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A four-pulse version of the pulse double electron—electron res-
onance (DEER) experiment is presented, which is designed for the
determination of interradical distances on a nanoscopic length-
scale. With the new pulse sequence electron—electron couplings
can be studied without dead-time artifacts, so that even broad
distributions of electron—electron distances can be characterized.
A version of the experiment that uses a pulse train in the detection
period exhibits improved signal-to-noise ratio. Tests on two ni-
troxide biradicals with known length indicate that the accessible
range of distances extends from about 1.5 to 8 nm. The four-pulse
DEER spectra of an ionic spin probe in an ionomer exhibit fea-
tures due to probe molecules situated both on the same and on

netic resonance) methods, the accessible distance range cal
easily extended to several nanometé&slQ).

In amorphous solids, inhomogeneous broadening of the EF
spectra hides the smaller electron—electron interactions, so tl
long interradical distances can only be studied by separatii
this interaction. One approach is to measure the relaxatic
timesT, andT,, as the dipolar coupling accelerates longitu-
dinal relaxation and decreases the phase memory times
This method has, for instance, been used for determinir
distances in spin-labeled iron porphyrirsl). A more direct
access to dipolar couplings is gained by double resonan

different ion clusters. The former feature provides information on
the cluster size and is inaccessible with previous methods. © 2000
Academic Press

Key Words: EPR spectroscopy; DEER; biradical; electron spin
echo; distance measurement.

methods as 2+ 1 (12), double electron—electron resonance
(DEER) (13), and multiple-quantum EPRL4, 15. In particu-
lar, the three-pulse DEER experiment has been used to me
sure the electron spin—spin interactid®¢19 in a number of
systems in order to determine interradical distances.

Unfortunately, the dead time inherent in three-pulse DEEI
experiments prevents one from reliably recording the signal «
broad electron—electron coupling distributions. To overcom
this problem we propose here a four-pulse version of the DEE

The determination of distances in disordered solids is ekperiment. To improve sensitivity, the detection period can k
fundamental interest. Structure—function relationships of biextended by additionalw/2 pulses forming a pulse train
logical systems can often be understood only if the distand@9, 21). The new sequence has been tested with two nitroxic
between functional groups are know).(Similarly, one needs biradicals of known length. The determined distances are
information on the size and shape of nanoscopic structigeod agreement with previous work or model calculations, ar
elements in polymers, such as, for instance, ionic multipletstime Pake-type spectra of the dipolar coupling patterns could |
ionomers, to understand their propertigs3). For such mate- obtained. The advantage of the new sequence of being able
rials the application of classical scattering techniques is limitedeasure broad dipolar spectra is demonstrated for a polyn
due to the lack of periodic structures. However, magnetitystem, a modified poly(isoprene) (Pl) with an ionic endgrou
resonance methods for measuring distances require only Idcaileach chain (ionomerR@, 23. The chains form ionic clus-
order, as they are based on short-range magnetic dipole—digels as the ammonium end groups aggregate, and an ionic s
interactions. Since the advent of the spin echo double regwebe can be attached to them. Both the cluster size and t
nance 4, 5 experiment, such methods have gained consid@luster-to-cluster distance can be obtained with the four-pul
able importance in nuclear magnetic resonance (NMR) studi2EER experiment in this situation.
of powder samples and disordered solifls (

A new field in distance determination has been opened
recently by introducing multiple-quantum experiments that can
determine proton—proton and carbon—proton distances withinin the following discussion, a system consisting of twc
functional groups as well as connectivities between theefectron spinsS® = 3 andS® = 1 with electron Zeeman and
(7, 8. However, NMR methods are typically sensitive to diselectron dipole—dipole interaction between them is considere
tances smaller than 1 nm. By using EPR (electron paramddie spins which possess the resonant microwave (mw) fr
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a appears at tim¢ = 1 referred to the position of the pulse
(t, = 32 ns) at frequency,,,. The advantage of this new
/L sequence is that it is a constant time experiment, where ad
Sa— 5T T— tional relaxation effects can be excluded and the comple
n electron-coherence pathway is symmetric, shown in Fig. :
e [ which is a well-known principle of designing pulse sequence
in NMR; see, for example, the development of the NMR
t 2D-exchange pulse sequences for detecting motional proces
b (24). In contrast, the maximum time domain signal in the
three-pulse experiment appeard at 0. This time is experi-
mentally not accessible because of the finite length of the m
pulse. Distortions of the signal occur as long as the pulse on t
Vi second frequency overlaps significantly with the falling edge c
the pulse on the first frequency. This leads to dead times
about 64 ns for a loade@ valueQ, ~ 100 of the resonator.
T 27— T 2t 2t 2t T Therefore the important first data points are lost in the thre
pulse experiment.
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Ve H Comparison with the HYSCORE Experiment

t, Due to pulse imperfections and a partial overlap of th
FIG. 1. Pulse patterns for dead-time-free DEER. (a) Four-pulse pEggXcitation bands of pulses af,,, andv,,,, the DEER sequence

The timet between the second and third pulse of the sequence is incremerfté! also act as a HYSCORE expe.riméi‘ﬁ-(Z“/). HYSCORE
in steps of 8 ns. (b) Pulse-train DEER. measures nuclear frequencies which are about 14.8 MHz f

weakly coupled protons at a static field®f = 345 mT. The
main difference between the two experiments is that th

quencyr,,.. will be named A spins and the ones which posse$Y SCORE experiment measures the modulation ofste-

the resonance frequenay,,, will be named B spins. ulated echowhile the four-pulse DEER experiment observes
the modulation of theefocused ech@&ince the refocused echo
Four-Pulse DEER Experiment and the stimulated echo appear at the same time using the r

) pulse sequence described here, the HYSCORE signal is ¢
The pulse pattern of the four-pulse DEER experiment i$.eq in our measurements, too. This additional modulatic

shown in Fig. 1a. At frequencyn., & refocused Hahn-echocq, gignificantly distort the desired four-pulse DEER signa
sequence is applied. In the vector picture of rotating frame, tB%rtunately, there is a way for suppressing the HYSCOR
first m/2 pulse ¢, = 32 ns) turns the magnetization of the Agigna| The HYSCORE formula26, 27 shows that there are
spins into thexy plane, so that the magnetization evolves undgfing spots which can be induced by a suitable choice of t+
both the dipoIeripoIe interaction.and. the resonance off$&lolution time between the first and the secar@ pulses.
Aw, of the A spins. After an evolution time of typically =  his approach proved to be more efficient than using pha:
1000 ns the followingr pulse ¢, = 32 ns) leads to an echoyjing to separate the stimulated and refocused echo. This
formaugn attime 2. The resulting eleqtron spin echo (ESE) i%0ssibly because there are also other pathways that lead
shown in Fig. 1a (dotted echo). The finalpulse ¢, = 32 nS) clear modulations and cannot be suppressed by phase
at frequencyvm., is applied after an evolution timeafter the  cjing hut exhibit similar blind spot behavior. For instance.
ESE and leads to a refocusing of the A spin magnetization gfciear modulations have also been observed with the 2

time 7 after the last pulse. o N sequence?d). If it is possible to excite the dipolar spectrum
The dipolar interaction can be studied if an additiomal

pulse ¢, = 32 ns) at the second irradiation frequengy, is
inserted between the twa pulses at irradiation frequency

. . h . . h 12 T
vmwt; S€€ Fig. 1a. This pulse is applied at the variable tirzed (n2)y, (M, (M, (T,
affects only the B spins. The inversion of these B spins leads
to a change of the local magnetic field at the A spins. As a

result, the refocused ESE is a coherence transfer echo, whic P=0
oscillates with the dipolar coupling frequency due to the vari-
able time of flipping the B spins. In contrast to the three-pulse p=-1

DEER experiment which lacks the first pulse inv,,,, the T t 2t T
maximum of the time domain signal can now be observed; it FIG. 2. Coherence pathway of the four-pulse DEER experiment.
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with long mw pulsest, = 40 ns), the proton modulation can wag = Wgip(3 COS s — 1), [3]
be completely avoided, as the modulation occurs only for mw
pulses with sufficient excitation bandwidtR9). where the dipolar coupling frequenay, is
Dipolar Modulated Echo Train 5
) ) . . ) nedads 1
The signal-to-noise ratio can be improved by applying a new Waip = "5 3 (4]

pulse train sequence for detection; see Fig. 1b. Each of the
multiple echoes exhibits the desired dipolar modulation. The _
coherence pathway for the pulse train is the same as for HH{8€rexs is the Bohr magnetory, andge are theg factors of

four-pulse DEER experiment just until the third mw pulse atpe respective electrom,g is the electron—el_ectro_n distance,
frequency .., is irradiated. This pulse also acts likersz @Ndfas is the angle between the dipolar axis which connect

pulse and stores magnetization in longitudinal direction, sinf& 10Ci of both electrons and the magnetic fidld. The
off-resonance effects lead to a flip angle distribution. THEPerment can be explained by using the rotating frame pi
longitudinal magnetization is now amplitude modulated witff"®: In which the Hamiltonian for spin A is written as
the dipolar coupling frequency with respect to the position of
the 7 pulse at frequency,,... The nextr/2 pulse (fourth pulse beer = AwaS) + wsS,SE, (5]
at frequencyr,,..) transfers this magnetization back to trans
verse magnetization, which results in the formation of a stimishereAw, is the resonance offselw, = ws — Oy, ANAdW,y,
ulated echo. Each followingr/2 pulse is acting in the sameijs the mw carrier frequency. Only the terms which affect the £
manner; it changes longitudinal magnetization into transversgins need to be considered, since any coherence of B sp
one and generates an echo. At the same time, it stores bgekerated during the pulse sequence does not contribute to
transverse magnetization to longitudinal one, which can agajignal. The dipolar interaction leads to a splitting of eacl
be recalled by the laterr/2 pulses. This was checked bytransition with the A spin frequencies, = Awa = iwas. The
interpulse delays for which the refocused echo and the stinfiist 7/2 pulse generates electron coherences evolving ajjth
lated echo were separated. Accordingly, the echo train decaygiw,, respectively. The followingr pulse leads to an inver
with a time constant closer to the longitudinal relaxation timejon of the evolving electron coherence, but the decisive pul:
T, than toT,. As every echo is modulated with the dipolais the 7 pulse at mw frequency,.., at the variable time. An
coupling frequency, the gain in signal-to-noise ratio is given dlectron coherence transfés induced by thisr pulse and the
electron coherence formerly evolving witky andw, evolves
(SIN)pr (21 1,\ Y2 after this pulse withw, or w,, respectively. The finadr pulse
(SIN), = ( ) ' 1] at frequencyw,,, induces again an inversion of the phase o
the electron coherence which leads to an electron spin ect
This refocused echo appears at time(dee Fig. 1a) and its
phase is given by

Iy

wherel , is the intensity of the first echo andis the intensity
of the nth echo.

OAT — 0pt — wA (27— 1) + wiT

= *twpg(T—1). [6]

MODEL SYSTEM e(47)

The theory of the conventional three-pulse DEER experi-
ment has already been described in some detail by Mitad. _ . _ _ .
and Larseret al. (13, 16§. We use the formalism of Pfanne-For the echo intensity, normalized to the intensity at =, we
beckeret al. (18) for understanding the new pulse sequencénd
For simplicity, we restrict our consideration to an isolated
electron—electron two-spin systeBf = 3 andS® = 3. The I(t) = cofwas(T — 1)), [7]
considered interactions are electron Zeeman interaction and
dipole—dipole interaction between the two electrons. The Hams_  a modulation with the dipolar coupling.

iltonian in the high-field approximation in angular frequencies |, g powder sample the dipolar coupling frequensys

for this system is varies according to the orientation of the dipolar axis, so th:
the expected dipolar spectrum is the Pake spectrum. Obser
H = 0aS; + weS? + wasS;'S], [2] tion of the complete Pake pattern would require that spins at ¢

angles between the dipolar axiand the magnetic fielB, can
wherew, andwg describe the resonance frequency of the spbe excited, which may often not be the case (see below). T
species A and B ana,g the dipolar coupling between them four-pulse DEER spectrum obtained by Fourier transform c
given by the time domain signal, however, always exhibits the singt
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larities of the Pake pattern, from which the electron—electrc T T T T
distance can be determined. Nitroxide Spectrum Excitationatspec-
Not only the coupling of the intramolecular neighbors withir i
the same biradical contributes to the DEER signal. In additio
the coupling between the observed electron spin and eve
other electron spin in the sample must be taken into accou
The electron—electron distances for this intermolecular cont
bution are usually statistically distributed, and this leads to
damping of the signal. For a homogeneous distribution ¢

tral position v_

08 |

radicals, this part can be written as = os F i
_ <
|imerm0,(t)—eXF(—kCFB|T—t|), 8 — Excitationatspec-
. 2 tral position V,
with 04 1
=
4
=
K= 871 EonUals [9] —
9\"@ ﬁ ' 0,2

where C denotes the concentration of the unpaired electrc
spins and-g is the fraction of electron spins excited by the mw
pulse at frequency,,,.. (30). This contribution to the decay is o0
called instantaneous diffusion and can at least partially |
suppressed at the expense of the signal-to-noise ratio by dil

ing the sample. The four-pulse DEER time domain signal o N8 g0 B 0 ® T s
then given by Frequency Offset [M H z]

FIG. 3. Excitation profiles of the mw pulses within théN-nitroxide
I DEER — I intramolI intermol spectrum.

=Co —t))exp(—kCFRg|T — t|), 10 . . . .
Lwps(T — 1) XN o7 = 1) [10] shape function. For the B spins, the excitation function accor

so that in the spectrum the peak@fs is convoluted with a ing to the singler pulse of duration &, is (33)

Lorentzian line of width about 0.3 MHz (FWHM) for typical
experimental conditions. In biradical samples there is also an —

: . fo(Awg)
unmodulated part due to those radicals where the second ni-
troxide moiety is outside the excitation range of the pulses at , i _
Vawe- This would lead to a strong peak at zero frequency. TH$th oo = (Aws + i)™ andAws is the resonance offset of
peak can be removed by fitting and subtracting the exponentfa@ B spins. These excitation profiles are shown in Fig. 3. TF

;0;) Sinz(weﬁtp)g(AwB)! [12]

e

(see Experimental). difference of the two mw frequencies, and wg should be
sufficiently large so that the excitation profiles have almost n
EXCITATION PROFILES spectral overlap. Otherwise unwanted magnetization pathwa
can lead to artifact signals.
The rectangular mwr/2 andw pulses of duratiom, and Z,, The knowledge of these excitation functions and their spe

respectively, excite only a part of the EPR spectra. For eairhl position together with the resonator bandwidth allows on

pulse sequence the excitation profile can be calcul&gd3?. to calculate the range of anglég,. through which radical

For the A spins, the excitation function of the refocused eclimgments are excited. The anglg is here the angle between

pulse sequence is a perpendicular of the C—N-C plane of the radical fragmer
and the magnetic fiel®,.

5
w1 .
fa(Awy) = (w ﬁ) Sin*(wegt,) g(Aw,), [11] NUMERICAL AND ANALYTICAL CALCULATIONS

e

With @, = (Aw? + ©2)", whereaw, is the field strength of the '\Umerical Simulation

mw pulse,w, is the resonance frequency of the A spins; is Simulations of DEER traces were done by dividing the
the effective nutation frequency, agfAw,) is the EPR line whole sequence into parts with time-independent Hamilton
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ans, so that the evolution of the density matrix for each paatica, SOME35), was used that implements product oper

could be expressed hy ator formalism. The analytical result for a two-spin systen
after applying the four-pulse DEER sequence is
—idJtt i Fet
o(t) = eXp{ ﬁ} o(t= O)eXp{ﬁ}' [13] | 4ppEER = cod wpp(2t — 37 + 1)/ 2), [15]

For calculating the evolution of the density matrix of the spiheret is the time as indicated in Fig. 1 andis the time after

system, the software package GAMMA4j was used. An the lastm pulse of the sequence. Therefore, the observed ec
anisotropic dipole—dipole interaction was assumed for a twand not only its envelope is modulated with the dipolar cou
spin systen8" = $ andS® =  with the Hamiltonian shown in Pling frequencyw,s. Care must be taken in recording the
Eq. [2]. The evolution during the mw pulses was described tjgnal, as the width and position of the integration boxca

the Hamiltonian influence the observable coupling frequencig6),(as earlier
found for nuclear modulations. For the casetpf= 1, the
Hﬁﬁ.f;‘e: ;S + Hbeen [14] former equation reduces to Eq. [7].

wherew; is the field strength of the mw pulse, indicates at EXPERIMENTAL

which mw frequency the pulse is irradiatedjndicates the
affected spin (A or B), andl indicates the axis around which
the spin is turnedX, y, or z). The density matrix was calcu- The four-pulse DEER measurements were performed on
lated for each position of the pulse at frequency,,.,, the modified Bruker ESP380E X-Band Fourier transformatior
resulting signal for, e.g., magnetization i direction was spectrometer. The second frequency was fed into one chan
obtained according t¢S}) = trace {cS}}. of the microwave pulse forming unit. An HP-86290B RF
In addition, the simulation considers orientation selection plug-in module in an HP8350B sweep oscillator (2.0-18.!
the powder averaging due to the excitation profiles. The m@&Hz) was employed as the source for the second frequent
pulse selects certain values of the an@lg.. Usually, 6c\c is  The output mw of the HP86290B plug-in module was in-
different for each of the two radical fragments due to thereased by an amplifier from Miteq (AMF-5S-8012-18). A
conformation of the molecule. For rigid biradicals, the oriercommercial electron nuclear double resonance resonator fr
tations of the two radical sites are correlated with the inteBruker (EN4118X-MD4) was used as a probehead, which we
radical vector that includes the anglg; with the magnetic overcoupled for obtaining a broad resonator resonance lin
field axis. The selective mw pulses irradiate only near-resondrite correspondingly loweD, value (about 100) leads to a loss
spin species, which leads to a selection of nitroxide radical signal. However, handling a single-mode mw resonatc
orientations. Which distribution of anglék, is selected by proved to be more convenient and reliable compared to
the excitation profiles is determined by the spectral position bimodal resonator used befor&8]. In contrast to previous
the excitation profile within the EPR spectrum. For a biradicatorks, the position of irradiating the A spins is now located ir
conformation where the C—N-C planes of both radical fraghe left shoulder of the nitroxide spectrum; see Fig. 2. Accorc
ments lie in the same plane, the effect of thg. selection for ingly, the number of flipped B spins is increased and therefol
each radical fragment leads to a distorted Pake spectrum,tls® modulation depth and the signal-to-noise ratio are ir
that high coupling frequencies-Quy,) are not observable. On creased. The resolution of the four-pulse DEER experime|
the other hand, radicals with angle= 90° are almost always depends on the length of the constant time interval @hich
excited, so the typical singularity of the Pake spectra alwaysturn necessitated a measurement temperature=ofl’s K to
appears and the electron—electron distance can be determieedure that enough signal was left despite phase relaxation
The dipolar spectrum is obtained by Fourier transformationa period of 4r. The choice of a difference of 60 MHz between
The results show that the four-pulse DEER experiment mattee two microwave frequencies enabled us to work with
faithfully than the three-pulse DEER experiment reproducaggle-mode resonator yet still excite transitions of the twi
the orientation-selected Pake spectrum because of avoidmigoxide moieties selectively.
dead-time artifacts. This also indicates that the new four-pulse
DEER can characterize distributions of the dipolar interactiof®fample Preparation

EPR Measurements

Two biradicals have been studied, the biradical 2,6
bis[(((2,2,5,5-tetramethyl-1-oxypyrrolin-3-yl) carbonyl) oxy)-
Calculations of DEER traces were done by using the produattrachinon (see Fig. 4, compoudd synthesis described in
operator formalism and calculating directly the appearing cortt6)), and an additional nitroxide biradical; see Fig. 4, com
mutators. For this the pulse sequence was divided into partspasind 3b. A rigid biradical 2 studied earlier 19) is also

discussed above. An extension for the software package Maiticluded.

Analytical Calculation
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Synthesis of Biradical 3b

To a cooled (ice bath) solution of 3-carboxy-2,2,5,5-tetra
methylpyrroline-1-oxyl 88) (219 mg, 1.19 mmol) in dry THF
(10 mL) were added subsequently dry pyridine (0.2 mL 2.
mmol) and oxalyl chloride (0.1 mL, 1.16 mmol). After 1.5 h at
room temperature, the turbid reaction mixture was coole
again with an ice bath an8a (130 mg, 0.27 mmol) followed
by 4-N,N-dimethylaminopyridine (30 mg, 0.22 mmol) was
added. The reaction mixture was stirred at room temperatu
for 28 h. It was quenched wit2 N HCI at 273 K and the
product was extracted into diethyl ether. The combined organ

phases were washed with saturated aqueous NaCl and dr
3 (MgS0,). Chromatography [neutral aluminium oxide S (Riede
de Haen), diethyl ether] gave biradi@& (111 mg, 50%) as a
yellow solid. Crystals for X-ray analysis were obtained by
recrystallization in ethanol containing a small amount of ethy
acetate. The structure as obtained by X-ray crystallography
shown in Fig. 5. NMR spectra were recorded on a Bruke
AMX-300 MHz at room temperature in CRCl,. '"H NMR: § =
0.92 (6 H), 1.38 (15 H), 1.74 (4 H), 2.86 (4 H), 7.21 (very
broad, 4 H), 7.42 (2 H), 7.63 (4 H); all signals are broad an
structureless:’C NMR: 8 = 13.2 (CH,, 22.0, 28.5, 30.0, 31.1,
and 33.4 (5 CH), 87.9 (C), 92.3 (C), 120.7, 121.6, and 121.¢
(3 CH), 131.7 (CH), 132.0 (CH), 141.8 (C), 148.4 (broad; C)
The substitution degree of carbon (C, CH, CHKCH,) was
determined by a DEPT experiments,84,0¢N, (811.1): FD-
MS: m/z = 810.5 (100%).

4 5

HyC” CH3

RESULTS AND DISCUSSION

. . _ Model Compound
FIG. 4. Investigated systemd., 2, and 3b are rigid biradicals4 is an

ionomer (left) to which the spin prob (right) was added. Biradical 1 was used as a model compound because of i
known end-to-end distanc&®, 18. This sample was also used
The monoradical TEMPO was used for comparison. Afbr determining the optimum experimental conditions. Its four
radicals were mixed into poly(styrene) with a molar fraction gbulse DEER signal at 15 K is shown in Fig. 6a. The amplitud
10°° referred to the molecular weight of the poly(styrenenodulation corresponds to the intramolecular electron—ele
monomer (104 g/mol). Diluting radicals into a suitable polytron coupling and reflects the electron—electron distance, whi
mer serves to increase the lifetime of the radicals, as motiotlaé exponential decay corresponds to the intermolecular co
processes are hindered and no oxygen can penetrate glireg of electrons located at different molecules. The intermc
sample. lecular part was eliminated by fitting the exponential decay ar
For demonstrating the accessibility of broad distance distgubtracting it. This method has been shown to work mor
butions, an ionomer system was used. A poly(isoprene) cha@liably than division by the exponential (deconvolution) in the
was labeled with an ionic ammonium endgroup (see Fig. field of electron spin echo envelope modulation spectroscoj
compoundd4). In the polymer, the end groups aggregate ar(@9). The resulting modulation is shown in Fig. 6b.
form ionic clusters 7). 4-Carboxy-TEMPO was neutralized The size of the time domain data set was doubled by zero fillir
with KOH to give its potassium salt (see Fig. 4, compo®hd and then the cosine spectrum was obtained by Fourier transf
and5 was then added to the polym&rThis probe molecule is mation. The dipolar spectrum of compoutidsee Fig. 7a, is
built into the ionic cluster instead of one chain end, as has begmilar to the theoretically expected Pake spectrum. The sing
proved by the temperature dependence of cw EPR sp&3ra (larities which define the dipolar coupling constant and thus tr
If on average about two radicals are attached to the same iogliectron—electron distance are very well recognizable. Only tt
cluster, the size of the cluster can be determined and, “foot” of the Pake spectrum is not visible. This is due to orienta
addition, the cluster-to-cluster distance can be obtained. Bdithn selection in agreement with theoretical considerations abo\
distances exhibit a broad distribution. The spectral position and the width of the singularity is a hint t



DEAD-TIME FREE MEASUREMENT OF DIPOLE-DIPOLE INTERACTIONS 337

the unspecific decay due to statistically distributed electron spir
In our case, the small width indicates that the biradiqadssesses
only one conformation.

A very well-defined Pake spectrum has also been observ
with four-pulse DEER on a rigid-rod biradic8b with nitrox-
ide endgroups; see Fig. 6b. The result gf= 1.94 nm for the
biradicall is in very good agreement with previous measure
ments, while the result faBb, r = 2.83 nm, is inagreement
with X-ray diffraction results; see Table 1.

Application to Distance Distributions: lonomers

The time domain signal for the functionalized poly(isoprene
sample4 is shown in Fig. 8. The shaded area in the center «
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FIG. 5. Structure of biradicaBb as determined by single-crystal X-ray
diffraction.

the conformation of the studied molecule. For several distinct
conformations, more than one singularity is expected in the spec-
trum. If there is a distribution of conformations, a broadening of

the singularity appears due to the addition of all possible Pak&!C: 6. Four-pulse DEER time domain signals of the biradicals unde
estigation. (a) Raw data, the upper trace is the real part, the lower one t

3b /\ \
e
IO 5I00 1(I)00

-1000 -500
Time [ns]

. . . iny
spectra. Therefore, the width of the singularity corresponds to liEHZ’lgin&ry part of the time domain signal for biradicdlsand 3b. (b) Pure

electron—electron distance distribution, at least in the limit of I0Wpolar modulations after fitting and subtracting the exponential correspondir

concentration where it is not dominated by the convolution with intermolecular interactions.
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shorter than 1.5 nm can not be studied with our experiment
setup. The upper distance limit is determined by the sensitivi
of the new four-pulse sequence, which depends on the phe
memory time T,,). The whole duration Ashould not consid
erably exceed ,, so that the upper distance limit is expectec
to be at about 8 nm for nitroxide radicals with similar phase
memory timesT ,, as observed in this work.

Signal Improvement through Echo Train

One way to improve the sensitivity is the application of the
pulse-train sequence where the echos could still be observ
until 60 us after the first pulse. This is demonstrated in Fig.
for samplel, where the dipolar modulation on top of the first
and the fifth echo is shown. As each echo is modulated with tt
dipolar coupling frequency, the gain in signal-to-noise ratio i
a factor of about 2 if only the first 10 echos of the time domail
signal shown in Fig. 9 are taken into account.

CONCLUSION

The new dead-time-free four-pulse DEER experiment we
introduced and applied to two “rigid” biradicals of different
length. Due tomr bindings the biradicals are rigid. These result:
support and extend the findings in Ret9), where a whole
series of rigid rod biradicals of different length has beel
studied. Electron—electron distances could be obtained fro
the Pake-type dipolar spectra. The results agree with previo
DEER measurements or with model calculations of the mole
cules. For the first time the angular-dependent part of tf
DEER signal could be observed, and as a consequence Pa
type dipolar spectra could be presented. The signal-to-noi
ratio was increased by irradiating the observer mw frequency
°the flank of the EPRN nitroxide spectrum and the pumping
fw frequency at the center of the EPR spectrum in contrast
previous works. A further improvement was obtained by usin
a pulse train for detecting multiple modulated echoes.

The experimental data agree well with numerical simula
tions and analytical calculations of the four-pulse DEER se

the signal indicates the dead time of the three-pulse DEER
experiment and demonstrates clearly that the most prominent

characteristic feature would be almost completely hidden. This

peak in the center contains information about the cluster s
whereas the longer lasting bow contains information about
cluster-to-cluster distance. For obtaining these distances,

time domain signal has been fitted by a simulation program,
which will be described in more detail elsewhere. The mea- 1
sured radical-radical distances within the cluster is 2.2 nm, and 5

the cluster-to-cluster distance for systdns (6.6 = 0.5) nm,

which is in good agreement with results obtained by small 4°

angle X-ray scattering (SAXS) for similar systems.

In accessing small distances, a bandwidth problem occurs as

the lower limit for thesr pulse lengths i$, = 32 ns with our
spectrometer, and therefore dipolar subspectra wider than

TABLE 1

'fzhe’ Electron—Electron Distances of the Investigated Systems
e
thenpound  wpo [MHZ] i [A] ree A Reference
7.12+ 0.49 — 19.4+ 0.5 This work
6.77+ 0.14 — 19.73+ 0.14 (16)
3.05+ 0.49 27.7+ 1.0 25.7+ 1.4 19
3b 2.29+ 0.49  27.84+ 0.01° 28.3+ 0.5 This work
4.9 — 22+ 3 This work
49 0.2 — 66+ 5 This work

Statistical error.
® X-ray diffraction, N-N distance.
aPRapid decay (cluster size).

proximately 25 MHz could not be excited. Therefore distances® Slow modulation (cluster-to-cluster distance).
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FIG. 8. Four-pulse DEER time domain signal of the ionomeupper trace. The lower trace is the time domain signal obtained for the statistically distribu
monoradical TEMPO for comparison, only the exponential is visible. The shaded region corresponds to the dead time of the three-pulse DEER Ekperin
narrow feature in the center is due to radicals attached to the same cluster, whereas the slow bow is due to radicals located at different clusters.

guence. Broad distance distributions are now accessible, as wan distances exhibit even broader distributions. Investigatiol
demonstrated by determining the cluster size (about 2.2 naor) ionomers based on block copolymers are now in progres
and cluster-to-cluster distances (about 6.6 nm) in an ionomer.

The findings agree well with data obtained by SAXS measure- ACKNOWLEDGMENTS
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