical monomer. Similarly, the “experimentalO value

Goodnough et al.

79 Hz |

Figure 2. Mixture of 0.03 mol % water in carbon tetrachlorid&€O
spectrum of the water monomer. Note the 79 Hz splitting from the
two equivalent protons.

TABLE 1: The Calculated Principle Components of the
Electric Field Gradient (¢, and Quadrupole Coupling
Constants in Water/CCl, Clusters?

cluster Ha, 2Hy(kHz) Oq. Oy (MHz)
water monomer 0.460 309.3 1.71 10.3
water/1 CCJ, dimer 0.454 305.2 1.69 10.1
water/2 CCJ trimer 0.454 305.3 1.68 10.1
water/3 CCJ tetramer 0.453 304.6 1.66 9.95
water solvated with CGl 0.443 297.8 1.64 9.88
water/CC} values 0.460 299.6 1.71 10.2
Gas-phase values 0.457 307.9 1.70 10.175

a2 The level of theory is b3lyp/6-3itg(d,p). The semiempirical values
using eq 9 and eq 10 are also given.

TABLE 2: Quadrupole Coupling Constant and 5 Values
Are from Various Sources. The Rotational and Angular
Momentum Correlation Times Were Calculated from These
Values (eq 8) for a Solution of Dilute Water in CCl, at 291
K.

x " 7c(H;'0)
170 10.3 MHZ 0.78 89 fs
170 10.1 MHZ? 0.7% 93 fs
170 10.175 MHz 0.75 91 fs
170 10.2 MHz 0.75 91 fs

X n 7¢ (?Hz0)
2H 309.3 kHz?2 101 fs
2H 300.8 kHzP 107 fs
2H 307.90 kHz 102 fs
2H 299.6 kHz¢ 107 fs

Cet 73(H3:0)
H —42.46 kHz 76 fs

aTheoretical water monomet Average of all water/CGlclusters.
¢ Equation 9,0+ = 0.59 ppm.

interacting weakly with three CgImolecules. This should
roughly approximate the local environment of the water
molecule in the dilute solution with C&l The Gaussian

is 10.18 MHZ. This value is also close to the gas-phase value. programs now have a special feature for calculating structures
These values along with some other calculated values areof solvated molecules (fifth row). In the sixth row are the
summarized in Table 2. “experimental” values obtained from the experimentally mea-

The values given in the first five rows of Table 1 are obtained sured deuterium and oxygen relaxation times and the quadrupole
from theoretical calculations using the Gaussian suite of coupling constants obtained from the correlations with the
programs at the b3lyp/6-31g(d,p) level of theory. The first  experimentally measured values of the deuterium and oxygen
row values are for an isolated gas-phase water monomer. Thechemical shifts (eqs 9 and 10). The last row gives the values
second row is for water interacting weakly with a single £CI  for the experimentally measured parameters in the gas phase.
molecule. The third row is for water interacting weakly with The average of all seven values for the deuterium gcc value is
two CCl, molecules. The fourth row gives values for water 304.2 kHz and all values lie in the range 36845 kHz; a
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variation of less than two percent. The average value for the If a spin—rotation mechanism relaxes the protons, eq 2 can
oxygen quadrupole coupling constant is 1&.0.2 MHz, again be used to find;, the angular momentum correlation time. Using
a variation of less than two percent. the measured value @ and the literature value 6f46.46+

TheseX values are, as expected’ very close to the gas_phaseo.34 kHZ2° for Ceﬁ art) value of 76 fs is obtained. On the basis
values of 10.175 0.067 MHz foryio and 307.9G+ 0.14 kHz of comparison with previous theoretical and experimental
for y2+.3° The gas-phase asymmetry parameters are-8.051 work,28:29:36:377 is expected to be approximately the same if
and 0.135G+ 0.00078° Sincerz+ is smalll, it is neglected without ~ not slightly greater tham;. For certain systems, andz, are
introducing significant error. Thg7o value is not negligible related a0

and must be included in the calculations. T

Using the variousyo and y2+ values along with the ICTJ=6T|- (11)
experimentally measured relaxation rates in eq.8s deter-
mined. Ther values are listed in Table 2. The averdg® . wherel is the average moment of inertii,is Boltzmann’s

for H,'’0 is 91 fs. The averag# 7 for 2H,0 is 104 fs. On  constant, and is temperature in Kelvin. While not enough is
the basis of the semiempirical values for the quadrupole coupling known about the water/Cglsystem to discern a specific
constants in the water/C&binary mixture (row six, Table 1),  quantitative relationship betweepandz;, using eq 11 provides
one obtains an oxygen correlation time of 91 fs and a deuterium an approximate value af. equal to 111 fs for B#’O. The spin
correlation time of 107 fs. This is a clear indication that the rotation interaction does not contribute Signiﬁcanﬂy to the
water is only very weakly interacting with the CQlolventas  deuterium and oxygen relaxation times for two reasons: (1)
thezc values are significantly shorter than those of bulk water. their spin rotation coupling constants are rather small and (2)
Some care must be used in attempting to answer the questiorthey have large quadrupole coupling constants.
of whether the motion of the water molecule in GG$ In reference 41, values are reported for a dilute solution of
anisotropic. The deuterium correlation time was measured for water in nitromethane. The values for the correlation time
a molecule of2H,%0 and the oxygen correlation time was obtained in this study are significantly longet & 1.29 ps at
measured for a molecule of,HO. These two molecules have  293.6 K) than the values of 91, 104, and 111 fs reported in this
different moments of inertia. One can reason that®@ and work. In fact, the values obtained in reference 41 are almost as
H,170O have very similar moments of inertia because the oxygen long as the correlation times for bulk water. This discrepancy
atom is very near center of mass. But there is a large differenceis probably in part due to the use of the solid-phase values for
betweer?H,%0 and H'%0. Since the nondeuterated molecule x (6.6 MHz) andy (0.93) and in part due to the fact that there
has a smaller moment of inertia, one might expect that it would is a relatively strong interaction between the water and the
have a shorter correlation time. The free rotor correlation time, nitromethane.
7#, can be calculated using eq 4. At 291 K, fos'fD 7 is 71 The minimal interaction between the water and Z€further
fs and for?H,O 7y is 99 fs. These free rotor times, which should supported by a theoretical calculation of the hydrogen-bond
approximate the gas phase, are consistent with the predictionenergy between the chlorine of the G@hd the proton on the
that the nondeuterated molecule will have the shorter correlationwater molecule,—0.84 kcal/mol, and the measured proton
time in the gas phase. However, the moment of inertia is not chemical shift value for dilute water in C£bf 0.59 ppm. This
the only factor that affects the correlation times. The local value agrees well with the theoretical monomer water value of
solvation environment can also play a significant role in the 0.53 ppm and a theoretical water/G@imer value of 0.57 ppm.
structure and dynamics of solutés. The’0 NMR spectrum of a dilute solution of water in GCI
The oxygen relaxation time of 5.2 ms at 291 K for the broad shows a high-frequency 1:2:1 triplet pattern with a separation
peak in the water/CGImixture?® was approximately the same  ©f 79.0 Hz and a broad low-frequency peak (Figure 2); the broad
as the value in a bulk water sample, indicating that the Peak is about 500 ppm higher in frequency than the triplet. This
emulsified water associated with this broad peak behaves like SPectrum is very similar to a composite spectrum of a gas-phase
bulk water. Given the chemical shift of the broad peak one spectrum and a neat water spectrum. THe gas-phase
expects strong hydrogen-bonding similar to that in bulk water. spectrum is also a well resolved triplet and appears at the same
Oxygen and deuterium correlation times are avaifatite frequency as the water/CClsample. The'’O neat water
2H,170; those values are 2.40 and 3.25 ps, respectively. ThusSpectrum is a broad peak at 500 ppm higher frequency than the
in bulk the two water correlation times are quite different and gas-phase spectrum. This is further support for the hypothesis
the motion is clearly anisotropic. Note that the short 5.2 ms that the water in CGlis behaving in a gaslike manner (no
oxygen relaxation time in the bulk water explains nicely the hydrogen bonding) and not strongly interacting with the £CI
reason that no spinspin coupling to the protons is seen;

5.2 ms is short compared toJbl;. The much longefT; value Conclusions
of 94 ms for the monomer in the water/GGblution makes it The study of isolated water molecules in an inert solvent such
possible to see the coupling. as CCl, presents an opportunity to examine the rotational

The results from the protorT; measurement are very properties of water without the complicating effects of hydrogen
interesting. If the relaxation of the proton is caused by a dipolar bonds.
mechanism, eq 1 can be used to determin&Jsing anryy ~ The chemical shift data provided evidence to support the lack
155 pm (based on an OH bond length of 98 pm and an HOH of hydrogen bonding. Thé’0O NMR spectrum of a dilute
bond angle of 10978 along with the experimental value of  solution of water in CGl shows a high-frequency 1:2:1 triplet
12.6 s for thelH Ty, a value of 1940 fs is obtained for the pattern which is a close match to th&® gas-phase spectrum.
rotational correlation time of the HH internuclear vector. Since the hydrogen-bond strength is linearly related to the
However, eq 1 is valid only if the relaxation is due primarily to  proton chemical shift, théH and'H chemical shift measure-
dipole—dipole relaxation. The short values found using the  ments are also consistent with the idea that the water molecule
quadrupolar nuclei suggest that spiotation may be a sig- is not hydrogen bonding with either the GG with other water
nificant relaxation mechanism for the proton in this solution. molecules. The measured proton chemical shift value for dilute
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water in CC} is 0.59 ppm. The theoretical monomer water 823 Een{aginblhl Zhys;“:chhem.FﬁIOOG Lllgo%’ozgéa o1

i it i i Qih aul, S.; Chandra, em. Phys. Let .
Chem!cal Shl.ft I.S 0.53 ppm, ar.]d a theoretlcal.water/. er (15) Danten, Y.; Tassaing, T.; Besnard, 81.Chem. Phys2005 123
chemical shift is 0.57 ppm. Finally, the non-interacting nature 474505,
of a water/CCJ binary system is supported by a theoretical (16) Merkling, P. J.; Zeidler, M. D.; Bopp, P. A. Mol. Lig. 200Q 85,
calculation on the water/Cgldimer of the hydrogen-bond 57

: (17) Chang, T.-M.; Dang, L. XJ. Chem. Phys1996 104, 6772.
energy between the chlorine of the G@hd the proton on the (18) Price, W. S.; Ide, H.: Arata, 1. Chem. Phys200Q 113 3686.

water molecule; that value is0.84 kcal/mol. (19) Xiang, T.; Anderson, B. DJ. Pharm. Sci2006 95, 1269.
To obtain accurate rotational correlation times one must have g% \F/arraré T. C'-A;\ F&pp,Illdl\l/lol-ll-é%-QZZgZG%%—99, 104.
i H an, Geet, A. nal. em ! .

accurate expenm_ental values for the deuterium and_ oxygen (22) Levy, G. C.: Peat, I. RJ. Magn Reson1975 18, 500,
quadrupole coupling constants and the proton, deuterium, and (23) NUTS; Acorn NMR: Livermore, CA, 1998.
oxygen spir-lattice relaxation times. Fortunately, the quadru- (24) Stevenson, C. H.; Townes, M. Mhys. Re. 1957, 635.
pole coupling constants are closely related to the chemical shifts.lgéﬁz'rg%(;deusy P.; Krisher, L. C.; Loubser, T. H. N.Chem. Phys.
A measurement of the chemical shift values then provu_nles (26) Farrar, T. C.Pulse NMR Spectroscopgnd ed.; The Farragut
accurate “experimental” values for the quadrupole coupling press: Madison, WI, 1989.
constants. The measurement of the sytattice relaxation times (27) Farrar, T. C.; Maryott, A. A.; Malmberg, M. &nnu. Re. Phys.
is straight forward Chem.1972 23, 193.

I 2 17 . . (28) Maryott, A. A.; Farrar, T. C.; Malmberg, M. . Chem. Phys.
The tH, 2H, and’O T; values for dilute water in CGlare 1971, 54, 64.
reported. Correlation times are calculated using these measured (29) McClung, R. E. DJ. Chem. Phys1969 51, 3842.

T, values and the “experimental” values for the quadrupole _ (30) Verhoeven, J.; Dymanus, A.; Bluyssen, H.Chem. Phys1969

. . 50, 3330.
coupling constants. The averatf@ ?C for Hx'"O is 93 fs. The (31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
averageH t. for 2H,0 is 106 fs. Using théH T; andCe, at; M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.

value of 76 fs is obtained which roughly corresponds to a N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;

: : Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
value of 111 fs. These values of cannot be Immedlately Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.;gFukuda, R.; Hasegawa, J.;

compared with each other since the moments of inertia $/CH Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
and?2H,0 are different. X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
The values forz. are slightly longer than the calculateg Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;

. L Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
times of 71 fs for H'7O and 99 fs forPH20 and significantly  yoth, G. A"} Salvador, P.; Dannenberg, J. J.; Zakizewski, V. G.; Dapprich,

shorter than the. values for neat watérIn fact the dilute water S Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
7¢ values are a factor of at least 20 shorter thantthelue for D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.

. P G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A,;
bulk water. These comparisons further indicate that the water Piskorz, P.. Komaromi, L: Martin, R, L.: Fox, D. J.: Keith, T.: Al-Laham.

molecule is not strongly interacting with either the &1 other M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
water molecules. Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, lGdussian
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