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In single crystals of malonic acid grown from heavy water, the methylene protons have been partially exchanged
with deuterons. Upon X irradiation at room temperature, the•CD(COOD)2 radical is formed in an amount
comparable to the•CH(COOD)2 radical species. In the present work, EPR and ENDOR analyses of the
R-deuteron hyperfine coupling (hfc) and nuclear quadrupolar coupling (nqc) tensors at room temperature
have been performed. The hyperfine coupling tensor is, when scaled with the differences in the nuclearg-factor,
almost identical to theR-proton coupling of the•CH(COOH)2 radical at room temperature. The quadrupolar
coupling tensor was found to be virtually coaxial with the hyperfine coupling tensor. The quadrupolar coupling
constant is 149.8( 1 kHz, and the asymmetry factorη ) 0.092( 0.020. It is known that, at room temperature,
the malonic acid radical exhibits thermal motion between two potential energy minima separated by about
(12°. Assuming that the observed hfc and nqc tensors are the result of thermal averaging between these two
conformations of the radical, a simple two-site jump model was used to estimate the rigid-limit tensors. The
most significant result obtained was for the nqc tensor, for which the calculations resulted in a quadrupolar
coupling constant of 160 kHz and an asymmetry factorη ) 0.026. These values are fairly close to the nqc
parameters for the methylene deuterons in malonic acid at low temperature. The quadrupolar coupling tensor
has been theoretically modeled using Slater orbitals and formal electronic populations, as well as electron
populations obtained from RHF/CI INDO-type calculations. The simple model to compute the electric field
gradient at theR-deuteron caused by the charge distribution at the sp2-hybridizedR-carbon was found to be
as successful as more advanced methods. Furthermore, density functional theoretical (DFT) calculations for
both the malonic acid radical and the native malonic acid molecule have been performed. Field gradients
calculated by the DFT method significantly overestimate the quadrupolar tensors for both theR-deuteron of
the radical and the methylene deuterons of the malonic acid molecule. Calculations using electron populations
from the RHF/CI INDO calculations show that contributions to the quadrupolar coupling tensor from electrons
and nuclei beyond the nearest-neighbor atom of the deuteron are significant.

1. Introduction

The magnetic properties of the•CH(COOH)2 radical have
been described in several electron paramagnetic resonance (EPR)
and electron-nuclear double resonance (ENDOR) studies of
X irradiated malonic acid derivatives,1-5 and several theoretical
analyses have been performed to properly describe the origin
and characteristics of theR-proton hyperfine coupling (hfc)
tensor.4,6-8 As a consequence of this, the•CH(COOH)2 radical
has become the standard against which hundreds of observations
of similar couplings have been held and scaled.9

Recrystallization of malonic acid from D2O shows that the
methylene protons are partly exchangeable with deuterons.5

Similar observations were made in the case of potassium
hydrogen malonate crystals.10 The previous study5 provided
detailed information about theR-proton hyperfine coupling
tensor of the •CH(COOH)2 radical at room temperature.
However, no deuteron coupling tensors were determined. In the

present work, theR-deuteron hyperfine coupling tensor is
determined and compared with theR-proton hyperfine coupling
tensor observed by Sagstuen et al.5

Nuclear quadrupolar coupling (nqc) constants are commonly
determined by methods such as nuclear quadrupole resonance
(NQR) or nuclear magnetic resonance (NMR) spectroscopy. For
various reasons,10 these methods usually are not suitable for
free radicals. Similarly, except for cases of very large couplings,
the EPR technique is insensitive to quadrupole interactions.
Splitting of resonance lines is, however, observed in the adjunct
technique of ENDOR, and with its high resolution and relatively
high sensitivity, ENDOR is particularly well suited for obtaining
quadrupolar coupling tensors for paramagnetic species in diluted
solids. An interesting adaptation of ENDOR is the ENDOR-
detected nuclear magnetic resonance (EDNMR) technique, in
which the distant ENDOR of host molecules for a paramagnetic
impurity provides a sensitive tool for the study of host molecule
quadrupolar couplings.11-13

The quadrupolar coupling constant for deuterium is small
compared to that of other nuclei. This fact, combined with the
general difficulty of observing deuterium ENDOR (at least in
the continuous-wave (cw) mode), has led to very few reports
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of deuterium quadrupolar coupling tensors of paramagnetic
species have appeared in the literature.10,14,15(Note that electron
spin-echo envelope modulation (ESEEM) and related time-
domain techniques partly overcome this difficulty but require
more sophisticated instrumentation and elaborated experimental
procedures.)

In the present work, the deuterium quadrupolar coupling
tensor for theR-deuterium coupling observed from the malonic
acid radical formed in partially deuterated native malonic acid
crystals at room temperature is reported. Assuming that the room
temperature hfc and nqc tensors are the result of thermal
averaging between two conformations of the radical, a simple
two-site jump model was used to estimate the corresponding
rigid-limit tensors. The quadrupolar coupling tensor has been
theoretically modeled using Slater orbitals and electron popula-
tions obtained from INDO-type calculations, as well as density
functional theory (DFT) calculations, for both the malonic acid
radical and the methylene protons of the native molecule. An
interesting finding is that the electric field gradient at the
R-deuteron could be well modeled by the charge distribution at
the sp2-hybridizedR-carbon.

2. Experimental Section

Polycrystalline malonic acid was obtained from Sigma
Chemical Co. and used without further purification. Single
crystals were obtained by saturating a 99.9% D2O solution
(Sigma Chemical Co.), which was stored for one week at room
temperature. By this procedure, the H1 and/or H2 atom in a
fraction of the molecules was replaced with a deuteron. The
solution was then cooled to about 4°C. With the right saturation,
crystals with typical dimensions of 4-6 mm formed in less than
24 h. Malonic acid crystals are triclinic16 with space groupP1h
and unit cell unit parametersa ) 5.11 Å, b ) 5.23 Å, c )
11.14 Å, R ) 102.7°, â ) 135.17°, γ ) 85.17°, andZ ) 2.
(See Scheme 1.)

Irradiation of the crystals was done at 280 K using 40-kV,
60-mA X-rays. The doses given were approximately 30 kGy.
To eliminate the other radicals present in the crystal immediately
after irradiation, the crystals were kept at 340 K for about 15
hours1 after irradiation. The crystals used for the EPR/ENDOR
experiments were aligned parallel with one of the crystal axes
a, b, andc to within 0.5°. The crystals were transferred to a
quartz rod, which is a part of a one-axis goniometer, without
loss of alignment. The EPR/ENDOR experiments were then
performed at room temperature with the magnetic field exploring
the plane perpendicular to the rotation axis, allowing for rotation
of the sample through 360° to an accuracy of 0.1°.

The hyperfine and nuclear quadrupole coupling (hfc and nqc)
tensors were calculated in the orthogonal systema*, b′, andc.
In terms of the cell unit vectors,a* ) b × c, andb′ ) c × a*.
The Eulerian anglesR, â, and γ are used to specify the
orientation of the magnetic field relative to the crystal. Here,R
andâ are equivalent to the polar anglesφ andθ, respectively,

whereasγ indicates the orientation in the plane of rotation.
Simple trigonometry shows that the rotation axes can be
specified in this reference system as follows: fora: R )
-5.985°, â ) 135.17°; for b, R ) 102.70°, â ) 90°; and forc,
R ) 0°, â ) 0°.

The crystallographic data program ORFEE17 was used in
conjunction with the neutron diffraction atomic parameters
reported by McCalley and Kwiram4 to generate inter- and
intramolecular atomic contacts and their direction vectors in the
〈a* b′ c〉 reference system.

The spectrometer used for the measurements was a Bruker
ESP 300E instrument optionally equipped with Bruker’s DICE
ENDOR unit, an ENI 3200 rf amplifier, and the Bruker ENDOR
cavity. The system was set to generate a square-wave frequency
modulation of the rf field at 12.5 kHz; the modulation depth
used was typically 10 kHz. This small modulation depth yielded
narrow ENDOR transition lines (peak-to-peak values of less
than 60 kHz), which allowed for high precision in the measure-
ments of the transition frequencies, but with accompanying loss
of some signal intensity. The rf sweep width of the ENDOR
spectra was 9.4 MHz, recorded at 1024 points sampling, giving
a spectral resolution of 9.18 kHz.

EPR and ENDOR measurements were made by rotating the
samples in 10° intervals through 180°. ENDOR line frequencies
were assigned as the averaged values of the top and bottom
peak value of the ENDOR lines. The low-branch lines generally
exhibited low intensities and disappeared below 2.5 MHz. These
lines have therefore not been used for the hfc and nqc tensor
evaluations. The hfc and nqc tensors were obtained from the
ENDOR data by fitting the first-order perturbation theory
transition frequency expression to each individual transition.18,19

This has been done by using a modified version of the program
NQENDFIT. The program was used with the options of using
an isotropicg-tensor and specifying the static field values at
which the ENDOR spectrum was recorded, and corrections for
variations in the field value were made. The theoretical values
for the ENDOR transition frequencies resulting from the
analyses agreed unusually well with the experimental data. The
overall root-mean-square value of the fit was 6.5 kHz, and no
single theoretical value differed by more than 17 kHz from the
experimental data.

Semiempirical molecular orbital calculations for malonic acid
were performed using the regular CNDO/2 program of Pople
and co-workers20 for closed-shell molecules and the RHF/CI
INDO approach, as described by Oloff and Hu¨ttermann,21 for
the malonic acid radical. Density functional theory (DFT)
calculations were performed using the Gaussian 9822 program
package running on the Cray computer at IFM, University of
Linköping. The B3LYP/6-31G protocol was used for all
calculations.

3. Experimental Results

3.1. EPR. The •CD(COOD)2 radical is formed by net
dehydrogenation at the C0 atom of partially deuterated malonic
acid. The fraction of•CD(COOD)2 radicals usually was com-
parable to the fraction of•CH(COOD)2 radicals; however,
variations occurred depending on the degree of proton/deuteron
exchange at C0. The EPR spectrum from a partially deuterated
malonic acid crystal is shown in Figure 1, recorded with the
magnetic field perpendicular to〈a〉, at γ ) -29.4°. This
direction is close to that corresponding to the maximum
R-proton/deuteron hyperfine splitting for rotation about〈a〉. The
outer major lines in the spectra, which are well described in
the literature,1,4,5are due to the•CH(COOD)2 radical. The arrows
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point to the three lines due to the deuteron hfc, which have
been assignedmI quantum numbers based on the assumption
of a negative deuteron hfc, as observed for the corresponding
proton hfc of the•CH(COOH)2 radical.1 Other weaker lines in
the spectrum are due to other radicals.4

3.2. ENDOR/EIE. Because of the very small nqc of a
deuteron, two ENDOR spectra were recorded for each orienta-
tion of the crystal, as illustrated in Figure 2. One spectrum was
obtained with the static field locked to the high-field EPR
transition (denotedmI ) +1 in Figure 1), yielding themI ) 0
f +1 ENDOR transition. The second spectrum used the low-
field EPR resonance line (denotedmI ) -1 in Figure 1),
yielding themI ) 0 f -1 ENDOR transitions. ThemI quantum
number accompanying each line in Figure 2 refers to the EPR
line to which the magnetic field is locked.

The two spectra obtained differ because of differentmI

ENDOR transitions, as shown in Figure 2. Because themI )
+1, ms ) +1/2 ENDOR line transition frequency is higher than
that of themI ) -1, ms ) +1/2 line, it is concluded that the
nqc must have the same sign as the hfc at this orientation. The
hfc and nqc tensors given in Table 1 were calculated from the
data shown in Figure 3, assuming themI andms assignments
shown in Figure 2 as well as a negative deuteron hfc.

At the right in Figure 2, the EIE (ENDOR-induced EPR)
spectra from the four ENDOR lines are shown. This procedure
demonstrates that the two EPR lines associated with themI )
(1 quantum numbers induce the ENDOR spectra associated
with the samemI values and confirms themI andms quantum
number assignments of the EPR and ENDOR lines.

The starting orientations for the three axes of rotation,
corresponding toγ ) 0, were not found by X-ray diffraction.
Therefore, the following procedure was applied: For a given
axis of rotation, two directions are common with one from each
of the other two axes. For example, for rot〈a〉, the two directions
are those corresponding to(〈b* 〉 and(〈c* 〉 (in terms of unit
vectors,b* ) c × a andc*) a × b). The angle between these
common directions,A, is given by the relationship cosA )
(cosR - cosâ cosγ)/(sin R sin â). It is found that the angles
between the common directions are as follows: rot〈a〉, 45.28°;
rot〈b〉, 103.18°; and rot〈c〉, 95.99°. With this information, the
positive direction of rotation about each of the three rotation
axes is fixed. By assigning start values ofγ so that the common
orientations were approximately aligned and then allowing for
optimization with respect to best fits to the experimental data

using the program NQENDFIT,19 we were able to determine
the γ values to an accuracy of 0.01°.

Figure 3 shows the angular variation of the experimental
ENDOR transition frequencies of the deuterium coupling in all
three planes of rotation, together with those calculated using
the tensor parameters given in Table 1. Only the high-frequency
branch of the experimental data was used for the analysis.

3.3. Thermal Effects. In a previous ENDOR work on
malonic acid,4 it was shown that, at 4.2 K, the malonic acid
radical exists in two conformations. The C0-H fragment
occupies one of two possible conformations, rotated(12° about
the C1-C2 direction. At room temperature, the single RCHR
radical observed5 must be assumed to exhibit a motionally
averaged proton hfc tensor due to a rapid interconversion
between the two potential minima at(12°.

As a consequence of this, the hfc and nqc tensors determined
in the present and previous5 works represent thermal averages
of the “true” rigid-limit couplings. Proton hyperfine coupling
tensors of the malonic acid radical were determined by McCalley
and Kwiram at 4.2 K.4 On the other hand, the corresponding
nqc tensors have not been measured. It would be of interest to
estimate the rigid-limit nqc tensors for later comparison and
analysis.

Consider a librational movement spanning an angle of(θ
about an equilibrium angleθ0 ) 0°. If the axis of libration is
about the C1-C2 direction,4 y () y′) in Figure 5, and the rigid-
limit coupling principal axes are designatedz′ (along the C0-D
bond) andx′ (perpendicular to the radical plane), then the
averaged coupling principal values are23

where〈 〉 symbolizes a dynamical average. The actual values
of these averages depend on the distribution of conformations.
Two typical simple examples are a two-site jump model and a
continuous distribution function with equal weight at each
orientation. For the two-site model,24

whereas for an equal-weight continuous distribution function,
we have25

In the present case, it appears as if the two-site jump model is
the most relevant model for the actual rapid averaging motion
of the R-proton between the two minimum positions. Usingθ
) 12°,4 we obtain for the rigid-limit proton hfc, principal values
of (-90.25, -57.90, -26.04) MHz; for the deuteron hfc
principal values of (-14.073,-8.979,-4.157) MHz; and for
the deuteron nqc tensor, principal values of (80.0,-41.1,-39.0)
kHz. These results will be further discussed below.

Larger thermal amplitudes at room temperature may further
modulate the libration of the C0-D fragment. This can be
modeled by also adding contributions using a continuous
distribution function. Precise measurements of the C0-D hfc
and nqc tensors at low temperatures are necessary for this to
be a useful exercise.

4. Calculation of the Deuteron Nuclear Quadrupolar
Interaction

4.1. Theory. The nuclear quadrupolar interaction can be
expressed as a tensor coupling of the nuclear spin with itself,26

Figure 1. First-derivative EPR spectrum from a partially deuterated
single crystal of malonic acid, X irradiated and measured at room
temperature. The arrows indicate the three resonance lines due to the
deuterium hfc. ThemI quantum numbers are assigned assuming a
negative isotropic value of the deuterium hfc constant. The spectrum
is recorded in the rot〈a〉-plane atγ ) -29.4°, which is close to the
orientation for maximum deuterium hfc splitting in this plane.

Tzz) Tz′z′〈cos2 θ〉 + Tx′x′〈sin2 θ〉

Txx ) Tz′z′〈sin2 θ〉 + Tx′x′〈cos2 θ〉

〈cos2 θ〉 ) 1/2[1 + cos(2θ)]; 〈sin2 θ〉 ) 1/2[1 - cos(2θ)]

〈cos2 θ〉 ) 1/2[1 + sin(2θ)/2θ]; 〈sin2 θ〉 )
1/2[1 - sin(2θ)/2θ]
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Hq ) I ‚Q̂‚I , where the quadrupolar coupling tensorQ̂ is given
by the elements

whereQ is the nuclear quadrupole moment.∂2V/∂xi∂xj are the
elements of the electric field gradient tensor at the quadrupole,
expressed by the electrostatic potentialV. The contribution to
the electric field gradient tensor from a single particle of charge
q at a distancer from the quadrupole is then

If an atomic nucleus is considered to be a point charge with
formal charge equal to the atomic number, then this is the
contribution to the elements∂2V/∂xi∂xj from one of the nuclei
surrounding the quadrupole. As for the electrons, their distribu-

tion is described by molecular orbitalsψk. The electric field
gradient tensor elements can then be constructed as the sum of
contributions from all of the nucleil and all of the molecular
orbitalsk.

When the molecular orbitals are approximated by a linear
combination of atomic orbitals,ψk ) ∑µaµkæµ, the electron part

Figure 2. Left: Two ENDOR spectra from a partially deuterated malonic acid single crystal, X irradiated and measured at room temperature. The
spectra are recorded at the same orientation as for the EPR spectrum in Figure 1 with the magnetic field locked to the EPR lines designated with
mI ) +1 and-1, as shown. The ENDOR resonance lines associated with the deuterium hyperfine coupling are marked withms quantum numbers
assuming a negative isotropic value of the deuterium hyperfine coupling constant. Right: The four EIE spectra recorded from the four different
ENDOR lines associated with the deuterium hfc. The spectra are assigned with the respective quantum numbers. Both the ENDOR and the EIE
spectra show that the signs of the hyperfine and quadrupolar coupling are the same at this orientation of the crystal.

TABLE 1: Experimental Deuterium Hyperfine Coupling
and Nuclear Quadrupolar Coupling Tensors for the
•CD(COOD)2 Radical in Malonic Acida

principal values (MHz) eigenvectors

tensor A aiso B a* b′ c

-4.365(5) 4.705-0.0875 0.9086-0.4100
DR -8.771(3) -9.070 0.299 0.9954 0.0640 0.0708

-14.073(6) -5.003 0.0380 0.4144 0.9093

0.0749(11) -0.1556 0.9084-0.3880
Q(D) -0.0339(10) 0.9770 0.0837-0.1960

-0.0411(10) 0.1456 0.4096 0.9006

a Numbers in parentheses are uncertainties in the last significant
digit(s) of the corresponding number.

Qij (Hz) ) eQ
2I(2I - 1)h

∂
2V

∂xi∂xj
(1)

∂
2V

∂xi∂xj
) ∂

2

∂xi∂xj

q
4πε0r

) q
4πε0

3xixj - δij r
2

r5
) q

4πε0
Pij(r) (2)

Figure 3. Angular variation of the ENDOR transitions of the deuterium
coupling in the•CD(COOD)2 radical measured at room temperature.
The solid lines represent the angular variation with the magnetic field
locked at 343.46 mT, calculated from the tensors listed in Table 1.
The ENDOR data points are recorded at different magnetic fields, with
variations up to 1.2 mT from this average value.

∂
2V
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) ∑
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of eq 3 can be expressed in terms of the charge density matrix
elementsFµν and integrals over the atomic orbitals.

Townes and Dailey27 argued that only contributions from
electrons at the center atom exhibiting a nuclear quadrupolar
moment should be taken into account. For the D atom, however,
there is no field gradient due to the|1s〉 orbital located at the
deuteron. Hence, to describe the nqc observed for the•CD-
(COOD)2 radical, the nuclei and charge density elsewhere in
the molecule must be taken into account. The major contribution
to the quadrupolar tensor is from C0 because of the 1/r3

dependence of the quadrupolar tensor elements (eq 3). By
describing the electron distribution with Slater orbitals at a
carbon atom located a distanceR from the quadrupole, it is
possible to calculate the contributions to the electric field
gradient tensor elementsPij from each electron. The integrals
involved are of the same type as those used to evaluate
anisotropic hyperfine couplings. The integrals of relevance to
carbon-centered radicals were first evaluated by McConnell and
Strathdee.7 Corrected and extended lists have been published
by Barfield,28 Beveridge and McIver,29 and Edlund et al.30 These
authors have taken into account the contributions caused by the
cusps in the Slater orbitals,28,31which were ignored in the initial
calculations by McConnell and Strathdee.7 However, the latter
formulas (corrected for minor errors28) have most commonly
been used to investigate hfc tensors and have proven to yield
satisfactory agreement with experimental hfc data forπ-electron
radicals.32 In this case, only integrals of the type〈2px|Pii(r)|2px〉
were required. To obtain the nqc tensor, several more integrals
are needed. The cusp contributions were disregarded also in
this instance. This method using Slater orbitals to calculate the
nqc tensor does not seem to have received much attention. The
relevant integrals are therefore given in Appendix A.

4.2. The Malonic Acid Radical. In the first model, sp2

hybridization is assumed at C0, with an electron configuration
(1s)2(2sp2)3(2px)1. The x axis is perpendicular to the radical
plane. The sp2 hybrids are directed along thez axis, and
symmetrically disposed about the negativezaxis in theyzplane,
respectively. The contribution from the electrons at C0 to the
deuteron nqc tensor was calculated to be

Because of the symmetry of the sp2 orbitals, the charge density
elementsFµν ) 0 for atomic orbitalsµ * ν. Furthermore, all
elements withi * j, i ) x, y, or z vanish. The carbon nucleus
hasq ) +6, and each of the 1s contributions is assumed to be
that of a point charge (which is an overestimation of less than
3 × 10-9 Hz when the values ofR ) 1.0 Å for the C0-D bond
length andZ* ) 5.7 are used). Using the integrals in Appendix
A, eq 3 can be expressed as

With R expressed in units of the Bohr radiusa0 (that is, in au),
as in Appendix A, and with the deuteron nuclear quadrupole
momentQ ) 28.75× 10-24 m2,33 the factore2Q/4πε02I(2I -
1)ha0

3 equals 337.8 kHz. Multiplying this factor by eq 6 gives
the quadrupolar tensor elements expressed in kHz.

Equation 7 has two unknown parameters, the distanceR
between C0 and D and the effective nuclear chargeZ* for the
2s and 2p orbitals. In Figure 4,Z* is plotted as a function ofR
to obtain a solution of eq 7 yielding a theoretical nqc tensor
with Qzz equal to the estimated rigid-limit value of 80.0 kHz.
The effective nuclear chargesZ* are suggested20 to be 5.7 for
the carbon 1s orbital and 3.25 for the carbon 2s and 2p orbitals.
With these values, the distanceR ) 1.049 Å must be chosen
(as shown by the solid line in Figure 4) to give a theoretical
nqc tensor withQzz equal to the estimated rigid-limit value of
80.0 kHz. The valueR ) 1.088 Å was used in previous
papers7,29 to theoretically calculate theR-proton dipolar hfc in
•CH(COOH)2. The dashed curve in Figure 4 shows that, using
this R value, the effective nuclear charge for the 2s and 2p
orbitals becomesZ* ) 3.03 if the theoretical nqc tensor is
modeled withQzz equal to the estimated rigid-limit value. In
the remainder of this work, the deliberate choice was made to
use the standard values ofR and Z* (1.088 Å and 3.25,
respectively20). The above discussion, however, makes it clear
that this will lead to a significant underestimation of the nqc
tensor when compared to the estimated rigid-limit tensor.

The contribution from C0 to the deuteron nqc tensor was
calculated as described above. In addition, a planar>C0-D
fragment was assumed, as estimated from crystallographic data
and an assumption of sp2 rehybridization at C0 upon net
hydrogen abstraction from that position. The numerical values
are listed in Table 2 as TensorI . As expected, the magnitudes
of the principal values are somewhat too low.

In a more refined molecular model, the valence orbitals are
not expected to possess the formal electron populations. A
simple way of estimating the valence electron populations of
the orbitals describing the electron distribution in a radical is

〈Pij〉 ) ∑
k

〈ψk|Pij(r)|ψk〉 ) ∑
µν

∑
k

aµkaνk〈æµ|Pij(r)|æν〉 )

∑
µν

Fµν〈æµ|Pij(r)|æν〉 (4)

〈Pij〉 ) 2〈1s|Pij(r)|1s〉 + 〈2s|Pij(r)|2s〉 + 〈2px|Pij(r)|2px〉 +
〈2py|Pij(r)|2py〉 + 〈2pz|Pij(r)|2pz〉 (5)

[12

R3
- 〈Pzz〉] )

8e-2a(2/3a
4 + 4/3a

3 + 2a2 + 2a+ 1)

R3 [- 6

R3
- 〈Pxx〉] )

[- 6

R3
- 〈Pyy〉] ) - 1

2 [12

R3
- 〈Pzz〉] (6)

Figure 4. Effective nuclear chargesZ* for the carbon 2s and the 2p
orbitals plotted as a function of distanceRbetween the D and C0 atoms,
to obtain a solution of eq 7 that gives a theoretical nqc tensor withQzz

) 80.0 kHz, equal to the estimated rigid-limit value. The solid lines
show that, withZ* ) 3.25, the distanceR ) 1.049 Å must be chosen.
The dashed lines show that, usingR ) 1.088, the effective nuclear
charge for the 2s and 2p orbitals becomesZ* ) 3.03.

Qzz (kHz) )

eQ

4πε02I(2I - 1)ha0
3
e-Z*R(Z*4R

3
+ 4Z*3

3
+ 4Z*2

R
+ 8Z*

R2
+ 8

R3)
(7)

Qxx (kHz) ) Qyy (kHz) ) - 1/2Qzz (kHz)
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to use the INDO RHF/CI semi-empirical approach described
by Oloff and Hüttermann21 in a geometry based on crystal-
lographic data. When the total charge density matrix elements
around C0 obtained from such calculations are used in eq 4,
TensorII in Table 2 is obtained. The absolute values of all of
the quadrupole tensor principal elements have been reduced.
This is because of the total electron population at C0 being
calculated to be 6.16. The RHF/CI INDO result also shows that,
for the two other carbon atoms (C1 and C2), there are
corresponding reductions in total electron population.

In a third model, the contributions to the deuteron quadrupolar
coupling tensor from each atom in the malonic acid radical were
calculated based on the RHF/CI INDO-calculated density matrix
and added together in the basis defined by the hyperfine coupling
tensor. The resulting TensorIII is shown in Table 2. This tensor
exhibits principal directions deviating by less than 1° from the
basis described in Table 2. The magnitudes of the tensor
elements have increased slightly relative to those of TensorII .
The tensor is close to being axially symmetric.

The last model is based on density functional theory (DFT).
DFT methods are known to give more accurate estimates of
hyperfine coupling constants of radicals than INDO-based
methods. It might be expected that this protocol also yields more
accurate electron distributions. The Gaussian 98 program, in
addition, allows for the geometrical structure of the molecule
or radical to be optimized. In this work, only the geometry about
C0 of the radical has been optimized so that the original angle
of twist between the two carboxyl groups and the two
intermolecular hydrogen bonds in the single crystal is con-
served.16 All details of these DFT calculations are provided by
Sagstuen et al.5 Gaussian 98 has a function for calculating the
electron field gradient tensors. This function was used, and the
resulting deuteron quadrupolar tensor is shown as TensorIV
in Table 2. This tensor also deviates by less than 1° from the
hfc tensor basis in Table 2; however, the quadrupolar coupling
tensor elements are about 35% larger in magnitude than those
of the estimated rigid-limit nqc tensor. The tensor is asymmetric
but apparently in a direction opposite to that of the experimen-
tally obtained as well as the rigid-limit-estimated tensors.

4.3. Quadrupolar Interaction in the Undamaged Molecule.
McCalley and Kwiram11 and Krzystek et al.13 have determined
the deuteron quadrupolar coupling constants for the methylene

deuterons of perdeutrated malonic acid using EDNMR. The nqc
tensor principal values shown in Table 2 are from the work of
Krzystek et al.,13 recorded at 65 K, which is above theγ-â
phase transition of the malonic acid crystal.

In malonic acid, the central carbon C0 exhibits sp3 hybridiza-
tion, but because of the symmetry of the molecular orbitals,
the charge density elementsFµν ) 0 for atomic orbitalsµ * ν.
Hence, from eq 4, the resulting contribution to the field gradient
is the same as that for the•CD fragment with sp2 hybridization,
as shown in eq 5. This simple calculation, therefore, does not
account for the apparent difference between the nqc tensors of
the methylene deuterons of malonic acid and theR-deuteron of
the malonic acid radical. A difference may be expected because
of the additional hydrogen atom present in the undamaged
molecule. This atom will not contribute to the electric field
gradient at the deuteron provided that there is one electron in
the 1s orbital. However, a minor reduction of the electron charge
density in the 1s orbital will give a contribution that increases
the magnitude of the calculated nqc tensor elements. Also, the
limitations of the crude model used to estimate the rigid-limit
nqc tensor elements must be kept in mind.

Additionally, the CNDO/2 method was used to estimate the
electron charge density matrix for the molecule. Using this
matrix, the resulting quadrupolar tensor (TensorV in Table 2)
was obtained for a deuteron located at the H1 atom position in
the malonic acid molecule, whereas TensorVI is the estimate
obtained for the deuteron in the H2 position. The electric field
gradients from DFT calculations for the fully optimized malonic
acid molecule were also used. These yield, for the deuteron at
the H1 position, TensorVII and, for the deuteron at the H2

position, TensorVIII . All of these tensors have principal axes
that deviate less than 1° from the basis described in Table 2.

5. Discussion of the Experimental Hyperfine Coupling
Tensors

The radical•CD(COOD)2 is the result of a net dehydroge-
nation/dedeuteration of malonic acid. The eigenvector for the
intermediate principal value is expected to be parallel to the
lone-electron orbital (LEO) and, for aπ-electron radical, directed
along the normal of the C1-C0-C2 plane.7 The experimental
value listed in Table 1 deviates just 5.8° from the normal of
this plane, as calculated from the crystallographic data. The
eigenvector for the minimum principal value is expected to be
directed parallel to the>C0-D bond direction estimated as the
in-plane bisector of the angle C1-C0-C2. However, the
experimental eigenvector deviates 23.0° from the corresponding
crystallographic direction. The D atom appears to be located
closer to the initial position of C1 than to that of C2. This was
also observed in the case of the•CH(COOH)2 radical in the
previous work on malonic acid.5 As discussed in that study, it
is assumed that this deviation results from a slight conforma-
tional change in the C1-C0-C2 backbone upon radical forma-
tion.

McConnell and co-workers6,7 have made quantitative calcula-
tions of both the isotropic and anisotropic part of the hyperfine
tensor of anR-proton tensor. The isotropic part,RHµ, has been
described with the so-called McConnell34 equation

whereFµ is theπ-spin density of the LEO at atomµ.
For the RC-CH-CR fragment, the proportionality constant

QCH
H ) -73.4 MHz,35 and withgDâD/gHâH ) 0.1535,QCD

D )
-11.3 MHz. With an isotropic value of-9.070 MHz (Table

TABLE 2: Estimated Deuterium Nuclear Quadrupole
Coupling Tensors for the • CD(COOD)2 Radical and for the
Methylene Deuterons of Deuterated Malonic Acida

principal values (kHz)

tensor method of estimation x y z
•CD(COOD)2, experimental -33.9 -41.1 74.9
•CD(COOD)2, rigid-limit model -39.0 -41.1 80.0

I C0-D fragmentb,c -31.7 -31.7 63.4
II C0-D fragmentb,d -27.0 -28.9 55.9
III •CD(COOD)2b,d -29.9 -29.7 59.6
IV •CD(COOD)2e -57.2 -51.0 108.2

malonic acid, D1, exp.f -43.7 -40.5 84.2
malonic acid, D2, exp.f -44.7 -40.7 85.4

V malonic acid, D1b,g -33.1 -33.1 66.2
VI malonic acid, D2b,g -33.1 -31.1 64.2
VII malonic acid, D1e -57.0 -52.6 109.6
VIII malonic acid, D2e -57.1 -52.8 109.9

a All of the tensors estimated are coaxial or within 1° from the basis
(x, y, z) defined asx || (C0-D) × (C1-C2), z || C0-D, andy || (C1-
C2), which givesx || LEO in the•CD(COOD)2 radical.b Slater orbitals.
c Unit electron population in the orbitals.d Electron populations cal-
culated using the RHF/CI INDO method.e Electric field gradient tensor
calculated with DFT.f â phase, T) 65 K.13 g Electron populations
calculated using the CNDO/2. method.

RHµ
) QCH

H Fµ (8)
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1), this model gives a spin density ofFLEO ) 0.80, which is the
same as that estimated for the•CH(COOH)2 radical.4,5

Assuming that the room-temperature hfc tensors are the result
of thermal averaging between two conformations of the radical,
the simple two-site jump model used to estimate the rigid-limit
tensors above indicates that, for the hyperfine coupling tensors,
the effect of libration is small. Most notably, however, the
intermediate dipolar hfc principal values becomes very close
to zero (0.16 and 0.09 MHz for the proton and deuteron hfc
tensors, respectively), in agreement with the previous low-
temperature measurements of the rigid-limit hfc proton tensors.4

6. Discussion of the Deuteron Nuclear Quadrupole
Tensor

6.1. Experimental nqc Tensor.The experimental nqc tensor
is close to being axially symmetric. According to conventional
notations,36 the quadrupolar coupling constante2Qq ) 149.8
( 1 kHz, and the asymmetry coefficientη ) 0.096( 0.020.
The nqc tensor is almost coaxial with the hfc tensor, with the
nqc symmetry axis expressed by the eigenvector associated with
the positive principal value only 3.6° from the apparent>C0-D
direction of the hfc tensor (the eigenvector for the minimum
principal value).

Assuming that the room-temperature nqc tensor is the result
of thermal averaging between two conformations of the radical,
the simple two-site jump model used to estimate the rigid-limit
tensor above (reproduced in Table 2) indicates a significant
effect of libration on the nqc tensor principal values. The
quadrupolar coupling increases toe2Qq ) 160.0 kHz, whereas
the anisotropy decreases toη ) 0.026. From the data listed in
Table 2, it is clear that the calculated rigid-limit values above
are quite close to the nqc constants measured for the C0-D
deuterons in malonic acid (â phase, T) 65 K13). Colligiani et
al.10 determined the room-temperatureR-deuteron hfc and nqc
tensors for the radical•CD(COO-)2 formed by X irradiating
potassium hydrogen malonate crystals. The principal values of
the nqc tensor were determined to be (-47.5,-43.0, 86.5) kHz
(e2Qq ) 173 kHz,η ) 0.052), with the asymmetry related to
the hfc tensor principal axes similar to that observed in the
present work. Unfortunately, this tensor is quite far from being
traceless.

6.2. Calculated nqc Tensor.In our attempts to model the
experimental nqc tensor with different calculational methods,
we find that the simplest method, with a (1s)2(2sp2)3(2px)1

electron configuration described by Slater orbitals and with only
the C0-atom contributions taken into account (TensorI in Table
2), gives surprisingly good agreement with experimental data
considering the limitations imposed. TensorIII , obtained by
taking electron populations determined by RHF/CI INDO
calculations at all atoms of the malonic acid radical, gives a
similarly acceptable result. A consideration of the difference
between TensorII and TensorIII indicates that the distant atoms
and electrons contribute only about 5% of the magnitude of
the positive principal value.

The DFT method overestimates the nqc tensor elements
significantly. The optimized bond length of the D-C0 bond is
1.083 Å, close to the value 1.088 Å used for calculating Tensors
I , II , and III , and thus, it will not contribute significantly to
the difference in results. A possible explanation is that the orbital
basis used for the calculations (6-31G) allows for electron
density in 3s and 3p orbitals at carbon and oxygen atoms. The
different electron orbital contributions described in Appendix
A all yield components to the nqc tensor that are opposite in
sign to the contributions from the positively charged nucleus.

In TensorI , which has contributions from an equal amount of
positive and negative charge, the net quadrupolar coupling is
due to the contributions from the electrons being smaller in
magnitude because of their spatial distribution. The magnitude
of the quadrupolar tensor elements will increase further if the
electron spatial distribution is further increased, which can
indeed occur in the DFT calculations by populating the 3s and
3p orbitals. The output from the DFT calculations shows that
the total electron population of C0 orbitals is 6.053, of which
1.288 is assigned to 3s or 3p orbitals.

The nqc tensors of the methylene deuterons of perdeutrated
malonic acid observed by Krzystek et al.13 are about 6% larger
than the estimated rigid-limit nqc tensor for the malonic acid
radical in the present work. The corresponding nqc tensorsV
andVI calculated using electron populations obtained from the
CNDO/2 calculations are about 10% larger in magnitude than
TensorIII , calculated for the malonic acid radical case. On the
other hand, the DFT calculations give quadrupolar coupling
tensors with small differences between the two cases of
undamaged molecule and radical.
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Appendix A

By describing the electron orbitals at a carbon atom located
a distanceR from the quadrupole using Slater orbitals, it is
possible to calculate the contribution to each element of the
quadrupolar coupling tensor,Qij, from every electron. The
necessary integrals for doing this are given below.

The Slater orbitals are given by

where ú ) Z*/a0n and F ) úr, with Z* being the effective
nuclear charge,n the principal quantum number, anda0 the Bohr
radius.

The coordinates used in the calculations are defined in Figure
5, with thez axis along the D-C0 bond and thex axis parallel
to the LEO. The Cartesian coordinates with origin at D,
expressed by (r, θ, φ), defined as the polar coordinates with
origin at the nucleus at which the orbital is centered, are

|1s〉 ) (ú3

π)1/2

e-F |2px〉 ) (ú3

π)1/2

Fe-F cosθ

|2s〉 ) ( ú3

3π)1/2

Fe-F |2py〉 ) (ú3

π)1/2

Fe-F sin θ cosφ (9)

|2pz〉 ) (ú3

π)1/2

Fe-F sin θ cosφ

x ) F
ú

sin θ cosφ

y ) F
ú

sin θ sinφ (10)

z ) 1
ú
(2a + F cosθ)
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With a ) úR, whereR is the bond length between D and C0,
and with the definitionPij(r) ) (3xixj - δij r2)/r5, the results for
the integrals are
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Figure 5. Coordinates used for calculating the quadrupolar coupling
for anR-deuteron. The Slater orbitals have polar coordinates (r, θ, φ)
in a coordinate system centered on the carbon atom, whereas (r′, θ′,
φ) are the polar coordinates centered on the deuteron.
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