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The NMR spectra of solutions of 30% “O-enriched H,O and
D,0 in nitromethane display the resonances of the three isoto-
pomers H,0, HDO, and D,0. All YO, 'H and "0, *H coupling
constants and the primary and secondary isotope effects on J(*'O,
'H) have been determined. The primary effect is —1.0 = 0.2 Hz
and the secondary effect is —0.07 = 0.04 Hz. Using integrated
intensities in the O NMR spectra, the equilibrium constant for
the reaction H,0 + D,0 = 2HDO is found to be 3.68 = 0.2 at 343
K. From the relative integrated intensities of proton-coupled and
-decoupled spectra the “O-{'"H} NOE is estimated for the first
time, resulting in values of 0.908 and 0.945 for H,0O and HDO,
respectively. This means that dipole-dipole interactions contrib-
ute about 2.5% to the overall 'O relaxation rate in H,O dissolved
in nitromethane. © 1999 Academic Press

Key Words: isotope effects on coupling constants; NOE
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INTRODUCTION

In recent years it has been possible to obtain very 9088

terms then allows the calculation of coupling constants fo
various isotopomers at any temperature. A parallel approac
has been found to be very successful in the case of nucle
shielding 6-10.

The water molecule presents an interesting example fc
comparison of accurate experimental and theoretical stuc
because of its great simplicity and importance. Here we repo
new experimental data on isotope effects on'fi& ‘H cou-
pling constant in water which can be used to estimate derive
tives of the'’O, "H coupling constant surface. Previous data or
water isotopomers obtained during the course of our worl
include accurate values of thél, °H and 'O, 'H coupling
constants in water in dilute solutions in nitromethah#) @nd
also a small but significant isotope effect on proton chemica
shifts due t0'®0/**O substitution 12).

In this paper we report new results obtained with mixtures o
heavy (D,'°0) water and water enriched with tH& isotope
(H,"0). Proton and deuteron exchanges lead to the formatic
isotopomers containing the isotogéd (H,”O, HD"O,
’0). Since it is possible to sé& NMR signals of all three

agreement between experimental and calculated values of P@ | : o
clear spin-spin coupling constants. This is due mainly {Botopomer_s, the integrated mtensrue; can be gsed to measi
substantial progress in calculations of coupling constants (p4F¢ €auilibrium constark for the classical reaction

ticularly *H, 'H and **C, 'H) for small and medium-sized
molecules using methods based on the coupled cluster polar-
ization propagator approximatioi,(2).

For example, for methan&)(recent results show that accu-
rate ab initio calculations ofJ(**C, *H) and J(*H, 'H) give The equilibrium constant for this reaction has been measure
values which are comparable in accuracy with experimentdRny times for the gaseous phase (see, for examiie 14)
results. This approach also requires reformulation of couplifigt data for solutions are scarce. Gold and Tomlinsb4) (
constant studies into two distinct areas: (a) the study of smBlpasured the equilibrium constant by usfityNMR spectra
perturbations caused by temperature, pressure, isotope, @ifitgilar to those given in Ref.1() for a mixture of HO and
solvent effects3) and (b) the study of coupling at equilibriumD-O from which the signals of k0 and HDO were distinctly
geometry for the isolated molecule. separated and could be integrated. However, since this a

According to the general rotational-vibrational descriptioAroach allows one to observe only® and HDO isotopomers,
of the former effects4) one calculates derivatives of couplingPne needs to know the initial concentrations ofCHand DO.
constants with respect to molecular geometrical coordinateslt is of interest also to compare intensities of both proton-
This permits the construction of a spin—spin coupling surfaceupled and proton-decoupléd® NMR spectra in order to
Knowledge of the molecular force field including anharmonigearch for a possible nuclear Overhauser efféo—{"H}.

Previously, similar attempts were made, indicating no NOE

17, 1
1 To whom correspondence should be addressed. Fax: 095-9328846. E-ma#—{ H} (15). However, there were no reported values for
nickser@cacr.ioc.ac.ru. dilute solutions of water in organic solvents.

H,0 + D,0 = 2HDO.
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TABLE 1
b Y0, 'H and Y0, *D Coupling Constants in Water Isoto-
pomers and the Isotope Effects on the YO, 'H Coupling Con-
stant (All in Hz)*®

300 K 343 K

H,0 J(*'O, H) = —81.07 + 0.05 H,0 J(Y0, 'H) = —80.36+ 0.02

HDO J(O-H) = —81.21+ 0.1 HDOJ(YO-H) = —80.43+ 0.04

J*(Y0-D) = —82.2+ 0.3 J*(Y0-D) = —81.38= 0.2

D,0 J*(O-D)= —81.7= 1 D,0 J*(*O-D) = —81.36* 0.4
PAJ = —1.13 + 0.30 PAJ = —1.02 + 0.20
*AJ = —-0.14 = 0.11 *AJ = —0.07 = 0.04

® The signs of alD(*’0, H) coupling constants are known to be negative (see
a Refs. @0, 22).

Hz, an acquisition time of 0.2 s, and 9000 transients. The FII
was processed with resolution enhancement for undecouple
spectra and without resolution enhancement when the nucle
Overhauser effect was measured and it was then Fourier trar
formed using 128K. Both proton-coupled and proton-de-

! ! ! ' ' ! ' coupled spectra were recorded.
00 5 0 -50 -100 -150 -200 Hz

FIG.1. O NMR spectra of a HD/D,O solution in nitromethanes, taken
at 67.8 MHz on a Bruker DRX 500. (a) Proton-coupled spectrum and (b) RESULTS AND DISCUSSION
proton-decoupled spectrum.
Spectra

EXPERIMENTAL 'O NMR spectra for the water region are shown in Figs. 1¢
and 1b. Signals from all three isotopomers are clearly seen «
The samples were dilute solutions of water in nitrometi@ 1:2:1 triplet for HO, a 1:1 doublet of 1:1:1 triplets for HDO,
aned, prepared in a manner described elsewhd®.(Ni- anda 1:2:3:2:1 quintet for f in the proton-coupled spectrum
tromethaned, with deuteration levels of 99.44+0.01)% ac- (Fig. 1a) and as a singlet for,B, a triplet for HDO, and a
cording to our estimation was purchased from Merck. Thaguintet for D,O in the proton-decoupled spectrum (Fig. 1b).
proton signal of the residual CHNO, was used to determine Splittings were used directly to measuf®, *H and 'O, *H
the water content in the solvent. Nitromethahewas dried by coupling constants (Table 1). The intensities of proton-couple
several freeze—thaw—pump cycles usin@¥Pas a drying agent and proton-decoupled spectra normalized to the intensity of tf
under vacuum and passed through a series of traps to elimirlat® signal are given in Table 2.
traces of the drying agent. The final water content never
exceeded 0.01 mol%. We used doubly distilled®, 30% 'O, *H and *’0, H Coupling Constants and Isotope Effects
O-enriched HO purchased from Isotech, and 99.96%CD  on the'’O, *H Coupling Constants
purchased from Merck. First J® and 30%''O-enriched HO
were mixed in a special vessel in amounts of about 100 mg inAs before (see, for example, Ref8, (6) we express our
the ratio ca. 1:1. The residual water in nitromethageand results in terms of the*O, 'H basis,” i.e.,
slow exchange with air affected the ratio slightly but we were
able to monitor it from the NMR line intensities. Then the %17 2L 17 2
mixture was added to nitromethadgin amounts resulting in J*(M0, *H) = (yw/v)I(F'0, °H), [1]
low concentrations of water (of about 1.5 mol%). A small
amount of dried TMS was added to control the resolution and

. . o TABLE 2
the Ilnes_hape of the water signal. Add|t|_0ﬂ pf T_MS and the Integrated Intensities in O NMR of the Mixture
water mixtures was performed by vaporization into the pre- H.0/D.O at 343 K
. . . . . . 2 2
calibrated volumes. The final solution was distilled in a 5-mm
sample tube and sealed under vacuum. H,0 HDO D,0

O NMR spectra were taken on a Bruker DRX 500 at the

Zelinski Institute of Organic Chemistry, Moscow, at a resd-'oton-coupled spectrum 153 231 1.00

nance frequency of 67.8 MHz with a sweep width of 34,0()'(3{0“)”'O|ecou|0|ed spectrum 1.39 2.24 1.00
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to determine the primary’4J) and secondary®4J) isotope TABLE 3
effects defined by Comparison of O-H Coupling Constants in H,0
P % (17 2 174 1 O-H coupling
AJ = J* ('O, “H) [HDO] — J(*'O, 'H) [H0] [2a] Conditions constant Ref.
AJ = ‘](170’ 1H) [HDO] — ‘](170' lH) [H:O]. [20] Solution in cyclohexaneh,, 0.1%, 293 K —78.70 (-0.02) 19
Solution in nitromethanek, 0.5%, 323 K —80.6 (*+0.1) 1y
In order to obtain accurate values of the isotope effects tR@PPA (CCSD) calculations . —78.22 @2
magnitudes OfJ(”O, lH) and J(17O, 2H) must be measured Solution in nitromethane, 1.6 mol% 8107 ¢-0.05) This paper
with a very high accuracy (about 0.01 Hz). The crucial factorsa,; 8036 ()_ro:oz)

in obtaining high accuracy are th€O linewidths and the
signal-to-noise ratio in the O NMR spectrum.

e .
The first O NMR spectrum of a pD/D,0 mixture was give the value—78.2 Hz while solutions in cyclohexane give

L?Sr?ir(t;zgoaybmel\?;;esﬁ(? (Isnes ;igringfg)gowahgrggirszgq'—78.70 Hz and solutions in nitromethane give values from
Y ’ —80.4 to —81.1 Hz. Thus the absolute value of the coupling

signals of all three isotopomers in a solution of water in 17~ 1 . .
. . . constant'O—"H may show noticeable concentration and sol-

CH,Cl,. However, the signal-to-noise ratio in the spectrum was .. -
. . ent dependence (of several percent) but this is not importal

too low to obtain accurate data for the coupling constants. The

next attempt to measure isotope effects forfig H couplin of the isotope effects which correspond to small deviation:
P P PING " £ om the equilibrated values. It is also worth noting that the

constant was made by Wasylishen and Friedrit8),(who 174 coupling constant displays a temperature dependen

used solutions of water in cyclohexane and managed to obtair _ B
a "0 linewidth of about 4 Hz. This is at least twice as good 8107 at 300 K ~80.62 at 323 K 11), and —80.36 Hz at

) o . o 43 K, i.e., a temperature gradient of abou®.016 Hz/°C).
we obtained with dilute solutions of water in nitromethane (selehe theory 22) also predicts the temperature dependence
. . N
Szl)z(')rUJrlf(() 1%”?&?2%2% t:2ur|_z|izcy( f é)aggegzlr}nRSIe “?(I 5.5)12 the 'O, H coupling constant but with a temperature gradient o
probably erroneous) fai(*'O, *H)) was not high enough. The about+0.0012 Hz/°C. Thus although the signs of the experi-

values of the primary and the secondary isotope effects esnﬂ(_antal and theoretical gradients agree, the experimental vall

mated from these data af&J = —0.38 Hz (1.3 Hz) and is at Ieasj[ an order of magnitude greater than the qalculate
value. This suggests the presence of large contributions fro

*AJ = —0.08 (=0.3 Hz), respectively, and are clearly ex- .. s :
. oo intermolecular effects arising from specific water—nitrometh-
perimentally insignificant.

It is clear from the results obtained (Table 1) that the use are Interactions. . . .

. ) .~ Theory also predicts primary and secondary isotope effect
a 500-MHz spectrometer together with higher concentrations T 1 : .
ives a better signal-to-noise ratio and, after using simple. the O, "H coupling constants. The primary effect was
g . g : ’ SING SIMPR culated 22) to be —0.982 (in HD'O) at 300 K (compare
deconvolution procedures, gives better accuracy in estimatin

#h the experimental values of1.13 = 0.30 at 300 K and
the 'O, *H coupling constants. Indeed, th® NMR spectra W P o
with linewidths of about 6 Hz and the good signal-to-noiseazlléﬂlzaé do'gzz)attosges —KO If? leHzl)étT3h0eo SE?E;?:%:E(CIG\;\FS
ratio in the spectra given in Fig. 1a allowed us to determine e ' P
. . . 17 mental values are equal t60.14 = 0.11 at 300 K and
coupling constants with high accuracy @.02 Hz forJ(*'O, . . . A
'H) in H,0 at 343 K and about-0.04 Hz forJ(“0, *H) and —0.07 = 0.04 at 343 K. Thus the comparison indeed shows

+0.03 Hz forJ(Y0, 2H) in HDO at 343 K). very satisfactory agreement.

From the measured couplin_g constants we obtain_the ISOtORS: D/H-Induced’O Isotope Shifts in Water
effects (see Table 1). The primary effect at 343 K is equal to
—1.0+ 0.2 Hz taking into account the negative sign of tf@, ~ We also obtained new values d isotope shifts due to
'H coupling constant20) and the secondary isotope effect i$/H substitution. These values were measured at 300 and 3:
equal to—0.07 = 0.04 Hz. The data on isotope effects on th&. In Table 4 they are given in comparison with the data of
0, 'H coupling constant in water can be used to estimate tHcent calculations2() and the data of Wasylishen and
derivativessJ(*'O, *H)/aR. The O-D bond length is calculatedFriedrich (L9). Experimental results obtained for nitromethane
to be shorter than the O—H bond length by 0.0044124) ( at 300 K and the calculated results for 300 K are in excellen
which means that(*’O, *H) increases with the O-H bondagreement. It is worth noting that the more accurate dat
length and the derivativeJ(O, *H)/dR is positive and esti- obtained for 343 K reveal a small nonadditivity effect. If we
mated to be 20070) Hz/A. This is close to amb initio define the nonadditivity a2g)
calculated value of 269 Hz/A29).

It is also interesting to compare the absolute values of the N = (1/2)Aigo Do/H) — Ajgo DIH), [3]
0, 'H coupling constant obtained under different conditions
(Table 3). Theab initio (SOPPA level) calculations (ReR22)) whereA(D./H) and A(D/H) are the D/H-induced isotope
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TABLE 4
D/H-Induced O lsotope Shifts in Water
Isotope shift in HDO Isotope shift in DO Nonadditivity

(in ppb) (in ppb) Conditions (in ppby Ref.
—-1550 = 5 —-3090 =5 In cyclohexane, 293 K 5+6 19
—13855+ 1 —2763.5x 1 In nitromethane, 300 K 4+2 This study
—1420.0 = 0.1 —2832.4+ 0.3 In nitromethane, 343 K 48 0.3 This study

—1356 —2697 Calculated for 300 K 7.5 20

# See Eq. [3].

shifts due to two and one deuterium atom, respectively, weolar fractionsm,., M., andms, one finds that the starting
obtain the following values ofy: 4 (=0.3) ppb for the exper- concentrationan,, and m;, are equal to 0.554 and 0.446,
imental data obtained in nitromethane at 343 K and 7.5 ppb f@spectively. This shows that the small amount of residuc
the calculated value at 300 K. The results obtained in theater in nitromethane has added to the water mixture simge
solvents cyclohexane and nitromethane at 300 K are not safid m;, were chosen in the ratio ca. 1:1.

ficiently accurate. Thus the D/H nonadditivity in,@ is pos-

itive both experimentally and theoretically in contrast to thBluclear Overhauser EffectO—{*H}

D/H nonadditivity for**C isotope shifts in halomethanes which
turn out to be negative and equal to about 1-4 [&8.(n any
case it is clear that an accuracy of the orde®.5 ppb is
necessary to detect nonadditivity effects.

The data on the integrated intensities of proton-coupled an
proton-decoupled spectra (Table 2) allow one to estimate tt
nuclear Overhauser effetiO—{"H} using

Equilibrium in Water Mixtures NOE = 1 (aepif | (cpla (5]

The integrated intensities for.B, HDO, and RO (see Fig. herel 4. andl ¢, are the intensities of the X signal for the

1a) in the proton-coupled spectrum (not perturbed by a pOSSimaeses of proton-decoupled and proton-coupled spectra, resp
nuclear Overhauser effect, see below) are proportional to tﬁ]\?ely '
molar concentrations of the corresponding isotopomers, i'e"Aséuming that there is no NOE for the,D signal (thus
Mieq Maeg ANAMseq respectwely. They are equal to 1'.53’ 2'37r’lormalizing to the intensity of BD as in Table 2) one obtains
and 1.00 (Table 2) which correspond to molar fractiomsg, the following results: NOE (bD) = 0.908 and NOE (HDO}-
M,e, andms, of 0.312, 0.484, and 0.204, respectively. Thes&945 ' ? '

values can be used to calculate the equilibrium consfant ", . ="

using Itis known from relaxation theory that the NOE is connected

to that part of the relaxation which is due to dipole—dipole

5 interactions as follows25),

K = mZEJ(mleCrnZeq)- [4]

This gives aK value of 3.68. NOE =1+ (1/2) (vl vx) (Tu/ Thad), [6]
To estimate the experimental error in tkevalue we used _ . :

the standard theory of errors (see, e.84)). This shows that wherey, andy, are gyromagnetic ratios for H and X nuclei,

a 1% error in the molar fraction leads to an error of about S%Pd -lrl aTdTl‘?“ arg the total re_laxlatloTnhtlme and the glp_ole;
in the equilibrium constant whem,, and m;, are near 1:1. ipole refaxation time, respectively. Thus one can obtain th

Assuming an error of 1% in the molar fraction data we Obtafhontributions of dipole—dipole relaxation to overall spin—lat-

an equilibrium constant of 3.8 0.2 at 343 K. This result is tice rglaxatmn. ,

in good agreement with the value reported in R&f)hich _ USINg EA. [6] withyx equal toyyy ((yi/¥1r0) = —7.37) and

is 3.95* 0.12. The latter accuracy seems to us to be unrégPerimental data for NOE, one obtaifig/ T, = 0'(_)26 for

sonably high taking into account possible incorporation &0 ‘?nd_Tl/Tl‘“ = 0.015 f(_)r HDO. We can now estimate the

water from the solvent. NMR estimates seem to be less ac&g/tributions of dipole—dipoleR,) and quadrupole Ryua)

rate than those obtained using mass spectroscopy {3@B5 relaxation mechanisms to the total relaxation fate

at 295.6 K, see Ref.1Q)) but they refer to reactions in the

liquid phase. R = Ryuaar+ Raa [7]
Furthermore, one can find the initial concentrations g®H

and D,O and so check whether the residual water in the solvemith R, contributing about 2.5 and 1.5% in,& and in HDO,

does indeed mix with the dissolved water. From the data o@spectively, confirming an expected decrease of NOE in th
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case of HDO where only the proton effectively contributes t@.

the dipole—dipole relaxation.

From the theoretical point of view the possibility of signif- 3-
icant dipole—dipole contribution to the total relaxation rate can
be related to the intramolecular contribution'f® relaxation

(R170-n,inr9 from the protons of the same molecule.

To estimate the intramolecular dipole—dipole contribution to”
the spin-lattice relaxation rate dfO one can use known
estimates of the intramolecular contribution to the relax-
ation of the proton in wateRy,_, i (S€€, €.9., Ref2), where
R inra Was estimated to be about 0.2 én pure water H*°O
at ambient temperatures) and then transfdRyy, . INtO

Rl?O—H, intra:

Assuming the same correlation times$or the relaxation of
'H in H,0 and 0O in H,O one can write for the case of'"

extreme narrowing

Ri-t, intra = (3/2)('Yﬁh2/4772r;6.".|)7
Rizo-n,imma= 2(Y&yinoh?4m? 1o, [8D]

Here the factord) corresponds to relaxation in systems of liké4-
spins3, and the factor 2 in the case GO relaxation takes into
account both protons for the relaxation'd® in H,’O. Thus

Ri70-, intrd Rt intra = (231 3! (&I ) = ~0.33

sinceryy = ~1.51 A andro, = ~0.96 A. The latter values
were taken from a recent theoretical study of the water mole-
cule 22). Thus Ryzo s = 0.33 X 0.2 s* = ~0.066 S™.
These estimates indeed show that the dipole—dipole contribu-
tion to the’O relaxation is very small but not negligible.
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[8a] and [8b] as that foR,,_; is based on data for pure liquid while that fs_

is taken from data for dilute solutions.
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