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Abstract: A two-dimensional experiment, termed DONUT-HYSCORioyble nuclear coherencéransfer
hyperfine sublevelcorrelation) designed to obtain correlations between nuclear frequencies belonging to the
same electron spin manifold is presented. The sequence employé2-is, —/2—t;—x—T—7—t,—7/2—

r1—echo, and the echo is measured as a functiofy @ind t; whereasr; and 7, are held constant. It is
complementary to the standard HY SCORE experiment which generates correlations between nuclear frequencies
belonging to differentMs manifolds and is particularly useful fof*N nuclei. The experiment is first
demonstrated on a single crystal of copper-ddpeidtidine hydrochloride monohydrate where the modulations

are induced by a singl¥N nucleus, the remote nitrogen in the imidazole group. HYSCORE and DONUT-
HYSCORE experiments were carried out on two crystal orientations. In the first, otfes@ie contributes

to the echo and all six nuclear frequencies together with the expected correlation were observed. In the second,
12 frequencies corresponding to twoCuons at different crystallographic sites appeared and all expected
correlations were detected as well. This rather trivial example demonstrates that the DONUT-HYSCORE
pulse sequence indeed generates correlations withiMgmeanifolds. The value of the DONUT-HYSCORE
experiment is demonstrated on a frozen solution of a vanadyl complex with a bis-hydroxamate ion binder
(VO-RL515). The modulations in this complex arise from the #é nuclei in the hydroxamate groups, and
orientation-selective three-pulse ESEEdECtronspin—echo envelopemodulation) spectra showed a number

of well-resolved peaks. An unambiguous assignment of all peaks and their orientation dependences could not
be achieved through HYSCORE alone because at certain orientations frequencies of ondginidugifolds

were absent or overlapped with those of the other manifold. The application of the DONUT-HYSCORE
experiment provided new correlations that led to the complete assignment of the ESEEM frequencies, thus
paving the way for future systematic spectral simulations for the determination of the best-fit Hamiltonian
parameters. This example shows that, in the case that the HYSCORE experiment cannot distinguish between
two sets of frequencies belonging to the saviigmanifold in different centers (or orientations) because signals
from the other manifold are missing or overlapping, the DONUT-HYSCORE becomes most valuable.

Introduction the echo intensity is typically measured as a function of one of
the time intervals, yielding a modulated echo decay. Fourier
transformation of the decay provides the ESEEM frequencies
which correspond to nuclear transition frequencies of weakly
coupled nuclei and their combinations. The ESEEM spectrum
of a spin system with an electron spgi= %, coupled to one
nucleus with spin = ,, such as'H or 15N, consists of only
two basic frequencies;* and#, one for eachMs manifold.

For a nuclear spih = 1 with a substantial nuclear quadrupole
interaction, such a¥N, there are six ESEEM frequencies, three

Electron spir-echo envelope modulation (ESEEM) spec-
troscopy is a well-established method for measuring weak
hyperfine interactions in solids3 It is currently routinely
applied to investigate both orientationally ordered and disordered
systems of interest in chemistry, physics, and biology. A
number of pulse sequences can generate ESEEM waveforms
the most common of which are the two-, three-, and four-pulse
experiments 6 where a series of pulses creates an echo and

T Department of Chemical Physics, Weizmann Institute of Science. i €ach Ms manifold, as shown in Figure 1. Two of the
* Department of Organic Chemistry, Weizmann Institute of Science. frequenciesygcﬁ and V?&g, correspond to single-quantum tran-
§ i .. . ;

DEDL':'eaZS“e'aC?/'Iamh 1997 sitions (AM, = 1), whereas the thirdy, is related to the
'0n leave from MRS Laboratory, Kazan State University, Kazan, 420008 double-quantum transitio!\M; = £2). Combination frequen-
Russian Federation. gl ) cies of the type«* + vlﬂ) are usually generated by the two-
Scﬁk\),;gvag’ h Iggén.q?,v'ﬁg;‘a,'\,ne\,% fg[ﬁnlg% E%?%”an@va”' L. and four-pulse sequencé$put they are absent in the three-

(2) Schweiger, A. Irmodern Pulsed and Continuous-¥¢aSpin Reso- pulse experimerit. However, when several nuclei contribute
nance Kevan L., Bowman, M. K., Wiley: New York, 1990; p 43.
(3) Dikanov, S. A.; Tsvetkov, Yu. DElectron Spir-Echo Enelope (5) Mims, W. B.Phys. Re. B 1972 6, 3543.
Modulation (ESEEM) Spectroscap@RC Press: Boca Raton, FL, 1992. (6) Gemperle, G.; Aebli, A.; Schweiger, A.; Ernst, R.RMagn. Reson.
(4) Mims, W. B.Phys. Re. B 1972 5, 2409. 199Q 88, 241.

S0002-7863(97)03271-X CCC: $15.00 © 1998 American Chemical Society
Published on Web 07/03/1998



Double Nuclear Coherence Transfer-HYSCORE J. Am. Chem. Soc., Vol. 120, No. 28,70238

o an experiment which leads to correlations of nuclear frequencies
502 within each My manifold, rather than between the differdng
N v manifolds.

da Recently, the five-pulse experiment/2—71—m/2—t;—m—
To—n—t,—m/2—711—echo, shown in Figure 2b, with variable
timest; andt,, has been introduced to measure primary nuclear
spin—echoes and their phase memory tirkesA variant of this
sequence with the variable timgsandt, = 7,, used to detect
sum cross-peaks of the type*(v* + vf) and ¢, v* + vFf),
was applied as welf The original five-pulse sequence with
B the coherence mixert(-7,—) can also be used to correlate
saz Vqu nuclear frequencies belonging to tk@me M manifold. Such
M= -1/2 adoublenuclear coherenctansfer (DONUT) is manifested as
cross-peaks in a 2D spectrum obtained by Fourier transformation
s with respect td; andt,. In this work we demonstrate that this
approach, termed DONUT-HYSCORE, can successfully be
Figure 1. Schematic energy level diagram for an electron $pin‘/, applied to unravel and assign nuclear frequencies spectra in
coupled to a nucleus with spin= 1. systems with!4N nuclei in both a single crystal and a frozen

solution.
T Two examples are presented. The first is a single crystal

2 T2 ( 2 where all ESEEM frequencies are well resolved and all expected

M t t T correlations appear in both the HYSCORE and DONUT-

M=1/2

a)

- -~ HYSCORE spectrum. In such cases the information provided
by the DONUT-HYSCORE is redundant. The second example
is more complicated and involves a frozen solution of a vanadyl
complex. It represent typical problems encountered in peak
assignment in orientationally disordered systems due to low
resolution and demonstrates the effectiveness of the HYSCORE/

. s . = . DONUT-HYSCORE combination.
| | 1| | e 2 ! The single crystal used was Cu-dogédustidine hydrochlo-
l ] | ride monohydrate (Cl-His-HCI-H,0), where the Cu(ll) is

Figure 2. (a) HYSCORE pulse sequence and (b) DONUT-HYSCORE directly coordinated to the amine nitrogen of one histidine
pulse sequence. molecule, to the Nof the imidazole group of a second molecule,

and to the carbonyl of a third molecule, the other ligands are
to the modulation pattern, combination frequencies of the types tWo chloride ions and a water molecufe. The modulations
v(K) = Vf(')) and @ﬂ(k) + vjﬂ(l)), where the indice, andl obser\l/?(lj5 are d_ue to the remote nitroges, of Fhe imidazole
represent the different nuclei, may appear in all three experi- group-== In this crystaI_S|x _ESEEM frequenmes are obs_erved
ments, provided that the modulation depth is substahti&lhe for each crystallographic site. The two directly coordinated
appearance of the latter is a very important feature of the nitrogens have large hyperfine couplings that can be observed

ESEEM experiment because it provides information on the by ENDOR spectroscopy. Orlentat|on-dependent.ESEEM and
. . - HYSCORE measurements were reported for this system, and
number of magnetically equivalent nucfei.

. o the hyperfine and quadrupole tensors of tfd; were deter-
The assignment of the ESEEM frequencies is often not mineditis The nitrogen hyperfine coupling is relatively small
straightforward, particularly when several nuclei with 15 (Ax = 1.274 MHZ,Ayy = 1.061 MHz,A,, = 1.741 MHz) and
are involved and both basic frequencies and their combinationsgiose to the values of the remote nitrogen in histidine residues
are observed. A major improvement in the resolution of the jn copper proteind’—2° At X-band frequencies<9 GHz) this
ESEEM frequencies and in their assignment has been achievechyperfine coupling falls within a range that fulfills the cancel-
with the introduction of the two-dimensional (2D)perfine lation condition, which is met when the hyperfine coupling is
stblevel correlation (HYSCORE) experimedf. In the about twice the nuclear Larmor frequend|(~ 2v), thus
HYSCORE experiment, shown in Figure 2a, the echo intensity leading to a zero effective field in one of the electron spin
is measured as a function @f and t, and a 2D Fourier

transformation yields a 2D spectrum with cross-peaks of the 19{(}}5.2)11H70fingann, E. C.; Hubrich, M.; Schweiger, A. Magn. Reson. A
type ' /), (and ¢/, ), which correlate ESEEM frequen- (13) Poopl, A.; Battcher, R.; Vdkel G. Appl. Magn. Resanl997, 12,
cies ofdifferent Ms manifolds. Accordingly, in the case of one  15.

| = 1 nucleus, a total of 18 cross-peaks are expetted.  (14)Oda, K.; Koyama, HActa Crystallogr.1972 B28 639.
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Yu, S. X.J. Mol. Struct.1989 195, 361.
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1993 105 271. (18) McCracken, J.; Desai, P. R.; Papadopoulos, N. J.; Villafranca, J.
(9) McCracken, J.; Pember, S.; Benkovic, S. L.; Villafranca, J. J.; Miller, J.; Peisach, Biochemistry1988 27, 4133.
R. J.; Peisach, J. Am. Chem. Sod.988 110, 10609. (19) Coremans, J. W. A.; van Gastel, M.; Poluektov, O. G.; Groenen, E.
(10) Hdfer, P.; Grupp, A.; Neberifur, H.; Mehring, M.Chem. Phys. Lett. J. J.; den Blaauwen, T.; van Pouderoyen, G.; Canters, G. W.; Nar, H.;
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Figure 3. Schematic representation of VO-RL515.

manifolds?122 Throughout this work, théMls manifold with

the lower effective field will be referred to as the low effective

field manifold (LEF) and the other as the high effective field

manifold (HEF). At exact cancellation, the ESEEM frequencies
in the LEF manifold correspond to the nuclear quadrupole
resonance (NQR) frequenciesy = v—, vs@ = vo, andvgyq =

v+ and exhibit no orientation dependerféé2 Therefore,

Goldfarb et al.

was 500x 500 for Cut-His-HCI-H,O and 250x 250 for VO-
RL515. The same conditions were used for the DONUT-
HYSCORE experiment, shown in Figure 2b. All of the
measurements of the single crystal were carried out at 10 K
with a repetition rate of 500 Hz. Those of VO-RL515 were
done at 30 K with a repetition rate of 1 kHz.

The 2D data were treated with the Bruker WINEPR software.
The background decay was removed using a polynomial or
linear fit, and single-crystal data were convoluted with a sin-
bell function, whereas a Hamming window was used for the
frozen solution data. In all cases the spectra are presented in
the absolute-value mode.

The orientation-selective ESEEM spectra were recorded at
10 K on a home-built pulse EPR spectrometer operatingat
GHz?" The three-pulse sequence/2—t—m/2—T—m/2—1—
echo, was employed with a four-step phase cycle to remove
the unwanted echoé8. Prior to Fourier transformation, the
missing data points due to spectrometer dead time 60 ns)
were reconstructed using linear predictiband the spectra are
presented in the absorption mode. Continuous-wave EPR
spectra were recorded on a Varian E-12 spectrometer.

Sample Preparation. I-His*HCI-H,O was purchased from

orientationally disordered systems, such as frozen solutions, Merck, and single crystals of Cu-dopédis-HCI-H.O were

often exhibit relatively highly resolved spectra.

obtained as reported in the literatdfe The bis-hydroxamate

The orientationally disordered system chosen is a frozen jon binder synthesis and the preparation of the?t/@mplex

methanol solution of a complex of \® with the bis-
hydroxamate ion binder RL515 shown in Figure 3. This family
of ion binders has been shown to have Insulineomimetic
propertie?® In this system the modulations are caused by two
nitrogens in the hydroxamate groé&h.A series of VG and

Cu?t analogous complexes have previously been studied by
orientation-selective ESEEM and HYSCORE, showing that also

in these systems the hyperfine couplings of ¥ fall within
the cancellation condition at9 GHz242> Unlike the previous

ESEEM spectra, the three-pulse ESEEM measurements of thi

were as described earligr. The solvent used was methanol,
and the final concentrations of VO and the ligand were 2.75
and 3.45 mM, respectively.

Results

The DONUT-HYSCORE Pulse Sequence.The DONUT-
HYSCORE sequence is shown in Figure 2b. The first i@
pulses, separated by the time interval generate nuclear

Loherences, whereas the first pulse mixes the nuclear

analogue showed a larger number of highly resolved peaks andcoherences of the two_differerls manifolds, as in the

difficulties were encountered in their assignmei§tdt will be
demonstrated that the application of the DONUT-HYSCORE

HYSCORE sequence. Then, after a free evolution of time
a secondr pulse, that mixes again the nuclear coherences of

experiment provided new correlations which were paramount the twoMs manifolds, is applied. This double nuclear coherence

for the assignment of the observed frequencies.

Experimental Section

Spectroscopic Measurement3he two-dimensional pulse

transfer causes nuclear spins evolving duringttheeriod with

one of the nuclear frequencies of thé€or 5) manifold, to evolve

with either the same or any other nuclear frequency within the
samemanifold during the; period. The last/2 pulse transfers

the nuclear coherences into electron coherences that are

EPR measurements were performed on a Bruker ESP 380Erefocused to a stimulated echo after The two-dimensional

spectrometer operating at 9.7 GHz. Echo-detected (ED) EPR

spectra were obtained with the two-pulse echo sequeri2e,

t—x—1—echo, where the echo intensity is recorded as a function

of the magnetic field, whiler is held constant. HYSCORE

spectrum is obtained by a 2D Fourier transformation of the echo
recorded as a function of the time intervalandt, with constant
values fort; and 7. The phase cycle used to eliminate
unwanted echoes is the same as the one described éadier.

spectra were recorded using the sequence shown in Figure 2ayq-:1aq analytical description of the DONUT-HYSCORE

and the unwanted echoes were removed using an eight-ste

phase cyclé. The lengths of ther/2 pulses were 48 and 24 ns
for the Cul-HisHCI-H,O and VO-RL515 measurements,
respectively, and that of thve pulse was 16 ns for both samples.
The dwell time in thet; and t, dimensions was 32 ns for
Cu+-His-HCI-H,0 and 24 ns for VO-RL515. The initial value
of t; andt, was 0.296us for the CukHis-HCI-H,O measure-
ments, and 48 ns for VO-RL515. The size of the data matrix

(21) Mims, W. B.; Peisach, J. Chem. Phys1978 69, 4921.

(22) Flanagan, H. L.; Singel, D. J. Chem. Phys1987, 87, 5606.

(23) Shechter, Y.; Shisheva, A.; Lazar, R.; Libman, J.; Shanzer, A.
Biochemistry1992 31, 2063.

(24) Kofman, V.; Dikanov, S. A.; Haran, A.; Libman, J.; Shanzer A;;
Goldfarb, D.J. Am. Chem. S0d.995 117, 383.

(25) Kofman, V.; Shane, J. J.; Dikanov, S. A.; Bowman, M. K.; Libman,
J.; Shanzer A.; Goldfarb, Dl. Am. Chem. S0d.995 117, 12771.

(26) Kofman, V. Ph.D. Thesis, Weizmann Institute, 1997.

ICélpproach will be presented elsewhere.

Single Crystal of Cud-His-HCI-H,0. The HYSCORE
spectrum recorded at a magnetic field of 364.1 mT, where only
one crystallographic site contributes to the echo, is presented
in Figure 4a. Each frequency in one manifold is correlated with
all three frequencies of the other manifold, and vice versa, and
cross-peaks appear in both,(+) and (-, +) quadrants as
expected for the case of intermediate coupfig§3233 Table
1 lists the six observed ESEEM frequencies and their assign-

(27) Goldfarb, D.; Fauth, J.-M.; Tor, Y.; Shanzer, A.Am. Chem. Soc.
1991, 113 1941.

(28) Fauth, J. M.; Schweiger, A.; Braunschweiler, L.; Forrer, J.; Ernst,
R. R.J. Magn. Reson1986 66, 74.

(29) Barkhuijsen, H.; de Beer, R.; Bovee, W. M. M. J.; van Ormondt,
D. J. Magn. Reson1985 61, 465.

(30) Hirasawa, R.; Kon, HJ. Chem. Physl1972 56, 4467.
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Figure 4. (a) HYSCORE and (b) DONUT-HYSCORE spectra of a single crystal of-Blis-HCI-H,O (arbitrary crystal orientation, observer field
By = 364.1 mT, and temperature 10 K). The HYSCORE spectrum was obtained with.328us and the DONUT-HYSCORE spectrum with
= 0.328us andr, = 0.400us. Arrows in the DONUT-HYSCORE spectrum mark residual HYSCORE cross-peaks.

Table 1.

ESEEM Frequencies of a Single Crystal of

Cud-His-HCI-H,0 as Determined from the HYSCORE and
DONUT-HYSCORE Spectra Shown in Figure 4

wl2m wl2w
manifold label (+£0.03 MHz) manifold label (+0.03 MHz)
od 1 0.52 p T 1.96
2 0.93 2 2.18
3 1.45 3 4.14

a Assumingaiso > 0.

The DONUT-HYSCORE spectrum, recorded under the same
conditions, is shown in Figure 4b. It shows two types of cross-
peaks, those corresponding to correlations withindhend g
manifolds (two for each frequency, connectivities are shown
with dashed lines) and a number of peaks marked with arrows,
which are attributed to residual HYSCORE peaks. These peaks
are caused by the nonideal behavior of the two mixing
pulses'? The intensity of residual HYSCORE peaks can be
minimized by usingr pulses considerably shorter than @

ments as obtained from the HYSCORE spectrum. Both the pulses. While the intensities of the diagonal peaks are low in
HYSCORE and DONUT-HYSCORE have cross-peaks at sym- the HY SCORE spectrum, as expected, the DONUT-HYSCORE
metric positions with respect to the diagonal, namely peaks spectrum exhibits rather intense peaks on the diagonal of the

appear ati;, v as well as ati, v;). Therefore, for the sake

(=, +) quadrant. These peaks are due to nuclear coherences

of brevity, only one of the pairs will be considered throughout ¢ dephase during time and refocus during time on the

this work.

(31) Dikanov, S. A.; Xun, L.; Karpiel, A. B.; Tyryshkin A. M.; Bowman,
M. K. J. Am. Chem. S0d.996 118 8408.

(32) Reijerse, E. J.; Shane, J. J.; de Boer EfedP.; Collison D. In
Electron Magnetic Resonance of Disordered System¥éaiidanov, N. D.,
Ed.; World Scientific: Singapore, 1991; p 253.

(33) Shane, J. J. Ph.D. Thesis, University of Nijmegen, 1993.

same nuclear transition, i.e:* — vf — %,

Another example of a DONUT-HYSCORE spectrum is given
in Figure 5, where the crystal was oriented such that two the
crystallographic sites contribute to the echo. Since in the
HYSCORE and DONUT-HYSCORE spectra cross-peaks occur
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Figure 5. (a) HYSCORE and (b) DONUT-HYSCORE spectra of a single crystal of-BlisrHCI-H,O [arbitrary crystal orientation, different
from Figure 4, observer field, = 364.1 mT, and temperature 10 K]. The HYSCORE spectrum was obtainedr witl0.328 us, and for the
DONUT-HYSCORE spectrumg; = 0.328us andz, = 0.400us. Arrows in the DONUT-HYSCORE spectrum mark residual HYSCORE cross-
peaks.

Table 2. ESEEM Frequencies of the Two Cu(ll) Sites in a Single

Crystal of Cul-His-HCI-H,O as Determined from the HYSCORE 1r Dpph
and DONUT-HYSCORE Spectra Shown in Figure 5
wl2w wl2rw
manifold (£0.03 MHz) manifold label (£+0.03 MHz)
o?sitea la 0.59 o,siteb 1b 0.66
2a 0.94 2b 0.82 ,_,\_J;J\,v ““\/vvuwﬁﬁqr—
3a 1.53 3b 1.48 S
B, sitea 14 1.86 B, siteb 1B 1.78 20mT (
2d 2.14 2B 2.32
3d 4.00 3B 4.10

a Assumingajso > 0.

only between frequencies of the same center, the six ESEEMFigure 6. EPR spectrum of VO-RL515 recorded at 140 K and a
frequencies of each site could be easily assigned as listed inspectrometer frequency of 9.32 GHz.
Table 2.

Frozen Solution of VO-RL515. The low-temperature EPR gy 1.985,gy, = 1.976,0,, = 1.951, |A(*V)| = 49 x 104
spectrum of VO-RL515, presented in Figure 6, is a characteristic cm™2, |A,(>V)| = 38.7 x 1074 cm™?, and|A{%V)| = 146.8
powder pattern of a system with anisotrogiand®V (I = 7/,) x 1074 cm126 Owing to the large anisotropic character of
hyperfine interactions. It shows that one %Ccomplex was the EPR spectrum of VO and the limited bandwidths of the
present. The EPR parameters extracted from simulations weremicrowave pulses, ESEEM experiments carried out at different
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B, (mT) 2 MHz. These are in good agreement with earlier results on
J\M/WM VO?2t and Cé@" complexes with other bis-hydroxamafég>
399.6 The possible assignmeng = 2.0 MHz, v— = 4.0 MHz, and

v+ = 6.0 MHz is ruled out because it yields a quadrupole

M 336.1 coupling constant of 6.6 MHz which is considerably higher than

the value obtained for other \A® bis-hydroxamate complexes
(3.9 MHz)24 It is not clear, however, whether the peak at 6.0
Jmﬁk 3334 MHz is a double-quantum transitiongq, of the HEF manifold
’ or if it is a combination peakiy - + v4) due to the presence
of two nitrogens. Moreover, the origin of the set of peaks
J/\/\f\.ﬁ/\vv_.w. around 1.5, 3.2, and 4.4 MHz is not well understood. There
3277 are three possibilities to explain these features: (i) the peaks
represent singularities in the powder patterns of single-quantum
M frequencies of the HEF manifold, (ii) they comprise a second
317.2 set of NQR lines from a different nitrogen, i.e., the two nitrogens
are inequivalent, or (iii) the two nitrogens are equivalent and
W\/kv"/\ the peaks are attributed to a set of LEF frequencies, close to
——— 3125 the NQR frequencies, arising from a set of orientations different
than those contributing to the 2.0- and 4.0-MHz peaks.

Nﬂj\\/\w 286.8 To resolve some of these ambiguities HYSCORE experiments

were carried out at two different magnetic fields. The spectrum

obtained at 300.0 mT, which at a spectrometer frequency of
JUW 284.6 9.7 GHz is close t&y, (°V, M, = —7/,), is shown in Figure 8a.
e The spectrum exhibits only two peaks on the diagonal at (1.9,
0 2 4 6 8 10 12 14 16 1.9) MHz and (4.1, 4.1) MHz and no cross-peaks, which is in

agreement with our initial assignment of the 2.0- and 4.0-MHz

/2 [MHz] peaks. Spectra recorded with othevalues showed the same

Figure 7. Orientation-selective three-pulse ESEEM spectra of VO- results. The absence of cross-peaks is not attributed to
RL515 (temperature 10 K, = 0.200us, and spectrometer frequency  spectrometer misadjustment since the same conditions were used
of vuw = 9.34 GHz). The spectra recorded at 284.6 and 336.1 mT {5 record the other HYSCORE spectra. It is not clear why
were obtained withr = 0.22 us. The length of ther/2 pulse was 20 frequencies belonging to the HEF manifold do not appear at
ns. this position. It is probably related to the relative orientation
of tensors involved and the angular dependence of the ESEEM
amplitudes. Although the measurements were carried out at
the field position close téy 1V, M, = —7/;), some orientation
distribution is still expected. This distribution can result in

fields result in the selection of complexes with specific
orientations®* Figure 7 shows a set of three-pulse ESEEM
spectra recorded at different magnetic field positions within the
EPR spectrum, commonly referred to as orientation-selective ~.>".~ e 4 .
ESEEM spectra. Three important field settings within this series significant broaden!ng i thé N quadrupqle and hyperfine
are at 284.6, 399.6, and 333.4 mT. The first two correspond to [€1SOrs are not collinear with tifév hyperfine tensor.
“quasi-single-crystal” positionsA((5lV) for the M, = +7/), Unfortunately, due to the absence of cross-peaks, the 6.0-
where complexes within a narrow range of orientatiofs~ MHz line cannot unambiguously be assigned, although it
0—12°, o = 0—180) are selected. At the “isotropic” position, ~ suggests that it is a combination rather than a double-quantum
333.4 mT, all possible values 6§ andgo (M, = —Y,) contribute peak. This ambiguity is solved by the DONUT-HYSCORE
to the echo. The modulation frequencies observed in Figure 7 spectrum, shown in Figure 8b. The majority of the signals
are attributed to the two nitrogens of the hydroxamate groups appear in the<, +) quadrant with cross-peaks at1.9, 4.1),
in the binding sité* In addition, peaks due to weakly coupled and (1.9, 6.0). A weak peak at{6.0, 4.1) MHz appears as
protons appear at th#d Larmor frequency. These are of no  well; its counterpart, however, does not show at the contour
interest in this work and will not be discussed any further. level shown. The appearance of thel(9, 4.1) correlation
The ESEEM spectra recorded at 284.6 and 399.1 mT exhibit confirms the assignment toq(-, v+), whereas the presence of
three rather narrow lines at 2.0, 4.0, and 6.0 MHz. Although the cross-peaks/¢, 6.0) and {+, 6.0) indicates that the feature
the peaks at 2.0 and 4.0 MHz are apparent throughout the wholeat 6.0 MHz is a combination peakyo(- + v+). The two
field range, they broaden and additional features around 1.5,nitrogens have therefore the same ESEEM frequencies, at least
3.2, 4.4, and 7.0 MHz appear as fields within the center of the when the magnetic field is parallel to the local symmetry axis
EPR spectrum are approached. A similar general behavior wasof the VO binding site. The peak at 8.0 MHz on the diagonal
observed for other values. The absence of a field dependence of the (—, +) quadrant is assigned tor2
for the 2.0 and 4.0 MHz peaks suggests that the cancellation The HYSCORE spectrum of VO-RL515 recorded at 344.1
condition is satisfied and these peaks correspond to NQR mT (corresponding to the isotropic position at 9.7 GHz) is shown
frequencies, wherey = v = 2.0 MHz, v, = 4.0 MHz, andvo in Figure 9a. Intense cross-peaks are observed at (1.5, 7.2),
+ v- =v;. From these, a value of 4.0 MHz is obtained for (+4.5, 7.2) and ¢3, 7.0) MHz, along several rather intense
the quadrupole coupling constafqQ/h), 1.0 for the asym-  idges. We therefore assign the 1.5-, 3.0-, and 4.5-MHz
metry parameter;, and the hyperfine coupling should be around  frequencies to the LEF manifold and the 7.2-MHz frequency
(34) Reijerse, E. 3. Shane, 3. J- de Boer E.. Collison CEleetron to a double-quantum transition of the HEF manifold. This

Magnetic Resonance of Disordered Systemsdrdanov, N. D., Ed.; World indic‘?‘t_es that the former d‘? not correspond to single-quantum
Scientific: Singapore, 1989; p 189. transitions in the HEF manifold. Nonetheless, the two sets of
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Figure 8. (a) HYSCORE and (b) DONUT-HYSCORE spectra of VO-RL515 (observed fglé= 300.0 mT). The HYSCORE spectrum was
recorded witht = 0.160us and the DONUT-HYSCORE spectrum with = 0.352us andz, = 0.400us.

LEF frequencies, 2.0 and 4.0 MHz and 1.5, 3.0, and 4.5 MHz, 8.5 MHz, supports this assignment. The DONUT-HYSCORE
can arise from two inequivalent nitrogens. result thus excludes possibility ii and leads to the following
The corresponding DONUT-HYSCORE spectrum, shown in assignment: the 2.0- and 4.0-MHz set corresponds to singu-
Figure 9b, is significantly different from the HYSCORE larities of the parallel orientatiorg§ ~ 0°), whereas the 1.5-,
spectrum, and no residual HYSCORE peaks are detected.3.0-, and 4.5-MHz set corresponds to the singularities in the
Correlations within the two sets of LEF frequencies, mentioned region of the perpendicular orientatiorfo( ~ 90°). For
above, show up at (2.0, 4.0), (1.5, 3.0) and (1.5, 4.5) MHz, convenience, we refer to these sets with the subsdrigts [,
supporting their assignment to two sets of LEF manifolds. respectively. This orientation dependence also accounts for the
Cross-peaks at (1.5, 6.0), (4.5, 6.0), an®@(0, 6.0) MHz appear  slight shift ofvo = 1.9 MHz andv+ = 4.1 MHz from 2.0 and
as well, indicating that the peak at 6.0 MHz is a combination 4.0 MHz observed in the HYSCORE and DONUT-HYSCORE
of the 1.5- and the 4.5-MHz frequencies. In principle, the 6.0- spectra obtained at 300.0 mT. At this field position the selected
MHz peaks could also be assigned to a combination of the 2.0-range of6 is shifted somewhat from°0 The assignments of
and 4.0-MHz lines. However, the absence of correlations the ESEEM frequencies of VO-RL515 are summarized in Table
between the 2.0- and 4.0-MHz set and the 1.5-, 3.0-, and 4.5-3.
MHz set makes the appearance of a correlation with any of their In the DONUT-HYSCORE experiment, the orientation
combinations very unlikely. Two additional sets of cross-peaks dependence of the LEF frequencies is nicely displayed by the
involving combination frequencies appear in the {) quadrant ridge observed in theK, +) quadrant ranging from (2.0, 2.0)
at (—4.0, 8.0) and £4.5, 9.0) MHz. They are attributed to to (1.5, 3.0) MHz. The 2.0-MHz1-) peak splits, andy
(—v4+, 2v4) within each set of the LEF frequencies. These cross- decreases to 1.5 MHz whereas increases to 3.0 MHz. The
peaks show that the two sets of the LEF frequencies belong tovy frequency increases from 4.0 to 4.5 MHz such that the
complexes with different orientations, rather than to two conditionv_ + vo = v, is fulfilled for all orientations. Although
inequivalent nitrogens of the same molecule. The absence ofthe LEF frequencies are close to the NQR frequencies at all
correlations between the peaks at 4.0 or 4.5 MHz and their sum,orientations, terming them by the notation of pure NQR
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Figure 9. (a) HYSCORE and (b) DONUT-HYSCORE spectra of VO-RL515 (observer figld= 344.1 mT). The HYSCORE spectrum was
recorded witht = 0.240us and the DONUT-HYSCORE spectrum with = 0.240us andz, = 0.400us.

Table 3. Assignment of the ESEEM Frequencies Observed in the are shown in Figure 10. All spectra show the ridge discussed
HYSCORE and DONUT-HYSCORE Spectra of VO-RL515 Shown  gpove and the cross-peaks observed before, although with

in Figures 8 and 9 different intensities. The intensities depend on like in

manifold label /27 (£0.1 MHz) standard HYSCORE, and in addition ea In all DONUT-

 (300.0 mT) o 1.9 HYSCORE spectra measured, an intense stretch on-the-)
van 41 diagonal due to nuclear coherences that evolve on the same
(Vo + v 6.0 nuclear transitions during the time intervalsindt, is observed.

o (344.1 mT) (50{)” ig These also include the frequenciesg, vse Which were not
(V‘i)uu 30 observed off the diagonal. This long stretch in Figure 8b,
i) 4.0 supports our earlier explanation regarding the possibility that
(v+)o 45 vsq andvsp are inhomogeneously broadened also close to the
(vo+ v 6.0 “single-crystal position”.
(vo+ v4+)o 6.0
(2’V+)H 80 H 1
@) 9.0 Discussion

B (344.1 mT) ¢aq)o 7.2 The applicability of the DONUT-HYSCORE experiment and

its efficiency as a complimentary experiment to HYSCORE for
frequencies is somewhat inappropriate because the orientatioran electron spirS = %/, coupled to one or moré™N nuclei
dependence indicates that at least at some orientations theyl = 1) has been demonstrated on a single crystal and a frozen
contain significant contributions from the hyperfine coupling solution. In the case of a single crystal where all ESEEM
and the Zeeman interaction. We kept this notation, rather thanfrequencies can be observed, the information provided by the
Vsql, Vseps Vdor fOr the sake of convenience. DONUT-HYSCORE experiment is redundant once the
DONUT-HYSCORE spectra recorded with differeptvalues HYSCORE experiment has been applied. However, when
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Figure 10. DONUT-HYSCORE spectra of VO-RL515 recorded with different valuegof (a) 7o = 0.700us, (b) 72 = 1.000us. All other
parameters are as in Figure 9.

frequencies of only onlls manifold can be detected, DONUT-  contrast, the DONUT-HYSCORE experiment can identify the
HYSCORE, rather than HYSCORE, is the experiment of choice. two sets because it provides correlations within such two sets
Such a situation was encountered in W-band (95-GHz) ESEEM of frequencies. Therefore, DONUT-HYSCORE should be a
measurements of a single crystals of the copper protein azurinvital additional tool for the analysis of ESEEM frequencies in
where only frequencies of the LEF manifold of the directly disordered systems.

bound nitrogen were observéd. In the case of VO-RL515 the DONUT-HYSCORE spectrum
Unfortunately, many systems of interest in biology and |ed to the unambiguous assignment of the 6.0-MHz combination
materials science are not available in the form of single crystals. jine (v, + v.) at the quasi-single-crystal orientation. In addition,
Therefore, the example of the orientationally disordered systemthe appearance of correlations involving combination lines of
has a significant practical value since such systems suffer fromthe type v, 2v;) and the diagonal peak at-2v;) in the
inhomogeneous broadening and the possibilities to determinespectrum obtained at the “isotropic” position led to the conclu-
the full 1N hyperfine and quadrupolar tensors with the available sion that the two sets of the LEF frequencies are due to
techniques are often restrained. In disordered systems, part Okjngularities corresponding to different orientations. These
all of the frequencies of one of ti\és manifolds may be missing  results excluded the possibility that the two nitrogens are
from the spectra at certain selected orientations, thus limiting inequivalent. The complete assignment of the ESEEM frequen-
the value of HYSCORE. For example, HYSCORE cannot cies together with the comprehension of their orientation
distinguish between two sets of frequencies belonging to the gependence as obtained from the line shape of the DONUT-
Samdvls manlf0|d in d|ﬁerent centers (Or dlfferent Orientations) HYSCORE Cross_peaks allows for future Computer simulations
once signals from the othéfls manifolds are missing for one  targeted toward the determination of Hamiltonian parameters
(or both) of the centers or those that are observed overlap. Infollowed by their interpretation in terms of the binding site

(35) Coremans, J. W. A.; Poluektov, O. G.; Groenen, E. J. J.; Canters, J€0metry. The process pf simulating a series of o.rientation-
G. W.; Nar, H.; Messerschmidt, Al. Am. Chem. Sod.997, 119, 4726. selective ESEEM spectra is tedious and time-consuming because
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of the relatively large number of parameters involved. There- Conclusions

fore, before attempting to simulate such a series, one should . ) .
understand the orientation dependence of the frequencies and '€ two-dimensional DONUT-HYSCORE experiment cor-

should have a good idea about the range of the parameteréelates nuclear frequencies belongi_ng to th.e same paramagne_tic

involved. Such a detailed quantitative analysis via computer C€nter and the same electron spin manifold and as such is

is beyond the scope of this work, the objective of which is to cOMPlementary to HYSCORE. It is an important addition to

introduces the DONUT-HYSCORE experiment. the set of experiments designed to resolve and simplify the
Although the DONUT-HYSCORE experiment involves a assignment of ESEEM frequencies for the case of an electron

larger number of pulses than HYSCORE, and as such is SPIN.S= ", interacting with a number of nuclear spins with

expected to have a lower signal-to-noise ratio, we found that if = 1 With & nuclear quadrupole interaction. It was demonstrated

the echo intensity is sufficient for an HYSCORE experiment it ©© Pe efficient for both single crystals and orientationally

will also be possible to record a DONUT-HYSCORE spectrum. disordered systems, and it is particularly useful in cases where

This was well demonstrated in the DONUT-HYSCORE spec- signals in one of th&ls manifolds are absent. Accordingly, it

trum measured at the field position close A5V, M, = should be carried out in addition to HYSCORE to increase the

—71,), where the echo intensity is relatively low. Finally we [nformation content of the pulse EPR experiment.

note that, while correlations within the LEF manifold are well )

evident in the DONUT-HYSCORE spectra of VO-RL515, cross-  Acknowledgment. This research was supported by a grant
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HYSCORE spectré}32:36:37 Detailed information regarding the : : _
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