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ABSTRACT

It has been shown that the "internal" isotope distribution within a given molecular
specles at the natural asbundance level 1s accessible by e new method, SNIF-NMR, which 1s based
on deuterium NMR Relative internal factors, R./j,have been defined which enable the 1sotope con-
tent of a given site, 1, to be compared to that of enother molecular site, j, teken as the refe-
rence Several referencing methods 1intended to provide direct access to relative externals,
T,, and absolute, (D/H), , site-specific parameters, are now discussed from both the theoretical
and the experimental points of view In the intramclecular referencing method, which involves a
time-consuming chemical transformation of the sample, the risk exists of more or leas systematic
errors resulting from discriminating fractionation effects However this technique offers, con-
versely, an interesting way of 1investigating kinetic 1sotope effects without the need for speci-
fic labelling 1In spite of 1ts lower spectral precision the external referencing method has the
advaintege of being fast and less sensitive to systematic erro.s and may be used for direct rough
routine determinations of the site-specific isotope contents More precise results can be obtai-
ned, at the price of contaminating the sample, when an 1intermolecular reference 1s added and
signal heights are used, remembering however that the intensity parameters then hsve no strict
physical meaning in terms of sbsolute 1sotope contents The site-specific parameters, T; and
(D/H), thus accessible, provide new information on the mechanisms of the fractionation effects
occurring 1n natural conditions end examples are considered

INTRODUCTION

The determination of the average 1sotope ratio (D/H) of an organic molecule 18 usually
carried out by mess spectrometry after combustion of the compound end reduction of the corres-
ponding water 1, 2 This technique, developed during the last decade, has proved its efficiency
for the characterization of the origin of natural products and for detecting the adulteration of
food and beverages However, the mein drawback of 1sotope ratio mass spectrometry lies in the
requirement of burning the molecule which, 1n turn, usually entails the loss of all site speci-
ti1c information Using ZH NMR spectroscopy at the naturel abundance level we have introduced a
new method (SNIF-NMR) for measuring the "internal distribution” of deuterium within a chemical
molecule 3» % and this approach has led to a number of interesting developments 1n the sphere of
natural compounds ethanols5, essential 01184’6, vamllin, etc 798 In this method the "inter-

nal” distribution hes been characterized by typical perameters, R, which can be obtalned with

sat1sfuctory sccurscy but are only of relative significance since they are related to the ratios
of the 1sotope contents 1in the different sites, 1, with respect to that of a given site, j, ta-
ken as the reference We shall now consider the conditions of a direct access ta the various

absolute site-specific igotope ratios (D/H)i’ which ere expected to provide further important

information for mechanistic or analytical purposes For example when using such parameters for
investigating the fate of the hydrogen 1sotopes 1n a fermentation process7, the proportions of
(a) Permanent address : Institute of photographic chemistry Academia Sinica Beijing
(People Republic of China)
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deuteraum coming from glucose and from medaum water in the molecules CH,DCH,OH (I) and CH 4CHDGH
(11} can be quantitatively determined. Moreover the access tc the sbsolute (D/H); rstics of si-
tes I and Il 1n ethanols 18 expected to provide very useful information For the identification
of beverages such as wines and beers which result from the fermentation of mixtures of glucides
and water. From a more fundamental point of view the direct determinstion of absolute site-spe-

cific 1isotope ratios should provide a new way for investigating selective chemical or enzymatic
1sotope effects In addition, the method may be the source of new complementary data in the
climatologxcallo or physmlogxcal“’1 investigations usually performed by mass spectrometry on
tree cellulose or plants.

The main aim of this work 1s therefore to present & methodology which meets the challenge
of a direct determination of absolute site-gpecific isotope ratios and to illustrate the poten~
tial of the method using several practical applicstions. Although these applications are chosen
1n the field of alcoholic fermentation , the SNIF-NMR method may have velusble developments in
the various domains of chemistry where natural tracers are used. The method offers a new way
of measuring kinetic 1sotope effects which may be of interest to the organic chemist since 1t

avolds the need for labelling experiments.

I THEORETICAL SECTION

1) Definition of the site specific isotope ratios (D/H) ;

Denoting D and H the number of deuterium and hydrogen atoms 1n & given molecular species
and N, and N, the number of monodeuterated and fully protonated molecules respectively, we may
write

D = Ny end H=P Ny + (P-1)Np (1)
where P 18 the stoechiometric number of hydrogens in the molecule. The average isotope ratio
(D/H), usually determined by mass spectrometry, 1s therefore given by

(D/H) = Np/PNy (2)
If P, 1s the number of equivalent positions of the hydrogen atoms 1in each diastereotopic site
and D; the number of deuterium atoms in site i, which is neerly egual to the number of monodeu=-
terated molecules of type 1, then :

P:EPiandDz‘lei (3)

i=1 i=1

We may define a statistical, F; , and e true, fi’ molar fraction of the monodeuterated

specles 1 as

F,=P /P and f =D/ (4)
Moreover 1t 1s convenient to breekdown the total number of hydrogen atoms H into n parts, Hj,
corresponding to the n diastereotopic molecular sites i

H t{‘ H, with  Hy = P Ny (s}

i

On this basis we may introduce the site specific isotope ratio (D/H);

(D/M)y = 0y /(P Ny) (6)
Previously the “internal®” moleculer distribution has been charactemzed3 by the relative parame-
ter Ry,  which 1s shown to satisfy equation (7)

Risy = Py (D) = P (D/H); /(D/H)y (n
where the site j 1s taken as an internal molecular standard. These parameters make use either of
signal heights (R, ) or of signal area (Rg). It should be emphasized that the Ry ratios are
ususlly determined with e better accurscy than the Ry ratics but are devoid of physical meaning

1n terms of true isotope contents, and are only of relative signif’icence3
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2) NMR determination of the site-specific isotope ratios by the intermolecular referencing
sethod
In this case, the determination of (D/H); mekes use of & working standard (WS). This
standerd must be the same for the whole series of molecules to be compared and 1its (D/H) value
must be precisely known on the V-SMOW/SLAP scalel? This scale involves a comparison of the rela-
tive deuterium content of the unknown with those of the international water standards V.SMOW and
SLAP for which the absolute value of the (D/H) ratio has been determined (155 76 ppm and 859 05
ppm respectively) WS may be either contained in a sealed cell coaxial to the semple cell, or
weighted and dissolved in the sample
Since the 1intensity, I,, of a resonance signal, 1, in enzﬂ{lH}NMR spectrum 1s directly
proportional to D,, equation (8) holds
I, =Dy = (D;/NIN, = (D/H) P Ny (8)
with Ny = (VM (9)
d and M are the specific weight and molecular weight of the investigated compound When the 1so-
tope ratios of different samples are to be compared, the active volume V for molecules 1 in the
receiver coll should remain constant or should be taken into account Considering equation (8),

we may compare the signal intensity I": of site 1 1n compound A to that of the working standard

WS 1n order to determine (D/H)‘:‘ A I‘t PWS N‘;S
= — LE]
(D/H)y WS pA NA (D/H) (10)

(D/H)%S 18 the average 1sotope ratio of the working standerd meassured on the V-SMOW-SLAP acaleu,
and P¥S 1ts stoechiometric number of hydrogen atoms Ngs 18 the number of fully protonated mole-
cules of WS which depends on 1ts molar volume When the cosxial arrangement is used, it is not
necessary to know (D/H)WS, since 1t can be subsequently expressed in terms of (D/H)SMOW by re-

ferring I':/st to ISMO"'/IWs Denoting T the ratio of the deuterium content of A, or SMOW, with

t to that of W
respect to tha oA ;S)Awe r;gve suow  DSMOW  [SMOW
Ti=——=—2and T E—— an
pWS ~ WS DS vs
pSMOW NSMOW TA
and (D/H); = (D/H)SHOW (12)
Pi NH T

Using the same cell and pure samples, vA o y SMOW gpg N}S{HOW/N‘.:;reduces to dSMOWMA/q A MSMOW
(at T = 293K)
When the working standard, WS, 18 mixed with sample A, the masses, m¥S and mA, or the

volumes, v¥S gnd VA, must be very precisely known Then

WS WS MA
(D/H)‘:: ?__“‘—“i (D/H)¥S (13)

PA mA MWS WS

3) NMR determination of the site-specific isotope ratios by the intremolecular reference
method :
The external reference method is fast and readily operational However, it requires an
external comparison of signal 1intensities which usually suffers from some lack of accuracy

Therefore 1t seems valuable to consider the use of en jintramolecular standard introduced into

the investigated chemical speclies by an appropriate synthetic reaction Thus if the same refe-
rence substance, the ([)/H);:ef value of which hes been determined beforehand, is reacted with a
series of ethanols A, B M, the measured (D/H)’:' B M)sotape ratios may be compared provi-
ding that no, or constant, 1sotope effect occurs during the synthesis of the derivativesl3. For
example, when ethanol is transformed into acetate, tosylate or silyl ether using the following
reactions, the 1sotope contents in the ethyl fragments 1ssued from ethanol can be referred to

that of a reference group issued from the selected reactant.
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CoHsOH + (CH,C0),0 ~——s G H0COCH; + CH4COOH
CZHSUH + C151(0H3)3-———> C2H5051(CH3)3 + HCl

CoHsOH + CH3—@—302C1-—> czxsosoz@-cﬂ3 + HC1

Alternatively, if fractionation occurs the method cen be applied to the determination of the
kinetic isotope effects in the conditions of natural abundance. Indeed, it is possible to deter-

mine the ratio kn/kH involving the monodeutersted or the fully protonated species by messuring
the (D/H)i retio value of the starting reagent at t = D and that of the remaining reagent or of
the products after partial completion of the reaction. Denoting (D/H)ljref the isotope ratio of

the internal reference, J, we measure now the ratio TA,. of site 1 with respect to site j

i)
(1, = 14/14)  Then
Vi PO A ref
(D/H)i = P;\ TUj (D/H)J (14)

II EXPERIMENTAL SECTION
1 - NMR experiments
- Spectrum acquisition

The 2H{1H} NMR spectra were recorded at 61 37 MHz using a Brlker spectrometer. The acqui-
sition time wes 6.83 s or 13.66 s for e spectral width of 1200 Hz. A 90° flip angle was used
(551078 and a temperature of 302 + 1K was maintained in the probe by the variable temperature
unit The decoupling power was carefully controlled before esch asries of experiments. Good si-
gnal-to-noise ratios (S/N>100) were usually obtained for pure liquids or concentrated solutions
within 10 min, (N5=100) to 30 min. (NS=250) without field-frequency locking . Usually 8 spectra
of each sample are run in a sequence and the means and standard deviation of the various inten
g1ty ratios as well ss of all other subsequent SNIF parameters defined in the theoretical sec~
tion -are computed on a micro-computer (Digital P350) which slso stores the results in a date-
benk for comparison

With & view to optimizing the adjustment of the acquisition parameters, the 2y Ty rela-
xation times of the different molecules 1investigated were determined by the IRFT4 method.
Typically the following results were obtained -

Ethylacetates CHD -0~ CH,0-CO CH,D~CH, -
T, (8) (0} 1.6(0 13) 4.0(0 15) 1 35(6 2)
1,cale (I_exp) 86(85) 14.8(122) 10.8 (106)
Silylether CHD-0 CH,D-CH CH,D-S, -
T (s.) (o) 2.5(0.09)  2.5(0.2)  2.8(0.3)

I, cale.(l, exp) 1.65(1 64) 2.4(2.18) 7 9(8.0)

Since the procedure involves statistical determinations based on a large number of repe-
titive megsurements it requires maximum sutomation in the estimation of the NMR parameters 1f it
13 to be of practical use. Programs have therefore been developed which directly utilize the
intensity and surface perameters from successive Fourier trensformations performed in sutomatic
standardized conditions end no drawing of the spectra is exploited Consegquently no attempt has
been made to introduce particular edjustments or correcting treatments From the strict point
of view of the gquentitative measurements accuracy is therefore of a standard level and better
results caen obviously be obtsined in special cases at the price of gpecific quantitative treat-
ments of the spectra. For exemple, for an aslcohol containing an intermolecular internal benzene
reference, 8 series of 8 successive spectra treated in identical conditions leadsto a confidence
interval for 97 5% confidence which reaches about + 0.004 - 0.006 for the site-specific parame-
ters Ty derived from signal heights,and ebout £+ 0 02 ~ 0 03 for the surfece parameters Tq. When
20 spectra are successively recorded the corresponding confidence intervals for 99% confidence
are usuelly better than 1 0.005 for the T, parameters and £0.02 for the Tg parameters.

- Intermolecular referencing method

A sample of benzene having e (D/H) value higher than those of the organic molecules stu-
died here (D7H = 140 to 100 ppm) is introduced under a slight vacuum into & 5 mm OD cell adapted
to fit the upper part of the 15 mm 0D sample cell. The deuterium content of this working subse-
tance is delermined with respect tc that of s V.SMOW sample as described in the previocus sec-
tion. In practice the slcoholic grade in volume, te y of the ethanol sample must be taken into
account when applying equation (12),

Alternatively, & known volume of working standard, cerefully measured, can be introduced
into the sample under study. For example, 5 ml (:0.05) of pure benzene ((57“) = 137 ppm)} are
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mixed with 10 ml ( +0 05) of an ethanol semple For an ethanol sample M with an alcoholic gra-
de 1n weight, Tﬁ,the mass mA must be replaced in equation (13) by t: m™

2 - Synthesis of derivatives involving a reference substance
a) Ethyl acetates from staendard acetic anhydride
In a typical reaction 26 5 ml of ethyl elcohol (0.33 mol) are introduced into a triple

necked flask and mixed with 23 ml (0 27 mole, mol ratio 1 2 1) of acetic anhydride 0 3 ml of
IN H;S0, (pH=3) are added to catalyze the reaction and a mild reflux 1s maintained for 6 hrs
The mixture 1s neutralized with a saturated solution ofNaHCO3 and finally, the acid-free mixture
1s washed twice with s saturated Na, S0, solution to eliminate the unreacted alcohol After
drying with anhydrous Na, S0, , ethylacetate 1s distilled and collected (Eb 76-77°C) When the
starting ethyl alcohol 1s obtained by distillation of different wines or spirits the 95 % dis-
tillate 1s previously dessicated using molecular sieves (3A, activated at 550°C for 2 hrs) This
method evoids 1sotope fractionation during dessication The experiments are repeated for diffe-
rent mole fractions of the reactents 1n order to investigate the influence of possible kinetic
1sotope effects

b) Irimethyl ethoxysilanes from standerd trimethylchlorosilane

A solution of 50 ml (0 39 mole) of trimethylchlorosilane in BD ml enhydrous ethyl ether
1s added very slowly over a period of 1 hour to a solution of 24 ml (0 39 mole) of ethyl alcohol
and 40 ml of pyridine (0.43 mole) 1n 80 ml of anhydrous ethyl-ether A gentle reflux is maintai-
ned with stirring for 3 hrs. The salt formed between pyridine and HCl 1s removed by filtering
and the resulting ethereal solution 1s washed three times with 250 ml H,0 The product 1s then
dried over Na,S0, Distillation gives a product boiling at 75.5 - 75 7°C

c) Ethyl tosylates from standard p-toluenesulfonylchloride

16 ml (0 275 mole) of ethyl alcohol treated as described previously, 80 ml (1 mole) of pyri-
dine and 50 ml of anhydrous ethylether are introduced into a triple necked flask which is cooled
by an 1ce-water bath A solution of 40 g (0 25 mole) of tosylchloride in 125 ml anhydrous ethyl
cther 1s added very slowly to the cooled solution for 3 hours The reagents are stirred for 1 hr
and the mixture 1s kept overnight 1n the refrigerator Then, the mixture 1s cooled down to 0°C
and the pH 1s adjusted to a value of 2 with HCl (2N) The total volume reaches about 400 ml. The
ethereal leyer is separated and the aqueous layer 1s extracted twice by 200 m]l ethyl ether All
of the ethereal solution 1s dried over NapSOQ;-KyCO3. Ethyl-ether is evaporated under s vacuum st
room temperature and a solid product 1s obtained with 8 62 % yield If the product does not
crystallize spontaneously a crystal cen be induced by scratching i1n a dry-acetone bath or by
dissolving 1t 1n a small quantity of 30-60° petroleum ether and cooling 1t down to induce crys-
tallization before filtering The precipitate can be transferred i1nto a vacuum deasicator and
dried at -or below- room temperature

II1 RESULTS AND DISCUSSION

A comparison of the two intermolecular referencing methods can be carried out on the

pasis of the R (eq 7) end T; (eq 11) paremeters derived from measurements performed in the

presence of extziial or mixed benzene (table 1) In order to investigate the influence of chemi-
cal trensformations on the 1sotopic parameters and to check the potential reliability of an
intremolecular referencing method 18 alcohols from different origins have been transformed into
ethylacetates using standardized procedures (experimental section) The results in tsble 2 che-
racterize 8 ethanols from the fermentation of the same kind of plant (grape) whereas the 10
other samples are alcohols from various natural or synthetic origins which are expected 3 to
exhibit very different deuterium contents (table 3) In five ceses the ethanol samples were also
trensformed 1nto silylethers and tosyletes 1n order to 1nvestigate the possible occurrence of
fructionution effects 1n the course of the chemical reactions (teble 4) The absolute site-spe-
cific parameters derived from these experiments are expected to provide complementary informa-
tion on the 1nfluence of the origin of the glucose or fructose and on that of the water used by

the plant for 1ts photosynthetic cycle or involved in the fermentation process.

~ The referencing sethod and the influence of the chemical tranformetion
In @ first step the reliability and the accuracy of the experimental methods can be
checked by comparing the velues of the internal paremeters, Ry » Rg,determined 1n the different

technical conditions Thus highly significent correlations are found between the R values

I1/1
of the ethyl fragments (I and II denoting the methyl and methylene sites respectively) determi-
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ned 1n the absence of reference, R®°, or 1n the presence of benzene, either mixed with the sam-
ple, R®, or situated 1n & coaxial cell, R€. For example considering the 9 ethanol samples 1 to 9

derived from different species of sugars (table 1) the following correlations are computed

T Ss Sc
Rg = - 0 066 + 1.024 R? 0.998 0 020 0.012 (15)
R§ = - 0070 + 1 014 RP 099 0055 0.034 (16)
Ry = 0005+ 1009 RZ 0998 0.018 00O0ll (17)
Rg = DO018+0999 RS 0992 0046 0029 (18)
R = - 0063 + 1016 RS 0986 0065 O D40 (19)

(r denotes the correlation coefficient and Sg and Sc are the standard deviations on the slope and on the estimation
respectively)

Similarly tor the 8 semples 10 to 17 from a given type of natural product, in this case wine,
and therefore cheracterized by a more limited range of variations (table 2) :

R; = -017 + 1 066 R; (r=0 989, S =0 065, S =0 009) (20)

The correlations are significently i1mproved when the mean values, RM, over R® andRS, ere conside-
red Thus for the 17 samples 1 to 17 the slope of the correlation between the surface and height

parameters approaches unity and the constant term 1s of the order of - 0 02

T Sg Sc
Rf = - 0.071 + 1 027 RS, 0998 0016 0 D011 (21)
R§=-009 +1019 R, 0988 0042 O 027 (22)
¥-_0019+ 0099 R: 0992 0032 0021 (23)

The results confirm the better reliability of the comperative studies based on signal-height
measurements with respect to those which make use of signal area Moreover it is observed that
the standard devistion on the estimation of R F®f is of the same order of magnitude as that of
the NMR determinaetion 1itself It 1s concluded that the presence of en internal intermolecular
reference or of an external reference has no effect on the reproducibility of the R measurement
Satisfactory correlations are also obtained between the R; parameter of the starting ethanols
and the R values measured 1n the ethyl fragment of the corresponding acetates Thus for the 18
semples 10 to 27

Ry, (acetate)=0 057 + 0 964 Rf (r=0 956 , Sg=0 074 , Sc.=0 050) (24)

It 18 observed that both the relative order of the R, perameters and the absolute magnitude of
the Rg ratios are satisfactorily maintained in the course of the chemical transformation into
acetates This behaviour indicates that, at the present state of accuracy, fractionation effects
on the ethyl fragment may be roughly neglected, at least in the considered experimental condi-
tions More scattered results are obtained when the ethanols are reacted to give silylethers and
tosylates Thus for the five ethanols considered (table 4) the coefficients of the correlations
between the R parameters of the chemical derivatives and R; do not exceed 0 97 - 0 99 It should
be noted that two unfavourable factors concur for limiting the accuracy in the case of silyle-
thers 1) the relatively high values of the relaxation times (see experimental section) render
the line-widths and therefore the signel heights very sensitive to inatrumental resolution and
11) the statistical weight of the reference signal 1s three times higher than that of site I, a
situation which 18 detrimental to the precision of the intensity measurements

Although the standard deviation on the signal height parameters 1s usually leas than
+0 066for a set of B successive experiments performed in the presence of external benzene, the
si1te-specific parameters Tﬁl suffer from a lack of long-term repeatability as reflected by their

poor correlations with the other Ty, and Tg parameters (Table 1) By contrast when an intermole-
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Site-spectfic natural 1sotope ranos of hydrogen 1n organic molecules 3293

vular internsl reference 1s used the intensity parameter 7?1 18 satisfectorily correlsted with1§y

{ oo
{r=0,98) and T‘;i

successive spectra 1s 1n Fact of the ssme order or magnitude as that on Ry as 1llustrated by the

{rz0.97). The precision reached on the Th;and 1%, messurements in a series of

multidimensional correlation (n=9)
m w
Ry = 1 65 (L/T])) + 4.37 Thu 2.43 (25)
which 1s charecterized by s multiple correlation coefficient (rmnlt} of 0.997, a standard devia~
tion on the estimation of 0.005 and a Snedecor F value which 18 much higher than the theoretical
one . F (2,6,0.99) = 10.9. The good three-dimensional correiation observed between the mean

M. I -
velue Ry = (R§ + Ry)/2 and l/ﬁ:& s 1?11 {n=9)
M © n g,
RY = 1.69 (/T2 + 429 TR - 2,81 (rpype = 0 998) (26)

also suggests s satisfactory long term repeatsbility. In terms of relative behaviours, therefore
the signal-height perameters, Y:, are suitshble for describing the varietions in the site-speci-
fic deuterium contents However 1f absolute values are desired either allowance has to be made
for correcting fsctors which account for line-width differences or less precise, but physically
meaningful, surface parameters must be considered.

Although the relative orders of the site-specific 1sotope ratios are roughly maintained

1n the considered chemicsl tranaformations, the requirement for tedious preparation of the same

ple, which increases the risk of experimental errors, preventa the method from being routinely

useful for absolute referencing

~ The sbsolute isotope ratios

In order to celculate the absoclute isotope ratios the different standards must be calie
brated with respect to the internstional standsrd V.SMOW ((D/H} = 155.7¢ puﬂlz).The site-speci-
fic deuterium contents can then be determined as described in the theoretical and experimental

sections. When equations 12, 13 snd 14 are transformed, using the numerical values of the para-
meters involved, 8 genersl relation, ﬁjﬁ:qili, is cbtained where T; represents the site-specifae
parameter T, corrected for the varistions 1in the elcoholic grade and in the relative maqses
(table 1) and q, takes the following velues

Standard (3) ay 911 qch(j)
txternal {coaxial) 103.7 155.4 1.000
Internal {mixed) {a) 162.2 243 3 0.64
Intramolecular (b) 124.2 186.3 0.83

{ {a) the (D/H) value of benzene is 137 § ppm {b) the D/H value of acetic anhydride is 124 2 ppa)

If we consider the data of table 1 the agreement between the two kinds of referencing
{external coaxial snd internsl mixed)} 1s found to be satisfactory. Thus the measured values of
T? /1? and Tf;/?:lwhxch are respectively 0.65 (0.02) and 0.66 (0.03} are very close to the value
expected on the basis of the ratio q¢/q™ given sbove

The results of table 2 may be used in order to check the intremolecular standard against
the external one. The ratios T;i /T;} = 0.86 {0.03) and E; /T;I = 0.87 (0,03) exhibit e slight
but significant difference with the ratio qclqiThxs difference can be aasigned to some syste-
matic errors or fractionation effects intervening during the various chemical steps required by
the intramoleculsr referencing procedure

From these results it 13 now possible to compute values of the absolute site-specific
parameters SD(H%. associated to ethanols issued from different kinds of plants or from oil. Thus
the following ranges are estimated :
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Site-specific natural 1sotope ratios of hydrogen 1n organic molecules 3295

(D/H) 4 (D/H) 14
grapes external 1834 +1 6 1294 + 2 4
(table 2) intramolecular 104 4 +1 5 1354 + 1 8 (a)

4+

Beet-root external 89 6 +2 121 9 + 4
(teble 1) internal 88 2:+15 1209 +1 2
ethylene external =130 1 =140 5

(table 3) intramolecular 130 9 + 2 5 149 0 + 2 (a)
{ (a) the valuves derived from the intramolecular referencing are probably overestimated)

Again 1t should be kept in mind that such (D/H); velues are only 1llustrative of the
methodological approach A valuable discussion of the natural dispersion should be based on well
documented natural or synthetic semples since the (D/H)I and (D/H)II values closely depend on
the physiological and technical conditions of the photosynthesis and of the fermentation, namely

the deuterium content of the water

- The interpretation of the site-specific paremeters

A number of overall deuterium contents have been determined by mass spectrometry but
these values are usually difficult to interpret due to their lack of specificity and to the fre-
quent ebsence of knowledge of the D/H retios of the starting species (ie sugars ) and of
the fermentation water 1n particular Moreover 1n the case of ethanols these values 1nclude
usually the 1sotope content of the hydroxyl site which 1s freguently deprived of intrinsic phy-
sical sigmificance as a consequence of 1ts sensitivity to fra tionation effects caused by dis-
tillation and to exchenge phenomena involving the aqueous medium From both the analytical and
mechanistic points of view an importsnt improvement has been brought about by the possibility of
determining the relative internal parameters R1 33 and a further step 1n the discriminating
potentisl of the method 1s now provided by the site-specific isotope ratios, Ti’ or (D/H)1
Thus from the present results it appears, in particular, that the site I parameters of ethanol
exhibit a larger range of variations and constitute better distinctive criteria of the nature of
the plant than the parameters of site II The strong increase 1n the internal parameter RIL/I
observed 5 when comparing alcohols issued from plants having different metabolic pathways (C3
such as sugar-beet or C4 such as malze) or different physiological characteristics (such as gra-

pe and beet-root) can be interpreted as resulting mainly from differerces in the deuterium_con-

tent of the methyl site The methylene site exhibits more limited varietions, at least for etha-

nols produced by fermenting sweet juices 1ssued from plants harvested in & specified country

When a given plant, such as grape, is considered the fact that two independent site-spe-
cific parameters are now available instead of the only relative factor, Ri/J’ enables more sub-
tle physiological or climatological effects to be investigated If we consider that most deute-

rium atoms found 1n the monodeuterated species I, CH,DCH,0H, srise from the sugar wheress the

deuterium etoms 1n site II come predominantly from the water present 1n the fermentation step?

a smaller value of the relative parsmeter R can be interpreted as resulting either froman

increase 1n the deuterium content of the euézﬁlor from & decrease in the deuterium content of
the juice water A conjunction of both effects may even occur 1f active leaf transpiration du-
ring the photosynthetic cycle has increased the (D/H) content of the cell water and therefore
favoured deuterium incorporation in site I whereas some weeks later heavy rains or flooding be-

fore harvesting may have produced a decrease in the deuterium content of the juice
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