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A modulation technique for direct measurement of extremely fast electror gpiite relaxation is described.
The method is based on longitudinal magnetization detection. It is applied here to study th&atice
relaxation timesT;e in aqueous solutions of perdeuterated nitroxide radital £ 200 ns) with various
concentrations as well as to two Gd DOTA complexés & 1.8-3.2 ns), which can be employed as
paramagnetic contrast agents in magnetic resonance imaging.

1. Introduction (<1077 s) and cannot be measured by ordinary cw and pulse
EPR methods. Furthermore, sintg < Ti¢ the EPR line width

in fast-relaxing systems is broad, usually greater than 10 mT.
In such a case, a quite impractical microwave povieer, 1

kW, is needed to achieve a saturation facer (yB1)?Tiel2e

of the order of unity, where is the magnetogyric ratid; is

Measuring the longitudinal (spiriattice) relaxation timeTy)
is a powerful method to investigate the internal fields and molec-
ular dynamics in condensed matter (see, for example, ref 1).
The relaxation ratd;~! is proportional to the spectral density
}]r(g)"l)]g:]éhe 'nE;nC?Irgﬁlg filzj:;ﬁggi:z|2§($i)nm2?n§::nr1?%neatlgce the half-amplitude of the microwave magnetic field, andis
q Yo P P 9 the transverse relaxation time.

ions and free radicals serving as spin probes or spin-labels gives .

unique information about processes with correlation times The problem of measuring shdfte values can be addressed
< 10710 s, which are too short to be measured by NMR by using a modulation technlqu_e_ suggested or_lgmally byvele
techniques. and Pesci&® and recently modified by Atsarkin et &f. The

In many cases, however, such measurements are hampereH1ethod is described in section 2. Section 3 shows the application

by the fact that the electroniE.e values are extremely short ©f the téchnique in the measurementlg in water solutions
of the 1N-perdeuteriotempone (PDT) radical. Since this radical
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2. Method of Measuring T1e

The basic idea and some essential features of the experiment
method are as follows. A sample under study is positioned in

the resonator of an EPR spectrometer and irradiated by

microwaves at frequenay ~ wo. The microwave power should
provide a small saturation facter~ 1072—10* or even less;

in fact, P ~ 0.1-0.5 W is quite sufficient. Before entering
the cavity, the microwave power is subjected to a large
amplitude modulation at a frequenc® which should be,
where possible, of the order d%e 1, the expected relaxation
rate. As a result, the saturation factor is modulated as well,
producing corresponding oscillations of the longitudinal spin
magnetizatiorM,. Generally, the oscillating part &fl, can be
written as

M,(t) = u cos@t) + v sin(Qt) D

Atsarkin et al.

is the static spin magnetization; ag() is the form factor of

aﬁhe EPR absorption line. Thus, one has

V
U = QTle

(6)

so theTie value of interest can be determined readily. The ratio
given by eq 6 is simply tag(), whereg is the phase lag caused
by the longitudinal spin relaxation. Thus, in a sense, this version
of the method (called the “phase version”) resembles the pulse
saturation-recovery technique. As seen from eq 6, to determine
the Tie value it is sufficient to perform measurements.béind

V at a single modulation frequency. This is an essential
advantage of our technique as compared with the original
versior?3 (see also refs 7 and 8), where the frequency
dependenc#l,(L2) should be obtained over a wide rangelaf

It should be noted, however, that the single-frequency “phase
version” works only in the case of a single-exponential

whereu and v are the amplitudes of the in-phase and out-of- relaxation process. Otherwise, additional measurements must
phase components relative to the modulation wave-form. This be made at variou® values. For instance, for biexponential

oscillating magnetization induces a corresponding radio fre- relaxation, two different modulation frequencies should be used,
quency (r.f.) voltage in a specially designed pick-up coil wound and so on. Generally, the whole relaxation process (in the time

around the sample (or around the resonator). The coil is tuneddomain) is related to the frequency dependedvige?) through

to Q and has its axis along the external magnetic figifiz.
Then the r.f. signal (proportional toMy/dt) is amplified and
lock-in detected to separate the valuedJoéndV, which are
related to theu and v components of the longitudinal magne-
tization, respectively. Finally, th&J and V values are ac-

the Fourier transformation.

As seen from eqs 46, theV component tends to zero at
QT < 1. In this case, th®/U ratio cannot be measured with
the proper accuracy and the method breaks down. Practically,
in the vicinity of X-band microwave frequenc§2 cannot exceed

cumulated and processed; as shown below, these quantities allowl0’—10° Hz because of the finite band-pass of the microwave

the determination of e
The easiest way to evaludteandV is to restrict consideration

resonator (quality facto® > 10%). Hence, the “phase version”
is restricted tdle > 1078 s. To measure shorter relaxation times,

to the case when the off-diagonal elements of the density matrix another version has been develobedlled the “amplitude
of the spin system can be neglected during the whole measureversion”. In this case®T;e < 1), only theU component is to

ment procedure. In our case, the following inequalities should
be fulfilled:

Tre<Te Q<1 yB <Ty* 2
Evidently,

t > T, that satisfies conditions of the spin temperature

approximation (see, for example, refs 1 and 6). In such a case,

the U and V values can be found from the solution of the
conventional rate equations slightly modified in accordance with
the amplitude modulation oB;. The M, value is simply
proportional to the difference in the spin energy level popula-

tions. The corresponding calculations were performed in refs 2

and 3 where a complex expression kbx(t) in the quasi-steady-

state regime was given. Using this expression and supposing

hereafter that

s<1 3)
one obtain$
U = AM(y Bozg(w)% @)
1+ QT2
22
V = AMy(y B)g(0) ——— )
0 1+ QT2

whereA is an instrumental factor accounting for the microwave
power, modulation index, receiver amplification and so Mg;

be measured. However, an additional measurement of the
nonsaturated EPR absorption signal is carried out:

Gepr= CMO()’Bl)Zg(w) (7)

this means that the transverse relaxation is the fastesf”herec is another instrumental factor. This signal must be

process, and the experiment is being performed on a time Scalerecorded in the same microwave resonator and, wherever

possible, under the same conditions (except for the microwave
power, which can be changed) as those employed in the
measurement df). As a result, one can write

u

GEPR

A

caT, (®)

This equation is sufficient to finde, provided theA/C ratio is
known. To determin@/C, one performs an additional calibration
experiment using a reference paramagnetic sample with a well-
characterized EPR spectrum and a known valug;af

In fact, the “amplitude version” is based on the determination
of the saturation factor and in this sense resembles the
conventional cw saturation techniques. It should be noted that
both “phase” and “amplitude” versions can be performed
simultaneously in many cases, thus providing an independent
check on the measurel. value.

Application of both “phase” and “amplitude” versions of the
modulation method allows determinationBf values ranging
from 106to 1071s. Applications of these techniques in studies
of electron spir-lattice relaxation in some high-temperature
superconductors and related materials as well as in conducting
fullerides are described in refs 4, 5, angt HL.

Consider now a more complicated case when the “spin
temperature” conditions of eq 2 are not fulfilled; such a situation
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is rather typical of liquids and exchange-coupled systems with 200 e e
relatively narrow EPR lines arithe, T, = 107 s. Note that, in

this case, the conventional pulse and cw methods of measuring
Tie are usually applicable. Nevertheless, it is worthwhile to
present here the results based on solution of the Bloch equations
and not limited by eq 2.The generalized expressions for
andV are rather complex, so we restrict ourselves to the case
of w = wg and obtaif

100 |

-100 |-

QT,,
QT d1 - 52 (QT, ~ QT

1 1 n
0.346 0.347 0.348 0.349

0.350 0.351

EPR, U, and V 1st derivatives [a. u.}
(=]

U(wp) = AMO(VBl)Zg(WO)
1+ QT3 (1 + Q°T3) 48
Magnetic field [T]

)
Figure 1. Magnetic field derivatives of the in-phasé,(theb curve)
V(WO) = and out-of-phase\{, the c curve) components of the longitudinal
oT magnetization response to the modulation of the microvawe power (at
QT E'[QT + _29(1 + QT T e)] Q/2x = 373 kHz) for the 25 mM/L aqueous solution 8N PDT
2 1 1e 2 le'2 nitroxide radical. Both b and ¢ curves are shown on the same scale. The
AMo(yB1) 9(Wo) 14 Q2T2)(1 + Q3T2 (10) solid curve a is the EPR spectrum (in arbitrary units). The line at 0.3484
( 19)( 29) T is the reference (DPPH).
One can see thdke can be determined from th&w,)/U(wo) 0.30 ———rr — :
ratio, providedT,e is known from the EPR line width. As to 3 ]
the line shape of the longitudinal magnetization response at 025 % 1
Z wo, generally it does not coincide with @), the distortions - ]
being especially strong &Tie, QT2e = 1. [ % % ]
Before discussing the experimental results, we note one more'g %20 F % .

advantage of the method. Since these techniques measure— L ]
relaxation of the total longitudinal magnetization, in many cases . 015[ ]
the result does not depend on cross-relaxation processes™ e
conservingM,. Another interesting feature of the method is 8 4oL 3 ]
related to the case @& > Y/, paramagnetic centers with fine ~ © r
structure in the EPR spectrum. It can be shown (see, for — [ . ]
example, ref 12) that if the partial relaxation rates between any 0.05 p

energy levels, j are governed by the magnetic dipole selection . .
rules 0.00 L NPT NN, |

1 10 100
W, =§S+1)—mm+1), m-m==£1 (11) c [mM/I]

Figure 2. Concentration dependencies of longitudindke( open
wherem is a magnetic quantum number; the relaxation of the symbols) and transversg, filled symbols) relaxation times in aqueous
total longitudinal magnetization is described by a single solutions of*N PDT nitroxide radicalO: Q/27 = 373 kHz.A: Q/27
exponential. Its characteristic rafgs * is the smallest root of ~ = 1.6 MHz.
the secular equation describing joint relaxation of &2 1
energy levels. This is just tHB. value that is measured by this ~ designed 2/2 coaxial microwave cavity @ ~ 150) was

modulation method (for experimental results, see refs 10 and €mployed, having its axis parallel By and the walls transparent
11). to r.f. field at the modulation frequency. Samples under study

consisted of 20 mAof the water solution in a toroidal container
3. Electron Spin—Lattice Relaxation in Aqueous Solutions placed at the maximum of the microwave magnetic figid
of Nitroxide Radicals Bo. The pick-up coil was wound on the coaxial cavity and tuned
to the modulation frequency. After amplification and lock-in
detection, theU andV signals were digitally averaged for 3
min to achieve acceptable signal-to-noise ratio. To obtain the
line shape of the longitudinal response (i.e., the field dependence
of the signal during the sweep through the EPR resonance), a
conventional magnetic modulation technique was used, employ-
ing detection of the first derivativesUddBy and d//dBy. An
example is also shown in Figure 1 (curves b and c).

TheTie values obtained by means of th&J ratio (the “phase
version”, see section 2) are plotted against the nitroxide
concentration in Figure 2 together withe data determined from
the EPR line widths, approximated as

To check the modulation technique on a system important in
chemical and biological applications, we chose the well-known
and thoroughly investigated nitroxide radidadN perdeuteri-
otempone (PDT) radical in water.

A 15N isotopic substitution was used to simplify the EPR
spectrum, which consists of two hyperfine componehtg &

1/,). A set of aqueous solutions was prepared with nitroxide
concentrationg ranging from 1.6 to 100 mM/L. Note that the
concentration dependence Bf,, in this system, has not been
heretofore investigated and is of obvious chemical interest.

All experiments were carried out at room temperature (295
K). Figure 1 shows a typical EPR spectrum taken at X-band
(w/27 = 9.4 GHz) on a Bruker ER-200 spectrometer (curve T = 2 AB.) L 12
a). To measureTi,, the homemade apparatus previously 2e™ 73(7/ PP (12)
described® was used,. The microwave powé? & 200 mW)
was modulated af2/27 = 373 kHz or 1.6 MHz. A specially ~ whereABy, is the EPR peak-to-peak line width of a hyperfine
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component. Note that at higher concentratiors 40 mM/L,

the width of a component becomes comparable with the
hyperfine splitting (2.2 mT), so eq 12 is only approximate. H /—\

As seen from Figure 2, the conditions of eq 2 are fairly well
fulfilled in the range of concentrations studied, so the simplified
expressions of eqs—46 were used in most cases. (Small
corrections from eqgs 9 and 10 were made only for the lowest N N
concentrations.) For a check on the data, the same measurements \( \//\
were repeated at different values@f as seen in Figure 2, the
results obtained at both 320 kHz and 1.6 MHz are the same,
thus supporting the validity of our approach. Compound (1)

Figure 2 shows that whil&,e displays a strong concentration
dependence, thdi. values are practically independent of HQ M, oH
nitroxide concentration. The value ®fe = (0.23+£0.0.02)us >,\ >_\ /—\<
measured here is in good agreement with a valug of 0.37 Y N L0
us measured by a conventional pulse saturation-recovery method . ’
in ref 13 forc = 0.5 mM/L. The small difference between the HgC\[ * j/
two measurements may be related to differences in sample I N N 0
preparation and, perhaps, to some ambiguity in the application Ho/\/ L( \/<
of the saturation-recovery method Bl ~ Toe tH, on

Compound (2)

4. Electron Spin—Lattice Relaxation in Paramagnetic ) ) o
Contrast Agents (Gd Chelates) Figure 3. Chemical structures of the two gadolinium compounds

studied in this work.
Paramagnetic contrast agents (PCA’s) are widely used in

magnetic resonance imaging (MRI). &dcomplexes are the
most frequently employed PCA’s (see, for example, ref 14).
When introduced into biological tissues or organs, they shorten 0201
the nuclear spirtlattice relaxation time of surrounding protons
and so improve the contrast of MR images. The efficiency ofa 3 C
PCA can depend strongly on the electron spaitice relaxation Z o015 r
time Ty of the paramagnetic complex, particularly when the o r
agent is tumbling slowly, as is the case for new blood-pool —
agents that associate with serum proteins. Up to now, however, &
information onTie in these systems has been available only «
from theoretical estimates derived from nuclear spin relaxation & oosl
measurements, or from extrapolations frdpa values derived L
from EPR line shape studies; experimental determinatidn of
in GA&®™ PCA solutions could not be performed because of
extremely fast relaxation rates combined with rather broad EPR
line widths. As shown above, this is just the case when the o i )

Figure 4. Magnetic field dependencies of the in-phase component of

modulation technique of measurifige can be useful. | C by ;

In this communication, we report ofie measurements in the Iongltudlna_l magnetization responsd, (points) and the EPR

’ . absorption (solid curve) for aqueous solution of Gd DOTA compound

two chelate complexes of @t both based on the DOTA ligand  (2) atc = 60 mMIL (a free liquid sample). Both signals are normalized
(1,4,7,10-tetrakis(carboxymethyl)-1,4,7,10-tetraazacyclodode- to the maximum value.
cane, GoH32N40g4-). The two compounds are shown in Figure
3, and are designatetl and 2. The Gd+ complexes were
synthesized by Schering AG, Berlin. Aqueous solutions were
prepared at various concentrations, with and without a pH 7.4 Tie(ns)  Tie(ns)
buffer. To search for an environmental effect on the*Gd buffer = ABp, Tee  (free  (infilter
chelate relaxation, two types of samples were prepared: (i) free compound c(mM/) added (mT) (ns) liquid) paper)

0.25 '"I'"'I""I'"'I""I""I""I""I.

o.10 L

(1)1 S NI << NP B B, 1]
0.20 5.25 0.30 0.35 0.40 0.45 0.50 0.55

Magnetic field [T]

TABLE 1: Sample Characterization and Relaxation Data
for Gd DOTA PCAs

liquid and (ii) the same amount of the solution absorbed into 1 30 yes 155 042 2.2
filter paper. Measurements were performed at 295 K with the 1 35 no 155 0.42 L7 26

) . : . : 1 70 no 155 0.42 1.9 2.3
same experimental setup as described in section 3, with the 2 26 yes 77 086 3.9
modulation frequenc§2/2r = 1.6 MHz. As an example, Figure 2 30 no 77 0.86 3.3 3.7
4 shows the field dependence of the U signal taken point by 2 60 no 7.7 0.86 3.2 4.0

point through the resonance region together with the EPR

absorption line. Because of extremely rapid relaxation, the Table 1 presents the sample parameters, EPR line widths,
“amplitude version” of the modulation method was used (see T, as calculated using eq 12, and the measUigdiata. The

eq 8). Calibration was made with a reference particle.of - overall experimental error of the absolulg. values depends
diphenylg-picrylhydrazyl (DPPH)-not shown in Figure 4, with on the calibration procedure and so is rather large (at3006).

Tie (DPPH)= 5.0 x 1078 s as measured previously by means Nevertheless, accuracy in comparing different samples measured
of the “phase version” of the same technique. Our valu&; ef under the same conditions is considerably better. As one can
for DPPH is in good agreement with the published values for estimate from the spread of the experimental data (Table 1), it
this standardTie = T2e = 6.7 x 1078 s)15 is within 4210%. As seen from Table 1, that the electron spin
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9.5GHz. Figure 5 displays the experimental data for biath

and Ty, together with the predicted values. The agreement
between theory and experiment is reasonably good in this first
instance of a direct measurement ®f, in aqueous G&
chelates; experimentdhe values will help us to better under-
stand the relationships between electron spin relaxation and the
structure and environment of these important materials.

105

t:)
10° 7

107

5. Conclusion

T,o Ty (seC)

e
v The modulation technique with lock-in detection of the
longitudinal magnetization response allows direct determination
of electron spir-lattice relaxation timeg;. as short as 10 to
1071%s and so can be applied in many cases when the standard
pulse andcw methods fail. For the first time, this technique
has been successfully used fbre measurements in aqueous
solutions of paramagnetic compounds. Both “phase” and
“amplitude” versions of the modulation method are tested on
Figure 5. Experimental values foFie andTze, together with predicted  perdeuterated nitroxide radicals and Gd DOTA complexes
values, making use of? andz, values obtained from fittindz data known as PCA materials. In both cases, we have found the
by a method adapted from Hudson and Lé#t&as described in the - . . .

text. Compound.: (1) experimentallz. values from line widths: ) measured’levalues tobein agreement with previous published
experimental T;e value from longitudinal magnetization response. data and theoretical calculations. The modulation method thus
Dotted-dashed lineTwo) and long dashed lindTg) represent predicted ~ appears to have considerable promise in chemical and biological
values. Compoun@®): (O) experimentall,. values from line widths; applications of EPR.

(®) experimentall;e value from longitudinal magnetization response.
Solid line (T1¢) and short dashed lind4) represent predicted values.

10°

T T
0.1 1.0 10.0 100.0 1000.0
EPR EXPERIMENTAL FREQUENCY (GHz)
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