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Abstract
Single crystals of Rochelle salt, [-OOC—CHOH—CHOH—COO-, Na+, K+]∙4H2O, Xirradiated at 10 K, have been examined using EPR, ENDOR and EIE spectroscopic
techniques to characterize the radiation induced radicals stable at that temperature and their
reactions upon warming. The one-electron gain product was observed and from the hyperfine
interaction with a β-proton it was unambiguously centred at the C4 position of the tartrate
moiety. An additional nearly isotropic hyperfine structure of about 21 MHz was tentatively
assigned to interaction with a sodium ion exhibiting a close contact to O3 in the crystal.
Evidence was obtained that the one-electron reduced radical had become protonated at one of
the C4 bonded carboxyl oxygens, most probably O4. No evidence for the corresponding C1centred reduction product was found. Two resonance lines (R2, A1) were shown by EIE to
belong to a species formed by decarboxylation at C3, a secondary oxidation product. Two
other resonance lines (K1, K2) were assigned to two varieties of another decarboxylation
radical, centred at C2, distinguished by differences in the potassium ion coordination.
Furthermore, one other resonance line (A2) was tentatively ascribed to a third
decarboxylation radical, centred at the opposite end of the tartrate moiety. The precursor of
these products, that is, the one-electron loss product, was not observed after X-irradiation at
10 K. Thermally induced free radical reactions followed by EPR in the temperature range 12
to 119 K indicate that a water molecule or a hydroxyl ion is eliminated from the one-electron
reduction product radical and that a C3-centred radical is formed. The reduction and oxidation
reaction pathways of hydroxy acid derivatives are discussed.

Keywords: Rochelle salt, tartaric acid, hydroxy acid radicals, ionizing radiation, EPR
spectroscopy, ENDOR.

3

1. Introduction
The radiation induced free radical chemistry of dicarboxylic acids, among them
tartaric acid (HOOC—CHOH—CHOH—COOH), and their salts, has received attention for
several decades (Iwasaki, 1972; Box, 1977). The Rochelle salt, being the Na, K-salt of
tartaric acid, is of particular interest as it exhibits ferroelectricity in the solid state (Solans et
al., 1997). The nature of the radicals formed in Rochelle salt was investigated to obtain some
understanding of the mechanisms producing changes in the ferroelectric properties of this
compound upon irradiation (Moulton and Moulton, 1961; Suzuki and Abe, 1967; Suzuki and
Abe, 1968; Suzuki, 1974; van Treek and Windsch, 1977).
More recently, the actual nature of the radiation-induced radicals in tartrates has
evoked more general interest because of the possible application of ammonium tartrate in
Electron Paramagnetic Resonance (EPR) solid-state dosimetry (Olsson et al., 1999; Olsson et
al., 2000; Kolbun et al., 2010). The radicals stable at room temperature in this system were
previously identified using Electron-Nuclear Double Resonance (ENDOR) (Brustolon et al.,
1996). The radicals observed at room temperature are, however, not those initially formed but
created by secondary radical reactions from primary oxidation and reduction products
(Iwasaki, 1972; Box, 1977).
Until now, the nature of these reactive primary radicals has not been clarified with
certainty in tartaric acid salts, contrary to the case with the pure acid. Thus, dl-tartaric acid
has been examined previously by ESR and ENDOR (Moulton and Cernansky, 1969; Moulton
and Cernansky, 1970; Mulchinock and Hallett, 1972; Moulton and McDearmon, 1980).
Primary oxidation products, like the alkoxy radical, were not observed even at 4.2 K. A
radical formed in a deuterated crystal was assigned to the decarboxylated radical DOOC—
CH(OD)—ĊH(OD) assumedly formed in the oxidation pathway of decay reactions. This
assignment was based on the observed ENDOR spectrum exhibiting a resonance due to an -
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proton interaction. Hyperfine structure due to interactions with -protons was not observed at
4.2 K, but became apparent in a structure stable at 188 K. The reduction product was an anion
radical with the unpaired electron at the carboxylic group and exhibiting hyperfine coupling
to a -proton. The anion decay mechanism could not be established with certainty, since
secondary radicals could not be identified, but loss of CO2- was considered most likely.
However, a different decay mechanism involving water elimination from protonated oneelectron reduction products was more recently suggested for the Rochelle salt and for other
salts of tartaric acid (Samskog et al., 1978; Samskog et al., 1979). The kinetics of reduction
radical decay and the growth of the secondary RĊHCOO- radical were measured both by
pulse radiolysis and by EPR.
The purpose of the present work is to further investigate the formation of these
primary radical products and to study their transformation to more stable species in the
Rochelle salt, using equipment specially designed for in situ low temperature irradiation and
single crystal EPR/ENDOR measurements (Øhman et al., 2006), complemented by analyses
of the corresponding ENDOR-Induced EPR (EIE) spectra. The correct assignment of radical
structures was not always obvious from the experimental EPR, ENDOR and EIE data. The
assignment issue was therefore also addressed using density functional theory (DFT)-type
quantum chemical calculations. Additional calculations were made concerning the nature of
the previously studied radicals at room temperature (Moulton and Moulton, 1961; Suzuki and
Abe, 1967; Suzuki and Abe, 1968; Suzuki, 1974; van Treek and Windsch, 1977).

2. Crystal and molecular structure
Rochelle salt is the tetrahydrate Na+, K+-salt of tartaric acid, as shown in Scheme 1
together with the numbering system adopted in the present work. A preliminary crystal
structure was published by Beevers and Hughes (Beevers and Hughes, 1941). Several
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refinements of this structure have occurred, also by neutron diffraction (Solans et al., 1997),
but to our knowledge no complete and error-free revised structure has been published until
Görbitz and Sagstuen did a full X-diffraction analysis of the structure to an R-value of 0.028
at 105 K (Görbitz and Sagstuen, 2008).
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Scheme 1. The Rochelle salt

An important feature of the structure is that the asymmetric unit contains one sodium
and one potassium ion. The potassium ion, however, occupies one out of two possible and
different positions in the cell, each with 50 % occupancy. These positions have been
designated K1, K2 in Scheme 2 below. An inspection of the crystal structure reveals that the
two carboxyl groups exhibit very different coordinations to the metal ions and to hydrogen
bonded water molecules (Ow).
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Scheme 2. Rochelle salt carboxyl group coordination
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In the -C1O1O2 carboxyl group, oxygen O1 participates in the two shortest contacts to metal
ions, Na and K1 (2.35 and 2.82 Å, respectively). In addition, O1 exhibits one water contact.
The other oxygen (O2) is coordinated to water and participates in a long intramolecular
hydrogen bond to H(O5). In the -C4O3O4 group, O3 participates in contacts to Na (2.45 Å) and
water and O4 participates in a short contact to K2 (2.84 Å) in addition to contacts to two water
molecules. While O5 appears only to be weakly H-bonding to O2, O5 participates in two
relatively short contacts to K2 and Na (2.98 and 2.47 Å, respectively). The chain of four
carbon atoms forms a plane, and the planes of the two COO- groups are twisted about 61
(C1OO) and 72 (C4OO) with respect to that plane so that the angle between the two COO
planes is about 47 (Scheme 3).

Scheme 3. Backbone configuration of the Rochelle salt
In the ferroelectric phase between –18 C to 24 C the crystals are monoclinic, whereas in the
non-polar phases they are orthorhombic, space group P21212, with the needle axis along <c>.

3. Experimental
Rochelle salt was obtained from Sigma-Aldrich and tetrahydrate crystals were grown
from saturated aqueous solutions or from 99.8 % D2O by repeated crystallizations. The
crystals were mounted on the goniometer head of a Weissenberg X-ray diffraction camera.
Using oscillation diagrams, the selected crystal axis was aligned with the rotation axis within
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1°. The crystal was then transferred and glued (TraCon silver epoxy) onto the tip of the
copper pedestal of an Air Products cold finger cryostat without loss of alignment. The
cryostat was then inserted into the vacuum shield of the X-band cavity. The crystal was
positioned immediately above the cavity next to a thin (0.2 mm) aluminum irradiation
window in the vacuum shield. Before X-irradiation, the crystal was cooled to near liquid
helium temperature (T < 10 K). The X-ray dose delivered to the crystal was estimated to
about 3 kGy. After irradiation, the crystal was carefully lowered into the resonance
EPR/ENDOR cavity (TM011) for EPR, ENDOR and EIE measurements. The microwave
frequency was measured using an HP 5324A 40 GHz frequency counter.
The X-band EPR, ENDOR and EIE experiments were performed using a BRUKER
ESP300E spectrometer equipped with a NMR gaussmeter and the BRUKER DICE ENDOR
accessory. For ENDOR and EIE, an ENI 3200L rf Power Amplifier was used. The ENDOR
system was set to generate a square-wave-like frequency modulated rf-field, with modulation
frequency at 12.5 kHz and with a modulation depth of 140 kHz.
EPR and ENDOR measurements were made by rotating the cryostat containing the
sample in 5° intervals through 180°. The program MAGRES was used to derive the
hyperfine coupling tensors from the ENDOR data (Nelson, 1980; Nelson and Nave, 1981). A
six-parameter linear regression routine generates these tensors from the polar angles (θ, φ) of
the rotation axes, the angle of rotation , and the corresponding measured ENDOR
frequency. Refinements including a total of nine angles (θ, φ, and the starting angle 0 for
each plane) were made, using a nonlinear refinement procedure converging to minimum root
mean square (rms) value for the complete data set. The program KVASAT was used to
simulate the single crystal EPR and EIE spectra (Sagstuen et al., 1997; Sagstuen et al., 2000).
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4. Calculations
Density Functional Theory (DFT) calculations were performed using the Windows
parallel-version of the GAUSSIAN03 program package (Frisch et al., 2003). Both singlemolecule and cluster calculations were used. The starting geometry was obtained from the Xdiffraction data (Görbitz and Sagstuen, 2008). The single point calculations on the optimized
structures and the optimization runs all used the B3LYP hybrid functional and augmented
double-ζ 6-31G(d) basis set. The cluster used included a tartrate dianion molecule and the 8
closest water molecules, shown in Scheme 2, involved in hydrogen bonding to the tartrate dianion. The water molecular coordinates were frozen during the optimization calculations. The
metal ions also indicated in Scheme 2 were, however, not included in these calculations. With
the NOSYMM option, the calculated hyperfine coupling tensors were expressed in the
crystallographic reference system and thus directly comparable to the experimental data.

5. Experimental Results and Analyses
EPR spectra obtained after irradiation and measurement at 10 K contained hyperfine
lines spanning over a range of ca 7 mT as seen from Figure 1. The EPR spectra were
complex, evidently containing resonances due to several radicals. On the low-field side,
additional weak features probably due to secondary alkoxy radicals were present. These were
not analyzed further in the present work.
By contrast, the ENDOR spectra obtained at 10 K from partially deuterated crystals,
[-OOC—CHOD—CHOD—COO-]∙K+, Na+, 4D2O revealed a number of well-resolved
resonance lines with different intensities. Some ENDOR spectra are shown in Figure 2. As
demonstrated in Figure 2, in the region above 22 MHz the ENDOR spectra exhibit resonance
lines due to six different proton hyperfine couplings. Two of these are typical -type
couplings and are designated R1 and R2. Two are -type couplings and are designated A1

9
and A2. The remaining two apparently are of the -type, but separated by only about 0.6
MHz they follow each other closely. The separation between them varied only slightly in the
three planes. These two lines have been designated K1 and K2. An illustration of the angular
behaviour of the ENDOR lines upon rotation of the crystal about the <a>-axis is presented in
Figure 3. A slight misalignment of the crystal can be observed as a small doubling of the proton lines in a limited angular region.
The hyperfine coupling tensors corresponding to ENDOR resonance lines R1, R2, A1,
A2, K1 and K2 were extracted from the data and are reproduced in Table 1 together with
some relevant crystallographic data.
In crystals grown from H2O solutions, a large number of lines due to the
exchangeable protons of the hydroxyl groups and water of crystallization were present in the
region 10 – 24 MHz. In particular, a line at about 22.5 MHz for B || <a> was prominent in
these crystals, but completely absent in crystals grown from D2O solution. Similar EIE
spectra were obtained from this exchangeable coupling and the R1 coupling, however, the
corresponding hyperfine coupling tensor could not be determined.
In ENDOR spectra from the partially deuterated crystals, the 10 – 24 MHz frequency
region is less crowded and in particular it became possible to observe one additional, very
broad line, with unresolved substructure, varying only slightly with orientation around 19.5
MHz. A corresponding line with lower intensity was observed at about 11.5 MHz. These
spectral features are denoted with arrows in Figure 2. The intensity of these lines was
dependent upon which position of the EPR spectrum that was monitored for ENDOR, being
most evident when the extreme EPR lines were saturated. This is clearly demonstrated by the
ENDOR spectra in Figure 2. As will be discussed later, it is assumed that this line is due to
hyperfine interaction with a sodium ion, its quadrupolar coupling being small and mainly
unresolved. The coupling tensor of this ENDOR line was not determined. Uncommented
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weak spectral features between 10 and 20 MHz could not be followed through a sufficient
number of orientations to allow for any analysis.
Figure 4 shows characteristic EIE spectra obtained from the various ENDOR
couplings discussed above.

5.1 The R1 coupling
The hyperfine coupling tensor of the R1 resonance line is shown in Table 1. For
comparison, the crystallographic interspin vector from C4 to H(C3) is also presented. This
direction deviates from the direction of the maximum R1 -proton coupling by less than 2.
No other crystallographic interatomic direction fits equally well. Combined with the clear
evidence for non-exchangeability of the responsible proton, it will be taken as a working
hypothesis that the resonance is due to a radical localized at the C4-position, interacting
strongly with the -proton H3. From the crystallographic data it can be estimated that the
dihedral angle of the C3-H3 bond with respect to the normal of the C4OO- plane is about 47.
In non-deuterated crystals, a prominent ENDOR line at 22.5 MHz (B//<a>) is present
and EIE links this line with R1 and the sodium coupling. No tensor has been obtained, but the
resonance line is most probably caused by protonation of the radical. It is known that
carboxylic acid anions most commonly become neutralized by proton transfer through a
hydrogen bond to a neighbouring proton donor (Sagstuen et al., 2004).
The observed non-exchangeable -proton isotropic coupling agrees excellently with
those for other protonated carboxylic acid anions, as summarized by Iwasaki (Iwasaki, 1972),
Box (Box, 1977) and Muto (Muto, 1991). Likewise, the dipolar interaction for the R1 proton coupling with principal values (7.6, -2.7, -4.9) MHz is characteristic for protonated
carboxylic anions (Muto, 1991).
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The ENDOR frequency of R1 with the magnetic field parallel to <b> is 47.8 MHz
corresponding to a hyperfine coupling of 2.35 mT. The corresponding EIE spectrum from
this R1 resonance line (Figure 3a) exhibits a six-line pattern that can be decomposed into a
doublet coupling of approximately 2 mT (56 MHz) and a quartet of about 1 mT (28 MHz).
The same EIE pattern was obtained from the above-mentioned broad, partly unresolved line
at about 19-20 MHz, tentatively attributed to a sodium interaction. The free sodium
frequency is about 3.94 MHz and thus the ENDOR line position should correspond to a
sodium coupling of about (19.5-3.94)∙ 2 MHz = 31.1 MHz or approximately 1.1 mT, in good
agreement with the estimate above. This six-line resonance was analysed in a similar manner
in previous papers by Samskog et al. (Samskog et al., 1978; Samskog et al., 1979). These
authors in addition determined the 13C hyperfine coupling tensor from the central carbon and
from that, a 2p-spin density of 0.71 at C4 could be extracted. The eigenvector for the
maximum
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C coupling tensor makes an angle of about 15° with the >C4OO plane,

supporting the assignment of the localization of the anion to C4 and not to C1.
Muto (Muto, 1991) found that protonated carboxylic acid anions regularly are nonplanar, and that the non-exchangeable -coupling could be described using the relation
b
a iso
» r p B2 cos2 q

(1)

with B2 = 120 MHz if the major lobe of the unpaired electron orbital is trans to the C-H bond and 60 MHz if it is cis to this bond (see Scheme 4).

(a)

(b)

H

H

C

O
O

C

O
O

Scheme 4: (a) cis and (b) trans configurations of the lone electron orbital with
respect to the C-H -bond
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With a B2 value of 60 MHz and = 0.71, a dihedral angle of 47 corresponds to a -coupling
of 20 MHz only. Hence, from the magnitude of the observed β-coupling a trans configuration
(Scheme 4b) appears more probable. Then B2 = 120 MHz and the estimated β-coupling
becomes 40 MHz, closer (although still smaller) to the experimentally observed value. The
observed anisotropy of the coupling is in excellent agreement with this type of bending
(Muto, 1991; Øhman et al., 2006; Øhman and Sagstuen, 2008). Furthermore, calculations
show that this type of bending will bring the eigenvector of the maximum
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C coupling

(Samskog et al., 1978; Samskog et al., 1979) closer to the lone electron orbital (LEO), the
extent of which depends upon the degree of bending. The deviation between the observed and
calculated β-coupling may be due to a non-symmetrical bending at C4, resulting in an
effective reduction of the dihedral angle.
The spin density at O4 must be small since there is no discernible hyperfine
interaction with the (in-plane) 2.84 Å K-coordination at 50 % population. The closest contact
to O3 is a sodium ion at 2.45 Å located nearly perpendicular to the C4O3O4 plane (the distance
to C4 is 3.08 Å). No other sodium is as close as this to either of C4, O3 or O4 and hence the
observed sodium coupling is tentatively assigned to this close contact. Our data suggest that
the radical is protonated, this leaves it most probable that the protonation site is O4. This will
result in some conjugation transfer of the spin from C4 to O3, enhancing the sodium
interaction.

5.2 The R2, A1 couplings
The field-selected ENDOR spectra (Fig. 2) and the EIE spectra (Fig. 3) clearly couple
the two resonance lines R2 and A1. At field positions where the ENDOR line R2 is strong A1
is always strong as well. The EIE is a broad doublet characteristic for the A1 coupling and
with a line width that accommodates the R2 coupling. Both ENDOR lines give similar EIE
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spectra. The A2 coupling gives a broad doublet EIE (not shown) different from that above,
clearly due to a radical different from that giving rise to the R2, A1 couplings.
The non-exchangeable -coupling R2 is a typical, although relatively small, C-C-Hcoupling. The direction for the maximum eigenvector is expected to be close to the C…H
interspin vector unless significant delocalization of the spin is present.
CH
The A1 α-coupling is fairly large. Using a Q H value of -72 MHz in the McConnell

relation (McConnell and Chesnut, 1958; Bernhard, 1981):
p
a iso = QCH
H r

(2)

yields a spin density   of about 0.68. On the other hand, from the dipolar coupling the
Gordy-Bernhard procedure (Bernhard, 1984) suggests a carbon spin density of about 0.82.
This difference suggests that the carbon atom is slightly pyramidal. Following Erling and
Nelson (Erling and Nelson, 2004) an umbrella bending angle of 4-5° would be sufficient to
explain the differences between the apparent spin densities from the isotropic and anisotropic
couplings for A1.
Radicals formed by direct OH abstraction or by β-OH elimination processes are
normally not expected to appear at 10 K, as this typically requires more thermal energy than
available at this temperature. On the other hand, decarboxylation of a primary carboxyl oneelectron oxidation product has been shown to be a common process that often is occurring
either spontaneously or by very low thermal activation (Lipfert et al., 2004; Øhman et al.,
2006). Previous authors have detected formation of CO2 in irradiated Rochelle salt samples
by mass spectroscopy of the gas extracted from the crystals (Samskog et al., 1978). Upon
decarboxylation, a radical with an α-coupling and (eventually) one non-exchangeable βcoupling is expected to be formed, with an accompanying reconfiguration from the initial
pyramidal sp3-hybridized conformation towards the planar sp2 hybridized conformation.
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Thus, attempts were made to clarify if the radical species yielding the R2, A1 couplings could
be consistent with decarboxylated one-electron oxidation products of the Rochelle salt.
If the C3-C4 bond is broken, the LEO axis may become oriented close to this
direction. In fact, the angle of deviation between this direction and the direction of the
intermediate principal value of A1 (expected to be the direction of the LEO in planar αcarbon centres) is only 4. The minimum α-proton coupling is expected to be along the C-Hα
bond direction, also in pyramidal centres (Erling and Nelson, 2004). The crystallographic C3H3 bond direction is 12 from that of the minimum coupling. Furthermore, the direction for
the maximum β-proton coupling deviates about 35 from the C3-H2 interspin direction. These
observations indicate that if the radical is formed by decarboxylation at C3, some minor
relocation of the atoms have taken place upon bond break and partial rehybridization. Any
geometric reorganization at the radical centres must represent a compromise between the
tendency to attain the optimum sp2 hybridization, the possibility to stabilize the structure by
retaining or forming inter- and/or intramolecular hydrogen bonds and the geometric and
coulombic constraints of the environment. Finally, the dihedral angle of the crystallographic
C2-H2 bond with respect to the direction of the intermediate principal value of A1 is about
65 so that some β-proton coupling might well be observable, consistent with the modest R2
β-coupling.
It is concluded that the experimental evidence is consistent with the interpretation that
the radical yielding the R2, A1 couplings may be assigned to the radical obtained by
decarboxylation at the C4 end of the primary oxidation product, formed by one-electron loss
of the tartrate moiety.

5.3 The K1, K2 couplings
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The K1 and K2 couplings most probably arise by interaction with a non-exchangeable
proton in two similar radicals with slightly different conformations. There are only two nonexchangeable protons in the Rochelle salt, therefore the observed couplings must be due to
either H2 or H3. A clue to the minor differences in coupling constants may be provided by the
potassium ion-coordinations. If O1 interacts with a K ion, O4 and O5 do not and vice versa,
due to the 50 % population of the K1 and K2 sites.
Due to the Schonland ambiguity (Schonland, 1959; Vrielinck et al., 2008), there are
two possible forms of each of the K1 and K2 tensors. One appears as a β-type interaction
with a large negative isotropic value whereas the other exhibits the characteristics of a small
α-type coupling (as listed in Table 1). The present experiments do not provide any clues to
the distinction between these alternatives, however, proton β-type interactions with such large
negative values are unknown in organic radicals and this alternative is therefore dismissed.
The number of feasible radical model that can account for the K1, K2 coupling
tensors is also limited by the experimental temperature at which the K1, K2 radicals are
observed, 10 K, which significantly restricts the possibilities for larger chemical or structural
changes during radical formation. To account for the isotropic and dipolar couplings for the
K1 and K2 tensors (Table 1) radical structures with extended spin delocalization over several
atoms possibly including oxygen were considered. In contrast to the situation with the
protonated one-electron reduction radical and the decarboxylated radical species above, an
assignment based solely on experimental data for the K1 and K2 couplings proved difficult.
An analysis was therefore attempted by comparing experimental and theoretical values of the
isotropic and anisotropic hyperfine coupling constants for a series of candidate radical
structures by DFT calculations. Thus, the assignment to a C2-centred, partially
decarboxylated radical, OOC1···Ċ2H(OH)—CβH(OH)—C4OO- was arrived at (for details, see
section 6.3). This species may form by one-electron oxidation of the tartrate moiety, followed
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by a spontaneous lengthening of the C1-C2 bond, but with the CO2 group still trapped
sufficiently close to the radical that considerable amounts of the spin density remain on the
oxygen atoms. There are other examples in the literature on decarboxylated carboxyl cations
where the abstracted CO2 group trapped in the lattice significantly influences the spectral
properties of the radical (Toriyama and Iwasaki, 1976; Øhman and Sagstuen, 2008). Further
discussion of this species is given in section 6.3.

5.4 The A2 coupling
The A2 α-coupling exhibits a smaller isotropic value than A1, but the dipolar
coupling is similar. For the corresponding hyperfine coupling tensor, the McConnell relation
yields a spin density of about 0.57, whereas the dipolar coupling indicates a 2p-spin density
of 0.79. Thus, also in this case the carbon atom carrying the major part of the spin is
pyramidal, apparently somewhat more than for A1. Again following Erling and Nelson
(Erling and Nelson, 2004) an umbrella bending angle of about 8° would be sufficient to
explain the differences between the apparent spin densities from the isotropic and anisotropic
couplings A2.
Considering the fully decarboxylated radical of the one-electron oxidized tartrate
moiety at C2, the data given in Table I show that the deviation of the direction of the
intermediate principal value for A2 from the C1-C2 bond direction is 37°. The
crystallographic C2-H2 bond direction is about 24 from the minimum A2 coupling. The
reduced isotropic value of A2 as compared to A1 indicates that in this case more extensive
bending at the radical site must occur. However, the dihedral angle of the C3-H3 bond
direction with respect to the direction of the intermediate principal value of A2 is only 25° so
that the β-proton coupling may become larger than for the A1, R2 resonance and hence
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should be observable unless geometry changes occur during radical formation that increases
the dihedral angle substantially.
It has not been possible to devise any other reasonable structure for the radical
responsible for coupling A2. It is therefore tentatively proposed that the radical yielding the
A2 coupling is assigned to the fully decarboxylated one-electron loss tartrate moiety at the C1
end of the Rochelle salt. Observing the decarboxylation radical at two different stages of
development at a temperature of 10 K is not unreasonable considering the spectrum of
excitation energies imparted by the ionization event and carried over by the one-electron
oxidized species. Further discussion of this radical will be given in the DFT section 6.4.

5.5 Radical reactions at T > 10 K
The decay of the primary species stabilized at 10 K was studied by warming the
samples to a specified temperature and recording the EPR spectrum at that temperature. In
some instances the samples were re-cooled to 12 K and measured at that temperature to
ensure that the observed spectral changes were irreversible. Measurements were made at two
crystal orientations using a crystal grown from D2O. Some spectra obtained with the
magnetic field parallel to the c axis are displayed in Figure 5.
Clear effects of the warming could be observed as spectral changes at temperatures
above 50 K. Below that temperature the spectra were similar to those observed at 10 K. At
117 K the features observed at 10 K had vanished. Instead a spectrum consisting of an equiintense quartet, flanked by weaker high- and low-field lines appeared. Similar results were
obtained for measurements with B|| a, except that the central portion at 117 K now consisted
of a triplet with approximate 1:2:1 intensity ratio and with an additional barely resolved
structure, flanked by weaker high- and low-field lines.
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These observations are similar to those of Samskog et al. (Samskog et al., 1978) who
performed an EPR single crystal study of Rochelle salt crystals irradiated at 77 K and
warmed to 108 K. The central spectral features of the spectra were assigned to couplings
from an - and a -proton. Coupling to
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C in natural abundance was also detected for this

resonance and was typical for a carbon-centred -radical. The original assignment of these
features was to a decarboxylated radical (Samskog et al., 1978) but later changed to the
species -OOC—CH(OH)— ĊH—COO- formed by a β-OH water elimination reaction from
the protonated one-electron reduced species (Samskog et al., 1979). The argument for this
reassignment was the simultaneous growth of spectral features attributed to the latter species
and the decay of the one-electron reduced radical spectrum.
In the present study, two distinct radicals were observed to grow in at the same
temperature and at similar rates during temperature annealing, as shown in Figure 5. The
assignment of the outer spectral features appearing after warming to 109 – 119 K has to date
not been made and is difficult due to the overlap with the stronger central quartet/triplet
features. Apparently, one or several of the decarboxylation radicals, being the other dominant
species at 10 K, are the precursors for this species. Neither are the connections with the
radicals stable at room temperature (Moulton and Cernansky, 1969; Moulton and Cernansky,
1970; Mulchinock and Hallett, 1972; Moulton and McDearmon, 1980) clear at present. These
issues were not pursued further in the present work.

6. DFT calculations
Radicals of relevance for this study are (A) the (protonated) one-electron reduced
species, and (B) the secondary radical -OOC—CβH(OH)— ĊαH—COO- formed by the decay
of (A). The secondary oxidation products formed by decarboxylation of the primary oneelectron oxidation radical were also considered. Finally, some structures that have been
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identified in previous studies of tartrates irradiated at room temperature were also included in
the suite of calculations.
The major results of the calculations are summarized in Tables 2 - 7. The geometries
were optimised for the actual radical in the cluster of 8 frozen water molecules, all derived
from the Rochelle salt crystal structure as shown in Scheme 2 (Görbitz and Sagstuen, 2008).
The Na+ and K+ ions were not included in the calculations. These interactions will certainly
affect the geometries to variable degrees, and accordingly the hyperfine coupling constants,
particularly for β-hydroxyl protons. The results of the calculations should therefore at best be
used for guidance and not be considered as conclusive.

6.1 The radical –OOC—CH(OH)—CβH(OH)—ĊαOOHThis radical structure was previously proposed as the precursor of the -OOC—
CβH(OH)— ĊαH—COO- radical formed in radical reactions discussed above. The optimized
structure (water molecules removed for clarity) is shown in Figure 6.
Only the radical obtained by protonation at the O4 position of the one-electron
reduced tartrate moiety yielded hyperfine coupling constants and eigenvector directions in
agreement with the experimental data. The bending at C4 is such that the LEO is trans to the
β-proton (H4) at C3, as predicted in section 5.1. As shown in Table 2, the calculated
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hyperfine coupling tensor is, although too large, in reasonable agreement with the
experimental isotropic value Aiso(13C) = 229 MHz and dipolar coupling Baniso(13C) = (130,58,-72) MHz (Samskog et al., 1978), while the theoretically estimated coupling of the proton, 43.2 MHz, is somewhat smaller than the experimental value a (1H) = 57.68 MHz
(Table 1).
The calculated coupling to the added proton at O4 was very large, as this proton was
predicted (see Fig. 6) to become located in a direction almost parallel to that of the LEO.
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However, the final position of the added proton will be critically dependent of the source of
the proton and of the total intra-atomic coulombic forces acting on it. As our calculation does
not include any of the many alkali metal ions embedded in the crystalline lattice and
otherwise also represents a very limited cut-out of the entire lattice, this result cannot be lent
credibility. The experimental value of this coupling is of the order of 20 MHz (see ref.
(Samskog et al., 1979) and the discussion on the exchangeable resonance line at 22.5 MHz
above).

6.2 The C3-centred radical –OOC1—CβH(OH)—ĊαH(OH)
A radical of this type may be formed by decarboxylation of the one-electron oxidized
tartrate moiety. Decarboxylation can in principle occur at both sides of the molecule, here the
C4 side is considered.
A pronounced pyramidal geometry about Ċα was obtained by geometry optimization
resulting in an unusually small α-proton splitting with aα= -10.25 MHz, while the
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splitting, 202 MHz, was larger than that normally found for carbon-centred radicals. Both
these features are characteristic for a large 2s spin population at C3. The calculation yielded
an umbrella bending angle of 16°, as compared to the corresponding angle in an ideal
tetrahedral conformation, 19.5°. Following Erling and Nelson (Erling and Nelson, 2004), the
isotropic value indicates an umbrella bending angle of about 15°. The calculated β-proton
splitting was aβ = 33.83 MHz. The optimized structure (with water molecules removed for
clarity) is illustrated in Figure 7, and the results of the calculations are summarized in Table
3.
The calculated hyperfine coupling tensors given in Table 3 agree fairly well with
those observed experimentally for this species. The calculations predict a larger degree of
bending than what is observed experimentally, thus explaining a large part of the deviations
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between calculated and observed eigenvectors for the α-coupling. The β-coupling is of the
correct magnitude, but the eigenvector for the maximum value deviates significantly from the
experimental value. The H(O6) hydroxyl coupling is predicted to become small, in
comparison this coupling was not detectable in the ENDOR.

6.3 The C2-centred, partially decarboxylated radical, –OOC4—C3H(OH)— ĊαH(OH)···CO2
An attempt to calculate the properties of the one-electron oxidized tartrate radical
resulted in a spontaneous elongation of both C-CO2 bonds, the C2-C1 elongation so long (1.81
Å) that the bond must be considered broken. However, the CO2 fragment was trapped
sufficiently close to C2 so that a fair amount of spin density still resided at the oxygen atoms,
17 % at O1 and 14 % at O2. In addition almost 20 % of the spin became localized at the
oxygens of the C4OO- carboxyl group. Only about 25 % of the spin is left at C2, mainly
interacting with the α-proton at C2 and the β proton at C3. The main results of the calculations
are given in Table 4.
The isotropic coupling of Hα(C2) is smaller than the experimental value which may be
ascribed to overestimated bending at C2. This is supported by the fact that the dipolar
components (which are less sensitive to bending (Bernhard, 1984)) fit the experimental data
excellently. The calculated eigenvectors are in Table 4 compared to those of K1 and the
agreement is satisfactory, taking the incompleteness of the radical environment into
consideration. Also, the calculated eigenvectors for the Hα(C2) coupling fit the
crystallographic data very well.
In the crystal, O1 participates in a short contact to the potassium ion denoted K1.
However, each potassium site has an occupancy of 50 %. Due to the relatively large amount
of spin at O1, it is possible that the hyperfine couplings denoted K1 and K2 simply represent
the same radical in each of the two sites of the potassium occupancy. The positive charge of
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the potassium ion will influence the spin distribution on the CO2 group and hence the
hyperfine coupling tensor from Hα(C2).

6.4 The C2-centred, fully decarboxylated radical, –OOC1—CβH(OH)— ĊαH(OH)
As commented above, it may tentatively be suggested that the A2 coupling is due to a
fully decarboxylated product at the C2 side of the one-electron oxidized tartrate moiety. The
DFT calculation on this product yielded results qualitatively similar to those for the
decarboxylation at the C3 side (above) although the bending at the C2 atom is less
pronounced. The agreement between the experimentally obtained eigenvectors and those
obtained by the DFT calculations for the α-proton coupling is reasonable. The calculated
isotropic β-coupling is somewhat too large. If this is the correct candidate for A2, then further
rearrangements must take place than those predicted by the present DFT calculations. The
results are summarized in Table 5.
6.5 The β-OH elimination radical –OOC1—CβH(OH)— ĊαH—C4OOA radical of this type was postulated to form by water elimination from the protonated
anion radical in Rochelle salt (Samskog et al., 1979). The optimized geometry is nearly
planar about Ċα. The computed value of the
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C coupling is somewhat smaller than the

experimental value, whereas the calculated anisotropy is larger. The computed value of the βproton splitting, aβ = 60.8 MHz is a factor of two larger than the experimental value, 29.8
MHz, indicating a smaller Cβ-Hβ dihedral angle with respect to the normal of the C4OOplane than predicted by the calculations. The Hα coupling exhibits a reasonably good
agreement with the experimentally determined tensor. The calculated results are presented in
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Table 4 together with the experimental values taken from (Samskog et al., 1979). The
optimized structure of the radical (with water molecules removed for clarity) is shown in
Figure 8. The agreement between the experimental and DFT calculated results is reasonable
taking into account the lacking alkali metal ions in the DFT model system as shown in
Scheme 2, and the calculations thus yield support for the proposed radical structure.

6.6 The room temperature radical -OOC—CβH(OH)— Ċα(OH)—COOThis radical is of a type suggested to be present after irradiation at room temperature
of Rochelle salt (Moulton and Moulton, 1961; Suzuki and Abe, 1968) and other tartrates
(Brustolon et al., 1996). Suzuki and Abe (Suzuki and Abe, 1968) proposed the radical
(designated Center No. 1) to be centred at C3, exhibiting only small hyperfine couplings to
the non-exchangeable and the exchangeable β-protons (the data are reproduced in Table 5).
Moulton and Moulton (Moulton and Moulton, 1961) proposed the same chemical structure
for a room temperature radical called Center No. 3 but the hyperfine coupling constants were
very different, suggesting a different location of the spin. In particular, the total width of the
spectrum assigned to Center No. 3 was about 5 mT, or 140 MHz. Table 5 summarises the
results of the DFT calculations on the two proposed radical structures (H-abstraction at C3
and C2, respectively).
There is only a qualitative agreement with the experimental EPR-only data of Suzuki
and Abe and the DFT calculated couplings for the H(C3) center. All couplings are predicted
to be small in agreement with the narrow EPR resonance of Center No. 1. The agreement
with the C2-centred radical is, however, extraordinarily good both with respect to the
magnitude of the predicted couplings and the corresponding eigenvectors. These results
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therefore suggest that the Rochelle salt Center No. 1 is in fact a radical species formed by the
net abstraction of an H-atom from C2.
None of these calculations yielded results comparable with those expected for Center
No. 3 in the Rochelle salt, as this resonance has been described by previous authors. It is,
however, interesting to note that the width of the room temperature spectra is well
accommodated by the β-OH elimination radical discussed in sections 5.4 and 6.3 above. This
species is formed from the protonated one-electron reduced tartaric moiety as described
above, making it probable that Center No. 3 in fact is this radical surviving from 120 K to
room temperature where it decays slowly (Moulton and Moulton, 1961). All available
literature data are consistent with this proposal. However, for a definitive answer to this issue,
further studies must be made.

7. Summary and Discussion
The main new findings for the radiation induced free radical species in Rochelle salt
may be summarized as follows: The one-electron reduction product observed after Xirradiation at 10 K could be unambiguously located by ENDOR to the C4 position of the
tartrate moiety from the coupling tensor data for the β-proton hyperfine interaction with
HβC3. An additional hyperfine structure of about 21 MHz was assigned to a sodium ion with
a close contact to O7 in the crystal. No evidence for a C1-centred reduction product was
found.
The two resonance lines R2 and A1 of Table 1 shown by EIE to belong to the same
species have the characteristics of a radical formed by decarboxylation yielding a radical
centred at C3. Two other decarboxylation products, both centred at C2, were attributed to
other sets of hyperfine coupling tensors. A large α-coupling A2 was tentatively ascribed to a
fully decarboxylated radical, whereas two smaller α-couplings K1 and K2 were ascribed to a
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partially decarboxylated product with the abstracted CO2 group trapped sufficiently close to
the radical centre to carry some spin density which in turn is influenced by the fractional
occupancy of potassium ions in the lattice.
Thermally induced free radical reactions followed by EPR in the temperature range 10
to 120 K support the conclusions from previous work that a water molecule or a hydroxyl ion
is eliminated from the anion radical, thus forming a C3-centred radical. It is proposed that this
radical is the same species as the classical Center No. 3 in irradiated Rochelle salt.
Furthermore, the present DFT calculations indicate that Center No. 1 in irradiated Rochelle
salt is the radical formed by net H-abstraction from C2.

7.1 Mechanisms
Odd-electron primary reaction products formed by irradiation of carboxylic acids and
their salts have previously been investigated by ESR and ENDOR at low temperature, 4-77 K
(Iwasaki, 1972; Box, 1977). A general mechanism involving the formation and
decomposition of one-electron oxidation and reduction species could be formulated on the
basis of these experiments and has been developed particularly for carboxylic acids and their
salts and for amino acids (Sagstuen et al., 2004). Based on the observations made in these
previous works and the results obtained here a modified scheme for the formation of free
radicals in hydroxy acids, e.g. tartaric acids and salts, is proposed, as shown below in Scheme
5.
Loss of an electron at the carboxylic group results, if the carboxyl group is protonated,
in loss of a proton also. The resulting acyloxy radical RCHOHĊOO was not observed in this
work, and has been observed by EPR only in a few cases at very low temperatures (Iwasaki,
1972).
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The acyloxy radical decomposes upon warming or illumination, apparently by
elimination of carbon dioxide forming a secondary radical, denoted by RĊHOH in Scheme 5,
with R= -OOC—CβH(OH)— for the species expected to form in the Rochelle salt. The R2
and A1 ENDOR lines observed after irradiation and measurement at 10 K is attributed to a
species of this type. A pyramidal structure is also inferred from the calculations for this
structure.
The decarboxylated radical may react with undamaged tartrate ions to form a
secondary radical, -OOC4—C3H(OH)— Ċ2(OH)—C1OO-. A species of this type is known
from room temperature studies of irradiated ammonium tartrate (Brustolon et al., 1996) and
Rochelle salt (Moulton and Moulton, 1961; Suzuki and Abe, 1968), and this structure is
supported by DFT calculations in the present work. Due to the overlap with the signals from
the species formed in the reduction pathway (see discussion below) the suggested reaction of
the decarboxylated species could not be followed in the warm-up experiments shown in
Figure 5.
Addition of an electron yields a reduced species that is stable at low temperature, but
usually decays below room temperature. The reduction product is often protonated (Box,
1977), as indicated in the scheme. The decomposition reactions have been extensively studied
(Box, 1977). For saturated carboxylic radicals, secondary radical products appear, including
the CO2- radical anion and acyl type radicals, RCO. Loss of ammonia and halogen, has been
reported in substituted acids. In the present case other reactions involving water elimination
from the the protonated and/or doubly protonated reduction product are possible as well,
yielding in the first case a secondary radical of the type RĊHCOO- with R = -OOC—
CH(OH)—. This species, -OOC—CβH(OH)— ĊαH—COO- , discussed in sections 5.5 and
6.5, was observed experimentally in the warm-up studies as the four line EPR-spectrum in
Fig. 5. If the spin of the one-electron reduction product can be stabilized at either end, water
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may also be lost at either end, giving rise to -OOC—CβH(OH)—ĊαH—COO- radicals with
different β-H hyperfine couplings due to different conformations. The appearance of the
additional lines on the wings of the four-line spectrum during warm-up, seems to support the
hypothesis that electron capture might occur at either end of the tartrate unit.
The proposed fragmentation reaction of the singly protonated reduction product may
only be valid in hydroxy acid derivatives, while the alternative decomposition of the doubly
protonated reduction product to an acyl radical, in principle applies more generally to
carboxylic acids. The radical formed from the singly protonated reduction product is not
stable at room temperature. In the diagram is indicated that the latter radical reacts with an
undamaged tartrate unit to form the secondary radical known to be stable at room temperature
in irradiated ammonium tartrate (Olsson et al., 1999; Olsson et al., 2000)
The excess electron of the one-electron reduced species might be expected to be
trapped at both sides of the tartaric acid backbone. In the present work only one of the two
possible reduction products is observed. Either the electron is transferred to the C 4 position
immediately upon electron capture, or the C1-centered anion has decayed into a secondary
species already at 10 K.
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- H2O

RCHCOO
+ RCHOHCOO
- RCH2CO2

+H

RCHOHC(OH)2
- H2O

RCHOHCO

Scheme 5. Proposed reaction scheme for hydroxyl acids and salts

The radiation induced radicals of dl-tartaric acid that have been observed previously by EPR
and ENDOR (Moulton and Cernansky, 1969; Moulton and Cernansky, 1970; Mulchinock
and Hallett, 1972; Moulton and McDearmon, 1980) fit rather well into this scheme. As in the
present work, the primary acyloxy radical was not observed even at 4.2 K. A radical formed
in a deuterated crystal assigned to the radical DOOC-CH(OD)-ĊH(OD) is similar to the
species observed here to be formed in the oxidation pathway of the scheme.
The reduction product was an anion radical with the unpaired electron on the
carboxylic group, exhibiting hyperfine coupling to a -proton as in the present work. The
suggested anion decay mechanism by loss of the CO2- anion was not considered in Scheme 5,
however, since the spectrum of this radical anion could not be verified in the present work.
Rather, a decay mechanism involving water elimination from the protonated anion shown in
the scheme was suggested, in agreement with previous studies of the kinetics of anion decay
and the growth of the secondary RĊHCOO- radical measured by pulse radiolysis in Rochelle
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salt. The same mechanism was proposed for the radical anion in di-K-tartrate in an EPR study
(Samskog et al., 1979).
The -OOC- ĊH(OH) radical observed after room temperature irradiation of Rochelle
salt (Suzuki and Abe, 1967; Suzuki and Abe, 1968) by cleavage of interior C-C bond was not
considered in the scheme since no new mechanistic information was obtained in this study.
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Table 1: ENDOR determined proton hyperfine coupling tensors (MHz) from partially
deuterated crystals of Rochelle salt X-irradiated and measured at 10 K.a
Radical

Tensor

Protonated
anion
(C4)

R1

Decarboxylated
(C3)

Decarboxylated
(C2)

Decarboxylated
(C2)
Partially

Isotropic
value

<a>

Eigenvectors
<b>

<c>

57.68(1)

65.30(2)
54.98(1)
52.75(1)

0.0432(10)
0.6833( 1)
0.7289( 8)

0.9847(12)
-0.1525( 8)
0.0846(11)

0.1690(11)
0.7141(12)
-0.6794(11)

R2

27.80(1)

37.91(2)
24.06(2)
21.44(2)

0.5262( 8)
-0.6515( 9)
-0.5464( 8)

-0.6033(29)
0.1668(42)
-0.7799(17)

0.5993(37)
0.7400(12)
-0.3053(38)

A1

-48.80(3)

-81.71(7)
-47.70(4)
-16.99(4)

0.8898( 3)
0.2067( 7)
0.4068( 7)

-0.1104( 5)
-0.7675( 8)
0.6315(10)

0.4427( 6)
-0.6068( 9)
-0.6601( 7)

A2

-40.35(2)

-73.61(4)
-37.60(4)
- 9.84(5)

0.0200( 8)
0.3994( 3)
0.9166( 2)

0.6404(13)
0.6989( 7)
-0.3185( 5)

-0.7678( 6)
0.5934(11)
-0.2417( 9)

K2

-25.06(1)

-34.21(2)
-26.10(2)
-14.88(2)

-0.4302( 8)
-0.2702( 9)
-0.8613(10)

0.7573(10)
-0.6273(13)
-0.1815(14)

0.4913( 5)
0.7304(13)
-0.4745(11)

K1

-24.09(1)

-33.38(2)
-25.14(2)
-13.76(2)

-0.4231( 8)
-0.2608( 9)
-0.8677(10)

-0.7576(10)
0.6271(13)
0.1810(14)

0.4969( 5)
0.7340(13)
-0.4630(12)

-0.9873
-0.3347
-0.2218
0.4786
0.9988
0.2329
-0.0666
-0.7773
-0.0696
0.6896

0.1466
-0.8394
0.8031
0.7338
0.0314
-0.7934
0.4240
0.0517
-0.9809
-0.5761

0.0606
0.4281
0.5530
-0.4822
-0.0368
-0.5624
-0.9032
-0.6270
-0.1818
-0.4388

Crystallographic directions:
C3 - O6
C2 - O5
C3 - C4
C3 - H3
C2 - H2
C1 - C2
C2 - H3
C3 - H2
C4 - H3
C1 - H2
a

Principal
values

Numbers in parentheses are the standard deviation in the least significant digit(s) given.
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Table 2: DFT-calculated hyperfine coupling tensors (in MHz) for the O4-protonated oneelectron reduced radical in Rochelle salt. The experimental data not provided here are given in
Table 1. Δφ is the angle of deviation for the indicated eigenvector with that of the
corresponding experimental eigenvector.

Radical

Coupling Isotropic
Exp/DFT
Nucleus
Value
Exp

13

DFT

13

C

C

229

Anisotropic
Princ.
Values
130
-58
-72

Δφ(°)

5

291

99
-49
-50
7.9
-3.2
-4.9

3.5

-

OOC1-C2H(OH)-

C3Hβ(OH)-Ċ4OOHDFT

Hβ(C3)

43.2

DFT

H(O4)

83
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Table 3: DFT-calculated hyperfine coupling tensors (in MHz) for C3-decarboxylated oneelectron oxidation product in Rochelle salt. The experimental data not provided here are given
in Table 1. Δφ is the angle of deviation for the indicated eigenvector with that of the
corresponding experimental eigenvector.

Radical

Coupling Isotropic
Exp/DFT
Nucleus
Value
DFT

DFT

13

C

Hα(C3)

202

Anisotropic
Princ.
Values
118
-58
-60

-10.3

-29.0
-4.2
33.2
10.6
-4.5
-6.1

-OOC1-C2Hβ(OH)ĊαHα(OH)
DFT

Hβ(C2)

33.8

DFT

H(O6)

-11.1

Δφ(°)

26
18
35
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Table 4: DFT-calculated hyperfine coupling tensors (in MHz) for C 2 centred partially
decarboxylated one-electron oxidated tartrate moiety in Rochelle salt. The experimental data
are given in Table 1 (the K1 tensor). Δφ is the angle of deviation for the indicated eigenvector
with that of the corresponding experimental eigenvector.

Radical

Exp/DFT

Coupling
Nucleus

Isotropic
Value

DFT

Hα(C2)

-10.3

OOC1···Ċ2Hα(OH)C3Hβ(OH)-C4OODFT
a

Hβ(C3)

This coupling was not observed in the experiments.

-5.4

Anisotropic
Princ. Values
-11.47
-4.76
16.23
4.96
0.87
-5.83

Δφ(°)
17
26
-a
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Table 5: DFT-calculated hyperfine coupling tensors (in MHz) for C2-decarboxylated oneelectron oxidated tartrate moiety in Rochelle salt. The experimental data not provided here are
given in Table 1. Δφ is the angle of deviation for the indicated eigenvector with that of the
corresponding experimental eigenvector.

Radical

Exp/DFT
DFT

DFT

Coupling
Nucleus
13

C

Hα(C2)

Isotropic
Value
215

-36.3

-31.1
-4.8
33.9
11.1
-4.8
-6.3

Ċ2Hα(OH)C3Hβ(OH)-C4OO-

a

Anisotropic
Princ. Values
127
-63
-64

DFT

Hβ(C3)

39.3

DFT

H(O5)

14.1

Δφ(°)

27
20
-a

This coupling was not observed experimentally. This eigenvector, however, deviates 19°
from the crystallographic C2…H3 direction.
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Table 6: DFT-calculated hyperfine coupling tensors (in MHz) for radical formed from the O4protonated one-electron reduced tartrate moiety by β-OH elimination, -OOC1—CβH(OH)—
ĊαH—C4OO- in Rochelle salt. Δφ is the angle of deviation for the indicated eigenvector with
that of the corresponding experimental eigenvector. The experimental data are taken from ref.
(Samskog et al., 1979).a

Radical

Exp/DFT

Coupling
Nucleus

Isotropic
Value

Exp

13

167

DFT

13

121.6

132.9
-66.3
-66.6

29.8

10.2
-2.1
-7.4

60.8

8.9
-3.1
-5.9

Exp

C

C

Hβ(C2)

-

OO1C—
CβH(OH)— ĊαH—
C4OODFT

a

Anisotropic
Princ. Values
104
-21
-83

Hβ(C2)

Exp

Hα(C3)

-52.3

-26.1
1.9
24.3

DFT

Hα(C3)

-54.9

-33.7
-3.5
37.2

Δφ(°)

22

19

17
13

For both the 13C and the Hα(C3) couplings, a c → -c sign transformation of the
experimentally obtained eigenvectors have been made to optimize agreement with the
calculated data. For the β-coupling, the 2nd Schonland solution was chosen for symmetry
reasons.(Schonland, 1959) It should be noted that the experimental data reported here are
EPR only.
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Table 7: DFT-calculated hyperfine coupling tensors (in MHz) for radicals formed by Habstraction from C3, -OO1C—CβH(OH)— Ċ3(OH)—C4OO- and from C2, -OO1C—Ċ2(OH)—
CβH(OH)—C4OO- in Rochelle salt X-irradiated at room temperature. Δφ is the angle of
deviation for the indicated eigenvector with that of the corresponding experimental
eigenvector. The experimental data are taken from ref. (Suzuki and Abe, 1968).

Radical

Exp/DFT

Coupling
Nucleus

Exp

Hβ(C2)

DFT

Hβ(C2)

Isotropic
Value
4.2

2.4

Anisotropic
Princ. Values
10.9
-4.2
-6.7
9.3
-3.5
-5.8

Δφ(°)

26

-

OO1C-CβH(OH)Ċ3(OH)-C4OOExp

Hβ(OH)

(-)3.9

(+)15.1a
(-)5.6
(-)9.5

Hβ(OH)

15.6

17.1
-6.0
-11.1

55

DFT

13

11

DFT

Hβ(C3)

3.7

9.3
-3.4
-5.9

DFT

Hβ(OH)

-8.5

19.9
-8.7
-11.2

-

OO1C- Ċ2(OH)C3H(OH)-C4OO-

a

The sign reversals in parentheses are included by the present authors to allow for a positive
maximum dipolar coupling
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Schemes:
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Scheme 1. The Rochelle salt
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Scheme 2. Rochelle salt carboxyl group coordination

Scheme 3. Backbone configuration of the Rochelle salt
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(a)

(b)

H

H

C

O
O

O
O

C

Scheme 4: (a) cis and (b) trans configurations of the lone electron orbital with
respect to the C-H -bond

RCHOHCOO
Reduction

Oxidation
-e

+e

RCHOHCOO

RCHOHCO2
+H

-CO2

RCHOH

RCHOHC(OH)O

+ RCHOHCOO
- RCH2OH

RCOHCOO

- H2O

RCHCOO

+H

RCHOHC(OH)2

+ RCHOHCOO
- RCH2CO2

- H2O

RCHOHCO
Scheme 5. Proposed reaction scheme for hydroxyl acids and salts
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Figure Captions
Figure 1: X-band first derivative EPR spectra from partially deuterated crystals of Rochelle
salt irradiated and measured at 10 K. The magnetic field was directed along the
crystallographic axes as indicated. The magnetic field position for the free spin g-value,
2.00232, is indicated on the field axis.

Figure 2: First derivative ENDOR spectra from partially deuterated crystals of Rochelle salt
X-irradiated and measured at 10 K. The spectra were measured with the magnetic field
directed along the crystallographic a-axis (Figure 1, top) with the magnetic field set at the
positions (from top) 348.2 mT, 347.3 mT and 346.2 mT.

Figure 3: ENDOR line variations upon rotation about the crystallographic c-axis of a partially
deuterated crystal of Rochelle salt X-irradiated and measured at 10 K. The magnetic field was
locked at a central resonance line of the EPR spectra (see Figure. 1). The free proton
frequency is 14.87 MHz

Figure 4: EIE spectra from partially deuterated crystals of Rochelle salt X-irradiated and
measured at 10 K. With reference to Figure 2, the spectra were recorded as follows: a) B||<b>,
ENDOR line at 47.35 MHz (R1). b) B||<a>, ENDOR line at 28.50 MHz (R2). c) B||<b>,
ENDOR line at 30.10 MHz (K2).

Figure 5: EPR spectra with B|| <c> of a Rochelle salt single crystal grown from D2O solution
and irradiated at 12 K after temperature annealing as indicated directly on each spectrum.
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Figure 6: Structure of the O4-protonated one-electron reduced tartrate radical,

-

HOOĊα-

CβH(OH)- C2H(OH)-C1OO- predicted by DFT geometry optimisation. The unpaired electron
density is localised to the C4OOH group. An intramolecular hydrogen bond is indicated.

Figure 7: Structure of the tartrate one-electron oxidized radical decarboxylated at C3, -OOC1CβH(OH)- ĊαH(OH) as predicted by DFT geometry optimisation. The unpaired electron
density is localized to the C3 atom. An intramolecular hydrogen bonds is indicated.

Figure 8: Structure of the tartrate one-electron oxidation product partly decarboxylated at C2,
O2C1···ĊαH(OH)- CβH(OH)-C4OO-, as

predicted by DFT geometry optimisation. The

unpaired electron density is localised to the C2 atom. Two of the water molecules of the
cluster have been removed from this figure to enhance clarity.

Figure 9: Optimized structure of the radical formed from the O4-protonated anion by β-OH
elimination, -OO1C—CβH(OH)—ĊαH—C4OO- as predicted by DFT geometry optimisation.
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