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The a-proton hyperfine coupling observed by electron paramagnetic resonance (EPR) spectroscopy on the
radical*CH(COOHY) in irradiated crystals of malonic acid, GE€OOH), has served as a standard against
which hundreds of observations of similar couplings have been held and scaled. The major doublet of the
malonic acid radical is accompanied by less intense “forbiddend-fyoton transitions and “spin-flip” (s)
transitions due to weakly interacting protons. Both s and f transition lines exhibit microwave power saturation
behaviors different from that of the major doublet. At high microwave power, the prominence of these s and

f lines may be misinterpreted as originating from different radical species. Computer simulations could help
distinguish between the different cases, but no computer simulation programs taking into account the microwave
power saturation case are commonly available. On the basis of classical line-shape theory, an algorithm
describing the microwave power dependence of an EPR line shape has been developed and implemented in
an existing simulation program. To test this new program, malonic acid was selected because of the simplicity
of its EPR spectra. However, sufficiently detailed information about the hyperfine coupling parameters for a
satisfactory simulation of the room-temperature data (including s and f lines) was not available in the literature.
Therefore, a detailed room-temperature EPR/ENDOR study on a single crystal of malonic acid was performed.
In addition to the majon.-proton coupling, seven weaker proton interactions have been characterized and
partly identified. Simulations under nonsaturating conditions reproduce very well all features of the experimental
EPR spectra. Simulations under saturating conditions similarly reproduce the power-dependent EPR spectra
and yield information about the relaxation behavior of the radical system, which is amenable to verification
using other spin-resonance methods.

1. Introduction
The a-proton hyperfine coupling (hfc) observed in the {m) (m)
electron paramagnetic resonance (EPR) spectra of the radical
*CH(COOH) formed in irradiated crystals of malonic acid, &H
(COOHY), has, for four decades, served as the standard against
which numerous observations of similar couplings have been
held and scaletiMcConnell and co-workefsused this single ()
proton hfc to experimentally establish the sign of theroton
coupling, verify the magnitude of the factor relating this coupling
to the spin-density population on the neighboring carbon &tom,
confirm the predicted anisotropy for this type of couplfrand,
not the least, discuss the presence and origin of the so-called . . .
forbidden transitions. These are represented by resonance lines 346 348 350
that, at X-band frequencies, are of smaller intensity, appearing Magnetic Field (mT)
between the twc,) major resonance lines. For illustration, Flgure Figure 1. First-derivative EPR spectra from an X-irradiated single
1a shows a typical (nonsaturateproton EPR spectrum, in  crystal of malonic acid recorded at 295 K at (a) low and (b) high
which the main lines are designated with (m), the “forbidden” microwave power. The spectra were recorded using 6.25-kHz modula-
transitions by (f), and the “spin-flip” satellites discussed below tion at 0.1-mT modulation width. The orientation of the magnetic field
as (s). The origin of these extra lines was elucidated at the samés 25.5 from the reference zero point in the [@ifplane, corresponding
time by Miyagawa and Gord§/Both groups made it clear that to polar angle® = 49.9 andgp = —39.8. Spectrum (a) was recorded

f - at 0.2 mW, whereas spectrum (b) was recorded at 100 mW. The two
these lines result from the interplay between the proton Zeemanspectra are not in correct relative scales. The various resonance lines

and hyperfine interactions, which, in general, allows for four paye heen designated according to their categorization as main lines

(s)+(f) (s)+(0)

EPR transitions. (m), forbidden transitions (f), and satellite lines (s).
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: : : : ' : : computer simulations would be an easy (and inexpensive) tool
to use (using variable microwave frequencies may give clear-

o Mainline

o ;o;bigfieptransiﬁon ] cut experimental evidence but is more expensive). However,
pin-flip lines

. to our knowledge, no commonly available EPR line shape
simulation program takes microwave power saturation effects
into account.
In a previous papée an attempt was made to develop such
1 a program, which included microwave power saturation effects
i in an empirical manner. This program was successfully applied
to the reproduction of the saturation effects observed on the
stable radical formed in X-irradiated alanine, an amino acid of
o3 7 T T T - pa " considerable importance in the field of EPR dosimétryhe
most crucial part of the algorithm was the line shape calculation,

in which the main lines were described by the phenomenological
Figure 2. Microwave saturation curves for the main lines, forbidden  gquation

transition lines, and spin-flip lines from a malonic acid single crystal

at the same orientation as that shown in Figure 1. As also shown in

Line intensity (rel. units)

Microwave power'? (mw'?)

Figure 1, the two latter lines [(f) and (s)] overlap. This has been [ L ﬂkg(B -BY
corrected for in this figure. Fully drawn curves are the result of fitting SB,P) =K VP - 1)
experimental data to eq 1. The modulation frequency was 6.25 kHz, =1 (1+ PIP)*

with a modulation width of 0.1 mT (pp).

) ) ] while the forbidden and spin-flip satellites were assumed to
that were X irradiated at 295 K and studied by electronclear 510w a similar relation with the denominator changed to
double resonance (ENDOR) spectroscopy at 4.2 K. The authors
were able to show that the room-temperature doublet resonance,
in fact, represents a thermal average of two conformations of
the radical, and they presented detailed parameters for both
conformations at 4.2 K. Model calculations showed that these . e X
parameters fit McConnell et al2soom-temperature EPR data and B, thg field position of resonance line The exponentt
very well. characterizes the shape of the line, such ¢hat1 for a homo-

; 1 .
Another spectral feature generally appearing in EPR spectrageneously b_roadeneo! I|n_e and= '/ for an inhomogeneously

is the presence of weak satellites on each side of the main Iines,broa.dened line. In thls.ﬂr.st attempt, sever.al factors were left

separated from them hiygy3\B, whereg, is the nucleag-factor for trial and error. The distinction (characterizedfy between

for protons (5.585) 4y is thé nucIeaF; magneton ar@l the a main line and a forbidden or spin-flip satellite was empirically

magnetic field strength. At X-band frequencies, about 10 GHz, ¢hosen. Furthermore, although the paramekarsPo, fi, and

this represents about 0.54 mT, or 15 MHz. Trammell and co- a have a clear formal interpretati&rbased on the characteristics

workers? as well as many othefshave characterized these of saturation curves, the simplifications of the model required
satellites as being due to extra protons sufficiently distant from that these parameters also had to be adjusted for optimal fitting
the unpaired electron to give negligible contact hfc, but to the experimental spectra. This unsz_;\tlsfactory situation _has
sufficiently close to it to yield an appreciable dipolar hfc. In led us to formulate a physically more stringent algorithm, which

proton ENDOR, these interactions give rise to a multitude of WaS 10 be incorporated into a general simulation program.
resonance lines close to the free proton resonanggiaB. Malonic acid was selected as the trial substance to test this new

Many computer programs available tofiare capable of algorithm, because c.)f.the simplipity _of its raqlical EPR spectra.
simulating the line shape of a nonsaturated EPR spectrum dueHowever, as the sufﬂmently detailed |nf0rmgt|on about.the raQI-
to anisotropic couplings, including the forbidden transitions and €@l hyperfine couplings necessary for a satisfactory simulation
the spin-flip satellites, provided that the hyperfine interactions ©f the room-temperature spectra was not available in the litera-
are known. However, whereas obtaining the hfc tensors gener_ture, a detallgd EPR/ENDOR study of irradiated malonl_c acid
ally is an easy task for the strong interactions, mapping weak crystals at this tempergture was perfqrmed. In thg fo!lowmg, an
interactions requires more advanced techniques, such as gnaccount of these experiments and their interpretation is provided.

DOR, and implies a tedious untangling of a complex pattern of
lines close to the free proton position.

A further complication may arise. Several workers have  Polycrystalline malonic acid was obtained from Sigma
showri® 12 that the forbidden transitions and the spin-flip satel- Chemical Co. and used without further purification. Single
lites behave differently from the main lines upon microwave crystals were grown from saturated aqueous solutions or from
power variation. In general, these resonance lines (cabed solutions in 99.9% BO (Sigma Chemical Co.) by slow
sin Figure 1) saturate more slowly, therefore, appearing more evaporation at room temperature. The crystals exhibit a char-
pronounced at high microwave power levels. A typical saturated acteristic morphology usually similar to that described by
EPR spectrum for the malonic acid radical is shown in Figure McCalley and Kwiranf. Malonic acid crystals are triclinfe with
1b. The detailed power-saturation behavior of the various space grougl. The crystals used were examined using X-ray
resonances is illustrated in Figure 2, where the saturation curvesdiffraction methods and the cell parameters agreed well with
for the main lines, forbidden transitions, and spin-flip satellites the published dat. (See Scheme 1.)
are shown. Irradiation of the crystals was performed at 280 K using 60-

The appearance of relatively intense additional resonance lineskV, 40-mA X-rays. To eliminate other radicals present in the
at high microwave power levels has often been misinterpreted crystal immediately after irradiatichthe crystals were kept in
as being due to other radicals exhibiting different saturation an oven at 340 K for about 15 h after irradiation. Again using
behaviors. In discriminating between the different possibilities, X-ray diffraction, the axis of rotation to be used for the EPR/

(1 + BPIPy)* )

Here,P is the microwave poweB the magnetic field strength,

2. Experimental Procedures
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SCHEME 1

Malonic Acid

ENDOR experiments was aligned parallel with one of the crystal
axesa, b, or c to within 0.5°. The crystal was then transferred
to a quartz rod without loss of alignment. The quartz rod is
part of a one-axis goniometer allowing for rotation of the sample
through 360 to an accuracy of 071

The direct crystal axes were used for the actual crystal
rotations and measurements. The hyperfine coupling tensor is
referred to the orthogonal axis systef b’, andc. In terms of
unit vectorsa* = b x ¢, andb’ = ¢ x a*. Simple trigonometry

shows that, in this reference system, the rotation axes can be

specified in terms of the polar anglésand¢ as follows: for
c,0=0,¢=0;forb, 8 = 102.7, ¢ = 90°; and fora, § =
135.17, ¢ = —5.95.

The spectrometers used for the room-temperature measure
ments were the Bruker Elexsys 580 system operated in cw mod
(Link6ping) and the Bruker ESP 300E system, (Oslo) both
equipped with the standard Bruker cavities. The rectangular
ER4102ST cavity (Tk,) was used for EPR saturation experi-
ments (modulation frequency 6.25 kHz, modulation width 0.1
mT, and Q~ 2500) and the Bruker ENDOR cavity (Tivh)
for ENDOR measurements. For the ENDOR experiments, both
systems employed Bruker's DICE technology for generation
of the rf field. The systems were set to generate a rf-field square-
wave-like frequency modulation of the rf field at 12.5 kHz with
a modulation depth of typically 100 kHz.

EPR and ENDOR measurements were made by rotating the
sample through Sintervals over 180 Field splittings and
ENDOR frequencies were measured directly on the data
acquisition computer screen and fed to the data analysis
programs. The program MAGRESwas used to derive the hfc
tensors from the ENDOR data. A six-parameter linear regression

€,
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Density functional theory (DFT) calculations were performed
using the Gaussian 98 program packdgenning on the Cray
computer at IFM, University of Linkping. For the isolated
malonic acid molecule and the radical, geometry optimizations
were done using the B3LYP method and the Pople 6-31G basis
set, i.e., the B3LYP/6-31G protocol was used for all calculations.
In addition, a chain of three molecules was considered, of which
the middle was the malonic acid radical, hydrogen-bonded at
each side to undamaged malonic acid molecules. From the initial
crystallographic coordinates, the uhf/6-31G protocol was used
for an initial geometry optimization to create input coordinates
for the subsequent DFT optimizations. As discussed below, the
geometry of the undamaged malonic acid molecules was kept
fixed, whereas the radical was geometrically optimized without
any restrictions. This optimization was further refined using the
B3LYP hybrid functional and the 6-31G basis, which also was
used for the final single-point calculation.

3. Theory of Spectrum Simulation at Microwave
Saturation

The influence of microwave power saturation on the shape
of inhomogeneously broadened lines has been investigated in
various model casé8:2°21To our knowledge however, this
influence has not been included in the simulation of EPR spectra
except for the analysis of the microwave power dependence of
the spin-flip satellites in the spectra of X-irradiatedlaninel3
where a phenomenological adaptation of the theory of inho-
mogeneous broadening was attempted. There, except for the
saturation factors in eqs 1 and 2, the shapes of the lines were
assumed to be identical to that of the unsaturated line. The line
shape equations were incorporated in a previously described
EPR simulation prograrf?

However, the assumption that the line shape functgds
unaffected by saturation is not consistent. According to previous
treatment$®2%21one has

BB o expa’r'?) dr’
g(r) O AB.J—o 2 n2
G tt+(r—r)
whereB is the resonance field at the maximum of the Gaussian

envelope of the Lorentzian spin packefk,is the transition
probability of the line centered &, and

®3)

routine generates these tensors from the polar angles of the ) )
rotation axes, the measurement angle, and the measured ENDOR = (B — BJ/AB, ' = (B' — B)/AB,,

frequency. Refinements including a total of nine angfsg(

and the starting angle for each plane) were made, using a
nonlinear refinement procedure converging to minimum root-
mean-square (rms) value for the complete data set. Providing

conservative estimates for the measurement uncertainties, an

error analysis was made using the method of propagation of
errors'®17 yielding standard errors to the principal values of
the hfc tensors and to the components of the corresponding
eigenvectors. The rms value for the fitting of the majgproton
coupling was 23 kHz, whereas for the weaker proton couplings,
the rms values ranged from 12 to 27 kHz. The refined values
of the measurement angles obtained from the fitting of the major
a-proton coupling were used throughout the analysis for the
other couplings. Second-order corrections were not con-
sidered.

The crystallographic data program ORFERvas used in
conjunction with the reported neutron diffraction atomic pa-
rameter§to generate inter- and intramolecular atomic contacts
and their direction vectors in thi&*, b', cOreference system,
yielding results in excellent agreement with those tabulated by
McCalley and Kwiran®.

a= AB_/ABg, andt’ =1+ (4)
with

¢= VZBlz BT T, (5)
Here,AB_ andABg are related to the full widths at half-height

A" and the between points of extremal slopes the unsaturated
Lorentzian and Gaussian shapes, respectively, by the expressions

AB = A" /2= N3I2,ABg = A'¢/2vIn 2= 1,/v/2 (6)

B (B') is the running magnetic field; the magnetogyric ratio,

B, the strength of the microwave field, afigandT, the spin-
lattice and spirspin relaxation times, respectively, with the
assumptions thak; > T, andT, ~ 1/(yAB.). Equation 3 is an
adaptation of eq 17 of ref 10 to field-swept EPR in the strong-
field approximationt® Formally, it is a convolution of a
GaussianGy, of width b = 1/a = ABg/AB., and a Lorentzian,

L;, of width t = AB_/AB. = 1. The assumed independent
saturation of spin packets (absence of spectral diffusion) appears
in the occurrence of a saturation termtibut not inb.
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It has been showf that the absorption line given by eq 3,
and its corresponding dispersion line, can be cast into the
condensed (nonnormalized) form

g(r) = (Dslt) u(ar, at), h(r) = — (Dg/t) v(ar, at)

where the Voigt profileu and its Hilbert transform are the
real and imaginary parts, respectively, of the complex error
functionw

W(2) = exp(—2) erfc(—iz) W= u+ iv, z= at + iar)

and Ds depends on the transition probabilix and on the
microwave field strengti;.

Ds O (B/AB AB)B,B,

Substituting the experimentally measured microwave pdver
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3420 3440 3460
Magnetic Field (mT)
Figure 3. First-derivative EPR spectra from X-irradiated (a) normal

and (b) partially deuterated single crystals of malonic acid at the same
orientation of the magnetic field, which is 32.&om the reference

= CBy? and introducing the spin-relaxation-dependent parameter zero point in the rdbCplane, corresponding to polar angles: 143.5

P, = Cly2T,T, (where C is a proportionality constant that
depends on the instrument) in the above expressior3fand
t, one obtains the saturated absorption line shape

o(r) O (VPIY)Bu(ar, at) 7
t=/1+BPIP, (8)

In contrast to the phenomenological eq 1, this shape function
differs for lines with different degrees of saturatiéh The
saturation factot also accounts for the difference in saturation
behavior between lines with different transition probabilifigs
These transition probabilities and the line positi@ascan be
computed analytically or numerically, as described in previous
papers’®~25 The standard methéticonsists of analyzing the

and g = 28.2. The central triplet in (b) is due to the major radical
with the a-proton exchanged with a deuteron.

EPR line shapes under nonsaturating conditf@risshould be
noted that, in the present paper, however, the calculated
absorption spectra were numerically normalized and differenti-
ated, and eq 10 was hence not used explicitly.

4. Experimental Results and Analyses

EPR spectra from theCH(COOH) radical in irradiated
malonic acid crystals are well-known in the literatéifeand a
typical example is given in Figure 1a. However, it should be
mentioned that additional splitting of the main lines occurred
at some orientations (Figure 3a). This additional splitting
vanished in the partially deuterated crystals (Figure 3b),

shapes of unsaturated lines to obtain the Lorentzian and Gaussiaindicating that it is due to a weak interaction with an easily

widths, AB. and ABg, and then the saturation curves, to yield
Po, from which the relaxation times can be derived. In this paper,

exchangeable proton. Previous autBbrhsave made similar
observations, but without data from deuterated crystals, they

the homogeneous and inhomogeneous broadenings were estisuggested that this splitting is due to two conformations of the
mated by a comparison between experimental and simulatedradical at room temperature.

line shapesP was obtained from the spectrometer settings, and
P, was estimated by fitting a series of power-dependent

It should also be mentioned that, when partially deuterated
crystals are used, an intense triplet appears in the middle of the

experimental line shapes. The overall absorption line shape canEPR spectrum (Figure 3b). The analysis shows that it is due to
be written as a sum of absorption components, as given by eqgthe radica*fCD(COOD}), indicating that partial deuteration of

7 (where the dependence of both the shape funatiand the
saturation factot on the transition probabilitgy is stressed by
the labelk).

L
SBP) 0P Z'Bk ugar, ab/t, )
=

Experimentally, the first derivatives of the absorption spectra
were recorded, and therefore, we used as a parameter the pea
to-peak width (i.e., the width between points of extremal slopes
in the absorption line shape). The relevant normalized compo-
nent derivatives are then written as

g'(\) O —{PI(1 + BPIPY} B, U (xap,,, a)/u (1ap,,, ?{)0)

whereu' is the derivative of the nonnormalized Voigt profile
and 4 is half of the measured peak-to-peak widihjs the
running field variablea is the convolution parameter defined
in eq 4, andap,; is the abcissa of the maximum offor given

a andt.

the methylene protons also takes place when malonic acid is
dissolved in RO, even at room temperature. A detailed ENDOR
analysis of the deuterium hyperfine and quadrupolar couplings
will be reported elsewher€.

Figure 4 shows a typical ENDOR spectrum in the range 10
50 MHz, together with the respective (second derivative) EPR
spectrum and also the ENDOR-induced EPR (EIE) spectra.
ENDOR lines have been labeled according to the designations

l?—f the hfc tensors given in Table 1. In the high-frequency region,

the spectrum is dominated by the branch of the major
a-proton coupling, and this line was used to evaluate the
corresponding hfc tensor. (Note that, in this paper, an ENDOR
line is superscripted with- if it belongs to theMs = 1/, manifold
of states and with- if it belongs to theMs = —1/, manifold.)
Figure 5 shows the angular variation plot for this resonance
line for rotation aboutb[] Data from the corresponding rotation
plane for a partially deuterated crystal are included in this figure,
but have not been used in the fitting procedure. The derived
hfc tensor is given in Table 1. In addition, some very weak
lines due to (an)other radical species remaining after thermal
annealing are apparent in Figure 4. An instrumental artifact

The above formulas were incorporated in computer programs appears at th¥,v, " frequency, because of the second harmonic

developed previously for the calculation of crystal and powder

component of the rf field generated by the amplifier.
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Figure 4. ENDOR spectrum from an X-irradiated single crystal of malonic acid at 295 K. The orientation of the magnetic field is@86.the

reference zero point in the @t plane. The insets show the corresponding second-derivative EPR (top) spectrum and EIE spectra, recorded off the
indicated resonance positions of the ENDOR spectrum. Resonance line designations correspond to the hyperfine coupling tensor designations in
Table 1, except for lines A, B, and C, which are due to (an)other radical species. The line marked by a square is an instrumental artifact. The

ENDOR spectrum was recorded at a magnetic field value marked by * in the top inset figure.

TABLE 1: Hyperfine Coupling Parameters for the Major Radical in Malonic Acid, X Irradiated and Observed by ENDOR at

295 K2

principal values

isotropic value

dipolar coupling

eigenvectors

tensor (MHz) (MHz) (MHz) @ 0 'O [ed
—90.25 (7) —32.19 0.0406 (24) 0.4074 (1) 0.9124 (2)
Vo —56.52 (1) —58.06 (4) 1.54 0.9991 (1) —0.0513 (6) —0.0423 (6)
—27.42 (3) 30.64 —0.0128 (8) 0.9133 (2) —0.4072 (1)
3.57 (5) 5.27 —0.0602 (40) 0.0585 (102) 0.9964 (3)
2 —4.15 (1) —1.70 (3) —2.45 0.9910 (17) 0.1230 (98) 0.0526 (38)
—4.53(1) —2.83 0.1195 (186) —0.9907 (21) 0.0653 (73)
4.14 (5) 4.76 0.0796 (45) 0.2117 (49) —0.9741 (5)
3 —2.69 (1) —0.62 (3) —2.07 0.7720 (111) —0.6313 (110) —0.0741 (44)
—-3.32(1) —-2.70 0.6306 (62) 0.7461 (76) 0.2137 (26)
3.53(2) 3.42 0.9740 (26) 0.1445 (38) —0.1743 (92)
4 —1.45(2) 0.11 (1) —1.56 0.1386 (288) 0.2280 (1521) 0.9638 (289)
—-1.76 (1) -1.87 0.1790 (166) —0.9629 (323) 0.2020 (353)
3.20(2) 3.22 0.9549 (24) 0.0838 (102) 0.2849 (43)
5 —0.29 (10) —0.02 (10) -0.27 0.2201 (103) —0.8438 (60) —0.4895 (74)
—2.96 (14) —2.94 0.1994 (56) 0.5301 (96) —0.8242 (40)
5.87 (6) 3.58 0.0793 (137) 0.8129 (49) 0.5770 (35)
6 0.68 (10) 2.29 (15) —-1.61 0.5431 (1966) 0.4501 (977) —0.7088 (1193)
0.31 (24) —-1.94 —0.8359 (473) 0.3696 (1137)  —0.4058 (1763)
5.18 (27) 5.03 —0.0672 (123) —0.5802 (56) 0.8117 (35)
7 —-1.03 (3) 0.15 (16) 0.88 0.9822 (15) 0.1047 (111) 0.1562 (74)
—3.69 (7) —3.83 0.1757 (78) —0.8077 (34) —0.5628 (33)
9.66 (2) 4.18 0.4197 (18) 0.7730 (22) 0.4758(34)
8P 3.61(2) 5.48 (3) —-1.87 0.3526 (348) —0.6219 (80) 0.6992 (62)
3.18(3) —2.30 0.8364 (229) —0.1257(480) —0.5335 (422)

aNumbers in parentheses are uncertainties in the last significant digit(s) of the corresponding fivieaesured at 242 K«31 °C), see text.

The 10-20 MHz part of the ENDOR spectrum in Figure 4

the six lines for rotation abolbl together with the theoretically

shows a number of resonance lines. From the detailed analysigredicted variations based on the hfc tensors given in Table 1.

of the three planes of rotation, it turns out that six of these lines

As mentioned above, an extra doublet was observed at several

exhibit sufficient anisotropic behavior to contribute to the orientations of the crystal in the magnetic field (Figure 3a). This
observed spin-flip lines. Each of the lines was examined using doublet was not apparent in partially deuterated crystals,
the EIE technigue and ascertained to be associated with the mairsuggesting that it is due to an interaction with an easily
radical species. Figure 5 shows the angular variation plot for exchangeable proton. Surprisingly, however, the ENDOR
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Figure 5. Angular variation plot (rotation aboubl) for the ENDOR lines analyzed in the present work. Symbol explanation is given in the inset.
One plane of data for the,~ line of thea-proton coupling obtained using a partially deuterated crystal has been included in the figure, but these
data were not used in the fitting procedure. The fully drawn curves are calculated using the hyperfine coupling parameters given in Table 1.
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Figure 6. ENDOR spectrum from an X-irradiated single crystal of malonic acid at 295 K. The axis of rotatibn) iwith the magnetic field

—38.2 from the reference zero point. The insets show the corresponding second-derivative EPR (top) spectrum and EIE spectra, recorded off the
indicated resonance positions of the ENDOR spectrum. Resonance line designations correspond to the hyperfine coupling tensor designations in
Table 1. The ENDOR spectrum is recorded at a magnetic field value marked by * in the top inset figure.

spectrum due to this additional resonance could not be observedshown in Figure 6, however, unequivocally show that this
at room temperature. In addition, at several orientations, the coupling is associated with the main radical species.

ENDOR line whose analysis yielded the hfc tendn Table It was speculated that the failure to observe the larger
1 broadened to an extent that made it unobservable over largehyperfine coupling giving rise to the observable EPR splitting
regions. Figure 6 shows an ENDOR spectrum at an orientation may be due to a large thermal amplitude of the proton motion,
where this line starts broadening; only -480° from this resulting in enhanced nuclear relaxation and corresponding
orientation the line is no longer observable. The EIE spectra broadening of resonance lines. Experiments were made at lower
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Figure 7. Temperature dependence of hyperfine coupBrigom malonic acid, recorded with the magnetic field 135®m the reference zero
point in the rofaplane. (a) Temperature variation of the EPR spectra and (b) corresponding data for the ENDOR spectra. The arrows indicate the
actual ENDOR line positions of couplirgy

temperatures to test this hypothesis and eventually determineconformations of the major radical being clearly distinguishable
the coupling tensor by ENDOR. at low temperatures. The observed broadening (Figure 7b) may
At a given orientation of the malonic acid crystal, where the indicate that the thermal averaging is effective at 300 K, but
doublet was clearly resolved, the crystal was cooled in stepsnot at 242 K.
from room temperature and allowed to temperature stabilize at
each step before EPR/ENDOR measurements were made. Figurg  simulations
7a shows the EPR spectra recorded at some of these tempera-
tures. Apparently, the doublet splitting increases slightly upon  The single-crystal simulations for the malonic acid radical,
cooling (about 0.03 mT at this orientation), as can be seen from which involve £ = 65 536 transitions due to one majoiproton
the increasing resolution of the small coupling. Figure 7b shows and seven weakly coupled protons, required computation times
the concomitant changes in the ENDOR spectra during the of 1—2 min per spectrum using a 200-MHz Pentium system.
cooling process. Even around 1&, the additional ENDOR The experimental spectra could be well reproduced in the
lines associated with this extra doublet splitting are clearly microwave power range from 0.005 mW through 200 mW using
visible. The crystals were cooled to about30 °C, and the parameter®, = 0.04 mW,1. = 0.0018 mT, andig as
measurements were made in all three planes of rotation. Fromspecified below.
these measurements, the hfc tensor denBtedTable 1 was 5.1. Unsaturated Spectra.A series of experimental, low-
extracted. The ENDOR line angular variation plot for coupling microwave-power EPR spectra were simulated using the hfc
8isincluded in Figure 5. EIE spectra (not shown) were recorded parameters given in Table 1 to determine whether the ENDOR
from the corresponding ENDOR lines, confirming that they data properly reproduced the EPR spectra. Figure 8 shows
represent a coupling associated with the main radical speciessimulations performed in the three planes of rotation at
Also on the spectra shown in Figure 7b, it can be seen that orientations where the extra hfg) (exhibits sufficient magnitude
the frequency of the ENDOR lines of coupli@gzhanges with for observable resolution. At these orientations, an isotropic line
temperature, increasing (decreasing) upon increasing the temwidth Ac = 0.11 mT was used. As commented above, the value
perature [about 0.4 MHz for line&" (87) at this orientation]. of the maximum principal element & was reduced by 1.3
Therefore, to simulate the EPR spectra at room temperature (sedviHz to account for the reduction in coupling value due to the
below), the value of the maximum principal element of its hfc higher measurement temperature. An excellent agreement is
tensor was reduced by 1.3 MHz. (This corresponds to the 0.4 obtained.
MHz frequency shift value of ENDOR lines at the orientation 5.2. Microwave Power DependenceA few representative
shown in Figure 8.) This procedure is rather imprecise but was microwave power-dependent simulated spectra are shown in
chosen so as to reach an optimal fit between the simulated andrigure 9. At this orientation, the inhomogeneous line width used
experimental spectra at 300 K. wasis = 0.2 mT. The finding thalg is 2 orders of magnitude
It is interesting to notice on the spectra shown in Figure 7b larger thaml, characterizes inhomogeneous broadeft§A
that thev,* ENDOR line for the major coupling broadens comparison with the experimental spectra in Figure 9 again
appreciably £40%) between 300 and 242 K, whereas the shows excellent agreement.
frequency of the resonance line position barely changes (0.06 One may notice that the relaxation timésand T, may be
MHz). McCalley and Kwirarf showed that the room temper- the more physically adequate parameters to use in line shape
ature spectra could be explained by thermal averaging of two simulations. This, however, would require that the instrument
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Furthermore, for the standard Bruker EPR cavity (ER 4102ST)
the conversion factoc in the relation

B, =c/PQ

Rot<a>

was determined to be 1.4 104 T W12 at a Q-factor of
25002° T, may then be estimated by two different procedures,
based on parameters obtained from fitting to the microwave
power-dependent simulations. First, from the relatidas~
1/yAB. and AB. = 1,+/3/2 with A, = 0.0018 mT,T; is
calculated to 3.&s. Second, from the conversion factor relation
above,P = CB,? with C = 1/c2. Now, using the relaxation-
dependent paramet®, = C/y2T;T, with P, = 0.04 mW and

Ty = 40 us, T, is estimated to Jus. The agreement between
these two estimates df, is reasonable considering the trial-
and-error procedure followed to obtain the values forand

Po.

Rot<b>

6. Molecular Orbital Calculations

346 348 350 352 354 , : . .
- A series of calculations based on density functional theory
Magnetic Field (mT) as implemented in the Gaussian'®%rogram have been
Figure 8. Experimental (solid lines) and simulated (dotted lines) EPR performed to learn more about structural details of the malonic
spectra from malonic acid at room temperature. The microwave power acid radical. In all instances, crystallographic data obtained from

is 0.5 mW, and the modulation frequency is 6 kHz at a width 0.11 _ - .
mT. The orientations of the magnetic field are as follows: (a) 150.8 _neutron and X-ray diffraction measuremérifswere used as
input parameters.

from the reference zero point in the @&iplane, corresponding to polar

anglesd = 51.5 and¢ = 33.0°; (b) same as Figure 3; and (c) 125.6 The conformation of the malonic acid molecule in the native
from the reference zero point in the fifplane, corresponding to polar ~ crystal is particular in that the two carboxyl groups are twisted
anglest = 90.0’ andg = —54.4. by about 90 with respect to each other. This is illustrated in

Figure 10, which shows the content of one unit cell of the
malonic acid crystal. One of the carboxyl groups;011012)

is almost coplanar with the £ Cy—C; backbone, whereas the
other exhibits an angle of twist of 89.6The major difficulty
encountered in the calculations was the inherent, strong tendency
for the malonic acid radical to become fully planar. Leaving
no constraints on the geometry optimization for an isolated
malonic acid radical except for an initial assumption of sp
hybridization at G, the twisted carboxyl group—C,0,,0,,)
rotates and becomes coplanar with the remainder of the radical.
It is unreasonable that this will happen in a crystal lattice because
of crystal packing constraints, most importantly the relatively
firm anchoring of each carboxyl group by hydrogen bonding
to neighboring malonic acid molecules. Several ways of
approximating a physically more realistic radical structure were
tried.

For the most comprehensive of these, a sequence of three
molecules (a trimer) was constructed so that the central radical
species is hydrogen-bonded to neighboring (undamaged) mal-
onic acid molecules. It was, however, necessary to completely
fix the geometry of the two terminating malonic acid molecules
to their crystallographic conformations and leave only the radical
B e e geometry for optimization. This input (;onflguratlon_ls depicted

o in Figure 11a. Even with these restrictions, the final energy-
Magnetic Field (mT) optimized conformation of the trimer showed that the twisted
Figure 9. First-derivative EPR spectra from an X-irradiated single carboxyl group rotated by about 2%oward a more planar
crystal of malonic acid single crystal at the same orientation as that structure. During this process, the-@Cy(H,)—C; backbone was
shown in Figure 1 for different microwave powers. Dotted line spectra slightly changed. First, the plane of the backbone forms an angle
are simulations with parametes = 0.04 mW,A4 =0.0018 mT, and 5151t 6 with that of the initial (crystallographic) conforma-
Ac = 0.2 mT, as defined in the text, and with hyperfine coupling data _. . . S
of Table 1. The outermost resonance lines are due to &/MgO tion. Secor_'d’ _the rad_'cal‘?eH“ b_ond direction is rotated by
sample used for reference purposes. 12.6° from its initial direction. This angle can be decomposed
to about 10 out of the initial G—Cy—C; plane and 5.5from
factorC be determined and/or that separate measurements usinghe internal bisector of the initial £ Co—C; backbone, in the
FT-EPR techniques be made. (initial) C,—Cp—C; plane. Figure 11b shows the optimized

For the malonic acid radicaly in the crystalline matrix has, = geometry of the trimer radical structure. It is possible that, in

in fact, been determined previoudlyto be about 40us. the crystal, this kind of reorganization may be further enhanced,
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Figure 10. The malonic acid crystal unit cell with both asymmetric units included. The larger globes represent oxygen atoms, and H atoms are
represented with the smaller spheres.

Figure 11. The trimer structure of the malonic acid radical complex used for the DFT calculations. (A) Input structure from crystallographic data.
(B) Energy-optimized structure.

as also the neighboring malonic acid carboxyl groups may partly Iﬂgﬁ)'-rERgaic”%ﬂﬁrw‘socﬁl?cug\'é?g %‘Zrl%mg:g&sé'snin'\g'gg_;or the

relax to a more planar configuration. Methods and Experimental Values
It must be emphasized, however, that even this trimer model

cannot, in any respect, account for all intermolecular packing calculated experimental

constraints of the radical in the molecular crystal. Thus, the  atom Biso dip 8iso dip
results can be taken only as indications of possible actual radical 38.0 30.6
geometries. The major observation is that the-B,, bond may, He —66.1 -5.6 —58.1 15
to some extent, become rotated from its initial crystallographic —324 —32.2
direction to allow for an enhanced planarity of the entire radical 5.1 4.2
geometry. Ha 7.4 —-2.9 5.5 -2.3
Table 2 shows the hyperfine coupling parameters obtained —22 -19
from a single-point calculation of the geometry-optimized trimer 5.7 5.3
radical structure. These results will be discussed further below. ~ Hs —4.3 :g-é —-17 :g-g
. 4.0 4.8
7. Aspects of Radical Structure Ha 05 20 06 57
. -2. -21
McConnell et aP described the molecular structure of the 62 36
main radical formed in malonic acid crystals after room- Hy 04 _38 23 _19

temperature irradiation. According to McCalley and Kwir&m, 30 16
the room-temperature EPR parameters result from thermal
averaging of different conformations of the radical, which only from those expected from the crystallographic data, assuming
become amenable for detailed study upon lowering the tem- sp? hybridization at G. Thus, the direction of the intermediate
perature. principal value is 11.7from the perpendicular to the crystal-

It appears that the eigenvectors of the room-temperature (RT)lographic G—Cy—C; molecular backbone, and the eigenvector
a-proton coupling tensor deviate significantly, in some respects, for the minimum principal value is 24rom the in-plane bisector
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of the G—Cy—C; fragment. Considering the results from the to Dr. Peter Héer who provided the conversion factor for the
DFT calculations above, however, it is reasonable to assumeBruker 4102ST rectangular cavity and information on his
that these deviations result from molecular reorganization upon measurements on the malonic acid radical relaxation times.
radical formation. Helpful discussions with Mr. Audun Sanderud are acknowl-
It is not the purpose of this paper to give a detailed analysis edged. This work was supported in part of a grant (E.S.) from
of the weakly coupled proton interactions. However, a few the Wenner-Gren Stiftelserna, Sweden, and by a network grant
comments will be made. It is evident that there can be only from the Nordic Academy for Advanced Research (NorFA).
two further intramolecular proton interactions in the radical, that Y.l. and A.L. acknowledge support from the Swedish Founda-
is, those involving the two hydroxyl protons (Figures 10 and tion for International Cooperation in Research and Higher

11). Of the two hydroxyl protons, one ¢His situated almost
exactly in the nodal plane of the radical, being bonded to the
—C;104110;, carboxyl group coplanar with the ,€Cy—C;
molecular backbone. The other proton) out of the radical
plane, being bonded to theC,0,10,, carboxyl group twisted
about 65 away from the G—Cy—C; molecular backbone. These
interactions may both be expected to exhibit significant isotropic
contributions to the hyperfine interaction. Couplinrgsnd 8

Education (STINT) and the Swedish Natural Science Research
Council.
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