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The one-dimensional (1D) pulsed TRIPLE resonance experi-
ment, introduced by Mehring et al. (M. Mehring, P. Hofer, and A.
Grupp, Ber. Bunseges. Phys. Chem. 91, 1132-1137 (1987)) is a
modification of the standard Davies ENDOR experiment where an
additional RF ar-pulse is applied during the mixing time. While
the first RF pulse is set to one of the ENDOR transitions, the
frequency of the second RF pulse is scanned to generate the
TRIPLE spectrum. The difference between this spectrum and the
ENDOR spectrum yields the difference TRIPLE spectrum, which
exhibits only ENDOR lines that belong to the same Ms manifold as
the one selected by the first RF pulse. We have extended this
experiment in two dimensions (2D) by sweeping the frequencies of
both RF pulses. This experiment is particularly useful when the
spectrum is congested and consists of signals originating from
different paramagnetic centers. The connectivities between the
peaks in the 2D spectrum enable a straightforward assignment of
the signals to their respective centers and Ms manifolds, thus
providing the relative signs of hyperfine couplings. Carrying out
the experiment at high fields has the additional advantage that
nuclei with different nuclear gyromagnetic ratios are well sepa-
rated. This is particularly true for protons which appear at signif-
icantly higher frequencies than other nuclei. The feasibility and
effectiveness of the experiment is demonstrated at W-band (94.9
GHz) on a crystal of Cu**-doped L-histidine. Homonuclear *H-H,
“N/®CI-"N/*Cl and heteronuclear "H-"*N/*CI 2D TRIPLE spec-
tra were measured and from the various connectivities in the 2D
map the *H, N, and *Cl signals that belong to two different Cu**
centers were identified and grouped according to their Mg
manifolds. © 2000 Academic Press
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INTRODUCTION

the advantages are clear. Due to the significantly larger nucle
Zeeman interaction, ENDOR signals from different nuclei are
better resolved and nuclei with low gyromagnetic ratios can b
observed also when the hyperfine interactions are srall (
10). For example, the notorious overlap between strongly cot
pled **N and weakly coupledH (11), which often prevents the
application of proton ENDOR for structural studies at X-band.
does not exist at high frequencies. Furthermdk ENDOR
becomes less problematic, compared with X-band, because t
signals appear at significantly higher frequencies, around 2
MHz, which is much more convenient experimentally2);
The wider spread of powder patterns governed by small
anisotropies allows orientation selective ENDOR experiment
(13, 19. In high spin systems, high order effects that increas
inhomogeneous broadening are significantly reduced, impro
ing the resolution of the EPR spectrum and thereby facilitating
ENDOR measurementd ). Finally, the large thermal polar-
ization achieved at high magnetic fields and low temperature
allows straight forward determination of the signs of the hy-
perfine couplings and the zero field splitting (ZF$) (15, 16.

We have shown that routine low temperature (4-5 K) W-
band'H and °H pulsed ENDOR measurements of paramag
netic transition metal sites in a variety of systems such a
frozen solutions and single crystals of metalloproteins, trans
tion metal substituted molecular sieves, and encapsulated col
plexes in zeolites, are possiblé, (L5, 17, 18 Although the
frequency range of many different types of nuclei are well
apart at W-band, we still face the problem of congested spectr
especially for protons. The congestion is due to overlappin
signals arising from different protons, different EPR transition:
(in the case o6 > 1 system) and/or different EPR centeis$y)

The rapid development of high field EPR in the past fe@ne approach to simplify spectra and assign signals is isotop

years resulted in an increasing number of applications whigheling. This, however, is not always simple and require
clearly show the advantages and the new possibilities it offefgnsiderable synthetic efforts. It is, therefore, necessary
(1-3. Itis only natural that the developments in high field EPBeyelop experiments that will enhance resolution and facilitat
paved the way for high field electron-nuclear double resonanggna| assignment.

(ENDOR) and the construction of several pulsed ENDOR Tyo-dimensional (2D) spectroscopy is a significant advanc
spectrometers operating at 95 GHz (W-bar#h-@ and 140 iy this direction since it provides spectral correlations, an
GHz (D-band) {) have been described. Although the numb&tnhanced resolution due to the spread of the spectrum into
of the reported high-field ENDOR applications is still smallgacond dimension. An excellent example is the 2D hyperfin

L On leave from MRS Laboratory, Kazan State University, Kazan, 420008Ublevel correlation (HYSCORE) experimed®), which has

Russian Federation. revolutionized the field of electron-spin echo envelope modu
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FIG. 1. (a) The pulse sequence of the TRIPLE experiment. (b) Energy-level diagrantSfer Acoupled tol ;, I, = 1 with hyperfine couplings o4, and
a,, wherev, > a,, a, > 0. The first, second, and third diagrams show the evolution of the energy levels population during the TRIPLE experiment when F
RF,, RF, and RFE, affect nuclear transitions in the sarive; manifold, and different manifolds, respectively. (c) ENDOR spectrum (top), TRIPLE spectrul
(middle) and difference TRIPLE spectrum (bottom) for /et to the lowest frequency peak in the ENDOR spectrum. (d) 2D difference TRIPLE spectra
a, > 0,a, > 0anda, > 0,a, <0.

lation (ESEEM) spectroscopy. In this experiment correlatiometic center and the saméds manifold can be obtained by
between nuclear frequencies belonging to diffeddiatmant extending the 1D pulsed TRIPLE experiment into two-dimen:
folds of the same paramagnetic center are obtained. Anot@mns, as introduced in the present work.

example is the complementary 2D DONUT-HYSCORE exper- The TRIPLE experiment (also referred to as double
iment which provides nuclear frequencies correlations withinENDOR) was first designed in the continuous mode (CW) fol
particularM s manifold 20). A 2D experiment that combinesdetermining relative signs of hyperfine coupling consta?. (
time domain ENDOR and the electron-spin echo envelofitavas initially applied to solid samples and then to liquids)(
modulation (ESEEM) phenomenon is the chirp ENDORFhe pulse mode analog of the TRIPLE experiment, shown il
HYSCORE experiment which provides correlations of nucle&ig. 1a, was reported by Mehring and coworke2é)( The
frequencies belonging to differeMls manifolds @1). This Mims-TRIPLE variant of the experiment has been applied a
experiment is advantageous in the case where nuclear traXsband for the assignment of exchangeatiein [3Fe—4S]
tions are easily excited, and for spin systems with weak farhusters 27). Another example of a TRIPLE application is the
bidden EPR transitions. The HYEND (Hyperfine-correlatemhvestigation of the heterogeneity and nuclear longitudina
electron-nuclear double resonance) experiment is another elaxation rates of radicals in polymeiag].

ample of a 2D experiment that correlates the hyperfine split-The mechanism of the experiment is illustrated in Fig. 1b or
tings with the ENDOR frequencie®?). The two last experi- a simple system of one electron spf= 3, coupled to two
ments require the application of nonselective microwawve nuclei, |, |, = 3 with hyperfine couplings, anda,, where
pulses, which is somewhat problematic with current state of tiie > a, > a, > 0. The ENDOR spectrum of such a system
art high field ENDOR spectrometers due to their limited midFig. 1c, top) consists of two doublets, centered at the nucle:
crowave power. Another recent example is the ENDORarmor frequencyr,, with splittings ofa, anda,. The first
ESEEM correlation experimen28). In ENDOR spectroscopy, microwave (MW) -pulse selectively inverts the populations
correlations between signals belonging to the same paramafjone of the EPR transitions and the application of the MW
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7/2-w-detection sequence after a timgenerates an echo withtemperature over a period of a few days generated crystals. T
a negative polarity. The application of a RFr-pulse, on sample that was used for the measurements was not a sin
resonance with one of the ENDOR transitions in Me = 3  crystal but contained a few fused crystals with slightly different
manifold, inverts the populations in the corresponding NMRBrientations of their crystallographic axes.

transition (Fig. 1b, left). This equalizes the populations of the

energy levels of the EPR transition selected by the Mllse Spectroscopic Measurements

and results in a zero intensity echo. A second®Rpulse with
a frequency RFalters the echo intensity when (i) Ri on Pulsed ENDOR and TRIPLE measurements were performe

resonance with any other ENDOR transitions in the oth&f W-bPand (94.9 MHz) on a home built spectrome@rtSK.
manifold,Ms = —3, that has a common energy level with thd he ENDOR probehead was similar to that described earlie
selected EPR transition (see Fig. 1b, right), or (ii),R&on (6) with the exception of a new RF coil (saddle coil with 20
resonance with the ENDOR transition selected by the first RENS instead of 2 4) optimized for measurements in 5-40
pulse, i.e., RE = RF, (Fig. 1b, middle). In case (i) the echoMH?Z frequency range and with a reasonable RF fiBlg, for
intensity will change from “zero” to a positive echo, whereas i1 frequencies (135-155 MHz). With full power of the RF
(ii) a negative echo will be generated. Sweeping the frequen@Plifier (3kW pulse) and a unmatched RF circuit with 50
of the RF; pulse produces the TRIPLE spectrum shown in Fig€"Mmination, typical durations of Rir-pulses were 23s for

1c (middle). Subtraction of the TRIPLE spectrum from the /" Cl (at 24 MHz) and 25us for 'H (at 140 MHz), as
normal ENDOR spectrum produces the difference TRIPLEEtermined from Rabi oscillations of the corresponding
spectrum, which shows only the ENDOR lines that belong foNPOR lines in the Cu-His spectrum. _

the sameM s manifold as that selected by the Rpulse (Fig. All reported experiments were carried out with I\/MQ and
1c, bottom). In the 2D TRIPLE experiment both Réhd R~ ™ PUISEStuw 2 @andtuw,., Of 0.1 and 0.2us, respectivelys

are swept. The 2D difference TRIPLE spectra for the cases delays of 0.35us and repetition rates of 142 Hz. The field-
a,> 0 (a, a, < 0) anda, > 0,a, < 0 (a, < 0,a, > 0) SWeep echo-detected (FS-ED) EPR spectrum was record

using the two-pulse echo sequence and a magnetic field swe
tate of 0.0016 TS. The RF pulse length in the Davies—

which demonstrate the feasibility and effectiveness of tiidVPOR and TRIPLE experiments was optimized according t

experiment. The measurements were carried out on a crystallf nucleus of interest. In 1BH ENDOR experiments 601
Cu** doped.-histidine HCI- H,O (Cu—His). The space groupP0Ints were sampled with an RF incremeARF, of 0.022

of the crystal isP2,2,2, and two CGd" ions, located in two MHz and 1D “N/*Cl ENDOR spectra were recorded with
different, symmetry related, crystallographic sites contribute fRF = 0-035 MHz and 251 points. Two-dimensional data set
the EPR and ENDOR spectr2d). This system has been aflwad 301 points in théH frequency domain and 201 points in

4 35 H H _ _
subject of many investigations and the hyperfine and quadrdy/ C! domain withARF = 0.044 MHz andARF = 0.035

pole tensors of the coupled nuclei have been determintfiz; respectively. The delayT, between the two RF pulses
(29, 30. The C* ions are coordinated by two histidine mol was 1us. For each point in the 2D experiment 3 shots were
ecules through their amino and imidazole nitrogens, respé¥eraged.

tively. In addition, it is coordinated to a third histidine mole- . )

cule through its carboxylic oxygen, and to a water moleculgata Manipulation

and two chloride ions. This coordination structure leads t0 a1,o-dimensional difference TRIPLE data were treated us
congested and complicated ENDOR spectrum as it consist§f the Bruker WINEPR software. Baseline correction was
lines arising from two strongl)r/fcouple]dl\! nuclei (amino and ¢4rieq out for each slice in both dimensions. This procedure
imino), a number of protons antCl nuclei. The 2D d|ffer§nce equivalent to the subtraction of the ENDOR spectrum (sinc
TRIPLE spectra provided both homonucledi—"H and "N/ the TRIPLE spectrum obtained by sweeping,Rfith RF,
$CI-N/*Cl, and heteronucleaH—"*N/**Cl correlations from ; : -
NN a5 - ' " off-resonance is equivalent to the normal ENDOR) and yield
which *H, *N and*Cl signals belonging to two Cu centers the inverted difference TRIPLE spectrum. The final step wa

were resolved and identified, and the relative signs of thejfiiplication by —1 to obtain positive signals, as shown in
hyperfine couplings were determined. Fig. 1c.

are presented in Fig. 1d.
In this work we present W-band 2D TRIPLE measuremen

Simulations
EXPERIMENTAL

A computer program was designed to simulate ENDOR an
Sample Preparation 2D TRIPLE experiments. Since the purpose of the preser
work is to demonstrate the method, we considered the simple
0.5% mol CuCJ were added to an aqueous@solution of case, an electron spiB,= 3 coupled ton nuclei (protons) with
1

98% L-histidine HCI- H,O (31). Slow evaporation at room spin | = 3 The first-order ENDOR frequenciesy,,,
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| connectivities of each signal. For example a comparison wit
Fig. 1c shows that peaks connected with single and doub
dotted lines represent signal that belong to diffefditman
ifolds of one center, whereas the peaks connected with sing
and double dashed lines belong to differbht manifolds of a
second center. As there are no correlations between dashe
and dotted-marked peaks, they are assigned to different ce
ters.
The analysis of the 2D spectrum revealed the presence
four sets of peaks (two different sites with tWwbs manifolds
in each) with correlations among them but not between then
300 ' 305 ' 310 Fifteen doublets were assigned to center | and 8 to center |
Magnetic Field, T Out of the 15 protons of center I, 7 have a hyperfine couplin
FIG. 2. The W-band FS-ED EPR spectrum of a Cu—His crystal placed )ﬂith the same sign and 8 with the opposite sign. In center |,
an arbitrary orientationt(y = 0.1/0.2us, 7 = 0.35us, T = 5 K). The arrow  Protons have the same sign and 4 the opposite sign.'fihe
marks the magnetic field at which ENDOR and TRIPLE experiments wemeaks in the ENDOR spectrum depicted in Fig. 3a marked b
performed. open and solid symbols represent centers | and Il, respectivel
whereas triangles and circles are used to distinguish line
belonging different manifolds. The relative signs and magni
Vay o+ Vany Vpyr Vg, - - Vg, IN the Mg = =3 manifolds, tudes of the'H hyperfine couplingsa;, of all these protons

denoted byx and 3, are @2) were used to simulate the ENDOR spectrum shown in th
bottom of Fig. 3, and the 2D difference TRIPLE spectrum

a; a; shown in Fig. 4b. The agreement between the experimental al

Vaji = ‘ —nt j‘ v Vi T ’ T j’ ' [ calculated spectra is very good. The contour level cut off wa

set well above the noise level therefore some peaks are missi

wherev, is the nuclear Larmor frequency aagdis the hyper from the experimental spectra.
fine splitting of nucleus. Cross peaks in the 2D difference The ENDOR signals of théH (I = 1), “N (I = 1), and
TRIPLE spectrum appear at(, v.,) and (g, vg), where the

indicesi andj assume all possible values between hidhe

cross peak pattern is symmetric with respect to the exchange@f ¢

thei andj indices and, in principle, it is sufficient to measure
only a half of the spectrum. Nevertheless in some cases, for the
sake of completeness, we measured the whole spectrum. v

RESULTS

The EPR spectrum of a single crystal of Cu—His should
exhibits two quartets, corresponding to the two crystallo-
graphic sites 30). The FS-ED EPR spectrum of the Cu—His v
crystal we used, placed at an arbitrary orientation with respect \JU
to the magnetic field, is presented in Fig. 2. It exhibits more
than 8 lines, thus indicating that the sample is not a single
crystal but contains one or two additional crystals. The EN* ‘ ‘ ‘ i

| \‘i ‘ | ‘ W

DOR and TRIPLE measurements were carried out at 3.0335 T,
where signals of at least two different €wcenters overleap.
The 'H Davies ENDOR spectrum, shown in Fig. i3, very
congested and exhibits a total of 2Bl doublets, centered
around the'H Larmor frequency,y,, = 129.14 MHz. For  FIG.3. (a) The W-bandH Davies ENDOR spectrum of a Cu-His crystal
convenience, the frequency axis in thé ENDOR and TR  (tww = 0.2/0.1/0.2ps, 7 = 0.35us, tee = 25 us, T = 5 K, By = 3.0335
PLE spectra is given relative ta,, name|vaF — vy. The 2D T). Solid circles represent all the lines belonging to e = 3 manifold of

Ly 1 ; ; . center |, whereas the solid triangles label the lines of the dihemanifold
H-—"H correlation spectrum, shown in Fig. 4ajlows a Ms = —3%). Similarly, empty circles and triangles label the lines belonging

Stra.-ightforwa_rd grouping of the ENDOR lines accprding 6 center II. (b) Simulated ENDOR “stick’-spectrum (lines originating from
their respective centers ands manifolds by following the different centers are depicted by sticks with different heights).

.
T 1 1 T T T
-5.0 -2.5 0.0 2.5 5.0

Ver ™ Vi MHz
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FIG. 4. (a) The experimental W-band 2iM-'H correlation difference TRIPLE spectrum of a Cu—His crystal,(= 0.2/0.1/0.2us, 7 = 0.35us, tge =
25/25us, T = 5 K, B, = 3.0335 T). Forsimplicity the contour level was chosen well above the noise level. Circles are drawn around correlation peak
interest (see text). (b) The simulatéd-"H correlation difference TRIPLE spectrum.

®CI (I = ) nuclei appear in the 1-27 MHz range, as shown in 3

the ENDOR spectrum depicted in Fig. 5. All these are quadru- Vimemr = | it M@+ 5 Qi2M + 1), [2]
polar nuclei and the first-order expressions for their ENDOR

frequencies is given by3Q)

whereQ); is the element of the quadrupole coupling tensor fol
the respective orientation for nucleusThis yields, forv, >

. lai|, |Qi|, symmetric doublets centered around The fre

1 o quency ranges of the weakly coupled reméiand’H nuclei

1‘\ are indicated on the spectrum, where doublets symmetrical
| located abouvy = 9.33 MHz andv., = 20 MHz are easily
{

! a detected.
\ f }\ ” The strongly coupled’N and *Cl nuclei appear as two
\ L I \Jb J \wu groups of lines, one in the 20—27 MHz region and the other ii
the 2—-7 MHz region, corresponding to the two differég
5 manifolds. The intensities of the peaks in the high frequenc
region is significantly higher due to the hyperfine enhancemel
Vg U effect 32), which for the hyperfine values noted below is

significant even at 3 T. The Larmor frequencies‘®f and*Cl
at 3.0335 T are quite close (9.33 and 12.66 MHz, respectively
T . . . : T and their hyperfine couplings are large and of the same order

5 10 s 20 25 magnitude (V: Au, Ay, Ar = 37.7, 29.3, 28.8uHz, N;:
- Ao Ayy, A,, = 39.24, 25.92, 25.42 MHZ®CI: A, Ay,
FIG.5. The W-band Davies ENDOR spectrum of a Cu-His crystalinth@, | = 63.1, 21.03, 18.48 MHz3()). Consequently, their

¥N, *Cl, and®H frequency range. The inset shows the upper frequency reglgngnals appear in the same frequency range also at W-bar

of the spectrumt,y = 0.2/0.1/0.2us, 7 = 0.35us,tgr = 25 us, T = 5 K| 35
B, = 3.0335 T). Theregions of weakly coupled’N and *H nuclei are leading to difficulties in differentiating th&N and **Cl peaks.

indicated on the figure. The empty and solid squares label the peaks col¥éoreover, the peaks in the low frequency region originate
sponding to the samils manifold in the two different centers, respectively. from nuclei experiencing a small effective field and due to thei
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FIG. 6. (a) The 2D“N/*CI-"*N/**ClI correlation difference TRIPLE spectrum of a Cu—His crystal(= 0.2/0.1/0.2us, 7 = 0.35us, tge = 23/23 us,
T = 5K, B, = 3.0335 T). (b)'H-"N/**ClI correlation difference TRIPLE spectrum recorded with the same conditions as in (&) but25/23 us for the
'H and “N/**Cl frequency ranges, respectively. Circles are drawn around correlation peaks of interest.

significant quadrupole interaction the ENDOR frequenciasill depend on the manifold in which theH transitions take
may deviate significantly from the first-order expressionglace. If the manifold is the same as that of tHal/*Cl
given in Eq. [2], usually used for their identification. transition, peaks will appear at RE> v,,, otherwise it will
The 2D difference TRIPLE spectrum in the 21-27 MHzhow at RE < v,. Following the correlations between-se
region, presented in Fig. 6a shows that the 13 lines observegdstied peaks of group ) and group 1 (*N/*Cl), indicated
this region could be separated into the two mutually uncorrgy dashed lines in Figs. 6a, b, we conclude that (i) groups | an
lated groups of 7 and 6 lines, which correspond to the tWe and || and II, belong to the same center and (ii) proton lines
different centers, 'l and II'. Dashed and dotted lines showyarked by solid triangles in Fig. 3 originate from thie = —3

connectivities between selected lines of these groups. Sinceglifold and those marked by solid circles are fromithe=

lines thaF belong to one center exh|plt correlations W|Fh|n th|§% manifold. The same procedure was applied to groups Il an
range it is concluded that they originate from hyperfine co

plings with the same signs, in agreement with R86)( The Y (dotted lines in Figs. 6a and 6b). Accordingly, in center I, 8

1 ) = , . .
absolute sign of the strongly coupléth/*Cl hyperfine con H nuclei have positive hyperfine couplings andH nuclei

stants has been reported to be positi®@) @nd therefore the have _negatlve coupllngs. In S'te. Il, 4 protons_ have positive
“N/Cl lines in the 21-27 MHz range correspond to Mg = couplings and 4 negative couplings. The assignments of &

—3 manifold. In Fig. 5 ENDOR lines that belong to diﬁerentSignals to their _centers ards manifold_s are summarized in
groups are marked with solid (centéy &nd empty (center) 12Ple 1, according to the labels used in Figs. 3-6.
squares.

Through the'H-'H and N/*CI-**N/**Cl 2D TRIPLE ex
periments we assigned the protons signals to two centers, |, Il,

and the*N/*°Cl signals to the centers &nd II'. The remaining TABLE 1
problem is which*H and *N/*CI groups belong to the same A Summary of the Symbt_)ls QSed to Label the Assigned Peaks
center, (I, I; 1, 11") or (I, I"; 11, 1"). The right combination in Figs. 3-6
correlation can be determined by performing an hetero-nuclear " uN/EC
correlation experiment.

The *H-"N/*Cl TRIPLE spectrum, presented in Fig. 6bsite Mg = 1 Ms= —1 Mg = —1
was obtained by scanning Rfrom 21 to 27 MHz and RF
from 135 to 155 MHz. Since th&N/*CI lines belong to one :I ; ; 5

manifold, the positions of the heteronuclear correlation peaks
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SUMMARY AND CONCLUSIONS

The extension of the 1D TRIPLE experiment to 2D considS8.

erably simplifies the assignment of congested ENDOR spectra

and allows straight forward differentiation between ENDOR
peaks belonging to different paramagnetic centers kihd

manifolds. Carrying out the experiment at high fields has theg
additional advantage that different types of nuclei, are well
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double resonance (ENDOR) at 140 GHz, J. Magn. Reson. 138,
232-243 (1999).

M. T. Bennebroek, O. G. Poluektov, A. J. Zakrzewski, P. G. Bara-
nov, and J. Schmidt, Structure of the intrinsic shallow electron
center in AgCI studied by pulsed electron nuclear double reso-
nance spectroscopy at 95 GHz, Phys. Rev. Lett. 74, 442-445
(1995).

J. W. A. Coremans, M. V. Gastel, O. G. Poluektov, E. J. J. Groenen,
T. D. Glaauwen, G. V. Pouderoyen, G. W. Canters, H. Nar, C.

separated. The experiment was demonstrated on a crystal offamman, and H. Messerschmidt, An ENDOR and ESEEM study of

Cu** I-doped histidine where homonucledH—"H and “N/
*CI-"N/**Cl and heteronucleatH—"*N/**Cl correlations were
obtained.

Based on the recent development of high frequency ENDOR
which is highly sensitive to size limited samples, it is expected
that more single crystal studies on proteins and other size
limited crystals will become plausible and the 2D TRIPLE
experiment will be very useful for spectral editing and assign-
ment. In principle, the 2D TRIPLE experiment should be verd?:
useful also for orientationally disordered systems, provided
that the number of coupled nuclei is relatively small. It can b
useful in determining whether features in a powder spectrum
indicate the presence of different nuclei or are merely due to
singularities of the powder pattern attributed to the same nu-
cleus. This is particularly important in orientation selective
experiments where the shape of powder pattern is not kreowa4-
priori. Furthermore, the correlation patterns observed should
provide the relative orientations of the hyperfine interaction of

the nuclei involved. 15
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