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Two-dimensional magnetization exchange experiments, with
he radio-frequency-driven recoupling pulse sequence in the mix-
ng time, have been performed for the detection of homonuclear
3C–13C distances between the singly 13C labeled methyl carbon of
-xylene and the natural abundant 13C nuclei of the host mole-
ules in p-xylene/Dianin’s complex. The intensities of the cross
eaks between the methyl carbon and six host carbons were mea-
ured as function of the length of the mixing time and normalized
y the intensities of their diagonal peaks. The results were com-
ared with simulations based on the known distances in the
omplex. Good agreement was obtained, without taking the homo-
uclear zero-quantum linewidth (1/pT2

ZQ) into account. This can
e understood by realizing that in this complex the 13C carbon
airs are significantly diluted. © 1999 Academic Press

Key Words: dipolar interaction; RFDR; natural abundant car-
ons; homonuclear 13C distances; Dianin’s compound.

INTRODUCTION

The internuclear magnetic dipolar interaction is a rich so
f structural information in solids and liquids (1). Recently
olid state NMR techniques have been introduced that m
se of this interaction to measure internuclear distances (2–14).
lmost all these techniques require a combination of sa
pinning (MAS) and synchronously applied radiofrequency
ulses. For distance determinations between heteronu
pins the most commonly used technique is the rotational
ouble resonance (REDOR) experiment (12), while for homo-
uclear spin pairs the rotational resonance (R2) method shoul

n particular be mentioned (2). In the REDOR method, dipol
ephased signalsS(t) are compared with nondipolar depha
ignals S0(t) in the form (S0(t) 2 S(t))/S0(t) (12). This
nables the elimination of relaxation effects on the results
akes an accurate nuclear distance measurement possi

he case of a homonuclear13C–13C interaction the magnetiz
ion exchange R2 experiment on a high abundant spin pai
nique in the sense that it does not require rf pulses durin

1 Current address: Department of Molecular Biology, The Scripps Res
nstitute, La Jolla, CA.

2 To whom correspondence should be addressed.
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ipolar dephasing of the signalsS(t). Generally, however, it i
ecessary to account for the zero-quantum relaxation timeT2

ZQ

f the coupled spin pair in order to deduce a nuclear dist
rom the pure dipolar decay exp(t/T2

ZQ)S(t). According to the
ork of Griffiths et al. (15), in which they apply the rf-drive
ipolar recoupling (RFDR) technique to measure distanc
acteriorhodopsin, the zero-quantum relaxation time gove

he homogeneous zero-quantum line broadening of a pa
igh abundant coupled spins is mainly dependent on the h
uclear dipolar interactions between the spin pairs in the

al and between the natural abundant spins and the spin
hemselves. The first can be partially overcome by isot
ilution of the spin pairs in the solid. However, the natu
bundant13C nuclei present in the sample are not easily
oved. Molecular motions can also modify the zero-quan

ine broadening. To overcome the need for theT2
ZQ determi-

ation Costaet al. recently introduced the rotational resona
ickling experiment (16). In addition to the static and dynam
ffects influencing the experimentalT2

ZQ values, insufficien
eteronuclear decoupling and pulse imperfections can
hange the dipolar decay signalsS(t) (2, 15, 17). Here we
hould mention that variations in the chemical shift param
an have a significant influence on the R2 signal dephasing (2).
Knowledge about the same zero-quantum relaxation tim

lso required in the simple rf-driven recoupling RFDR ex
ments on13C-spin pairs (5). In these experiments, after sp
xcitation by cross polarization and selective inversion of
pin,p pulses are applied once each rotor cycle to the spin
the SEDRA sequence (18)) during high-power proton deco
ling. While the R2 experiment is very sensitive to the ex
etting of the spinning speed (it must be equal to an int
ultiple of the difference between the isotropic chemical s
f the spin pair), RFDR is not. RFDR can in fact be consid
s a frequency-broadened R2 experiment. The experimen
esults of both dephasing techniques are dependent onT2

ZQ and
n residual heteronuclear interactions when the decoupli

nsufficient. In the RFDR case they can also be influence
ulse imperfections and cross polarization during these p
15–17). Although the signal dephasing in R2 and RFDR is
ependent on the magnitudes of the chemical shift anisotr

ch
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48 ZABOROWSKI, ZIMMERMANN, AND VEGA
f the spins and their relative orientations with respect to
nternuclear vector, we should expect that RFDR is less i
nced by chemical shift changes than R2.
In this publication we report RFDR experiments on13C–

3C pairs in a singly labeled inclusion compound where
arbon pair density is low (the smallest average dist
etween two labeled13C is about 8 Å), and the distanc
etween the carbons in a pair are larger than 4 Å (without

he presence of intermediate carbons). This is accompl
y inclusion of singly labeledp-xylene molecules at one

he methyl positions in the void cages of Dianin’s co
ound. These methyl carbons do not experience any s

cant molecular motion (19). In this case we expect the val
f T2

ZQ to be large and, as will be shown, the experime
FDR decay signals of the natural abundant host13C nuclei

o provide nuclear distances.
Two-dimensional magnetization exchange experime
ith the RFDR sequence in the mixing time, is commonly u

or the detection of carbon–carbon proximities in isotopic
nriched samples (5, 15). After generation of13C transvers
agnetization by cross polarization from protons and an

ution time t1, a p/2 pulse flips the magnetization back to
direction just before the mixing period. During this period

ength t, the SEDRA sequence is applied and at the en
dditionalp/2 pulse rotates the magnetization to thexy plane
here the signal is acquired during the detection timet2.
ouble Fourier transformation of the data results in diag
nd cross peaks between the isotropic chemical shifted lin

he interacting nuclei as in liquid state NOE spectra (1). Thet
ependence of the cross-peak amplitudes can, in princip
sed to estimate internuclear distances. Although thes
xperiments are in most cases applied on uniformly enri
amples, they can of course also be applied to single spin
n this study we apply 2D-RFDR on single spin pairs in or
o determine nuclear distances. The reason for doing so i
hat by singly13C labeling a set of distances can be dete
imultaneously between this carbon and its neighboring na

FIG. 1. One cage of thep-xylene/Dianin’s inclusion compound. The gu
-xylene molecule is visible at the center of the cage, and the13C-labeled
ethyl carbon is pictured as a ball.
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bundance carbons. Second, the diagonal peaks in th
pectrum can be used as a signal intensity reference fo
etermination of these distances, while partially elimina

he effects of relaxation and experimental parameters influ
ng the cross-peak intensities. When the natural abundan
on spectra can be obtained and show enough spectral r

ion, this approach can be useful in particular when distanc
he order of 4–6 Å are monitored.

The 2D-RFDR experiments have been performed on a s
3C labeledp-xylene/Dianin’s inclusion compound. Dianin
ompound (4-p-hydroxyphenyl-2,2,4-trimethylchroman) is
rganic clathrate, in which a large variety of small molec
an be included (20). In Dianin’s inclusion compound six ho
olecules from an hourglass-shaped cage. The ends of

age are formed by six hydrogen-bonded hydroxyl gro
hich belong to six host molecules successfully pointing
nd down with respect to the plane of the hexagonal OH
he inclusion compound withp-xylene contains one gue
olecule per host cage, as is visualized in Fig. 1.
The room temperature13C NMR spectrum of the labele

-xylene/Dianin’s inclusion compound is shown in Fig.
ogether with the chemical structure of Dianin’s molec
nd the assignment of the host molecule carbons, follo

he work of Barkeret al. (21) and our recent study of th
nclusion compound by solid state NMR and molecu

odeling (22).
In the next section we describe the details of the experim

al procedures. Then the theoretical aspects of our R
alculations and results of the 2D-RFDR are presented
owed by the analysis of the data.

FIG. 2. The chemical structure of Dianin’s compound, and our assign
f the13C MAS NMR spectrum at room temperature. The13C-labeled methy

ine is truncated.



b
r rom
a of
p si-
t

300
A g
B on
t
H ce
w rf
i
c e
i od
l c-
q
t
a r
p ) o
t ect
o
T ic
v rox
m er t
d anc
o 0
p cu
m en
s TP
m Al
c oxy
r

ith
F xpe
i sot
p r in
t gth
T f a
c Du
c e
g fro
X
p su
m

P
2
l sin
c ,
c

e ring
o nce
o of
s s of
t n-
d sor
o
f

w
C s
b tion
o
c ob-
t e
(

w the
p
f
s

e
s ob-
t

e all
l han
1
o t and
d ying
t ngles
o (the
l nsor,

D
e

G
A
A

A

4913C DISTANCE MEASUREMENTS
MATERIALS AND EXPERIMENTAL

Thep-xylene/Dianin’s inclusion compound was prepared
ecrystallization of the guest-free Dianin’s compound first f

solution of unlabeledp-xylene and then from a solution
-xylene, specifically13C labeled at one of the methyl po
ions (99%13C, referred to henceforth as labeledp-xylene).

13C NMR spectra were recorded on a Bruker DSX-
VANCE spectrometer at a frequency of 75.47 MHz, usin
L 4-mm Bruker MAS probe. The spinning speed was c

rolled by the Bruker Pneumatic Unit with an accuracy of62
z. Variable amplitude cross-polarization (VACP) sequen
ere used to generate13C magnetization, with a proton

rradiation field of 86.2 kHz (p/2 pulse5 2.9 ms) and a CP
ontact time of 4 ms. Proton decoupling, with the sam
ntensity, was accomplished with the two-pulse phase-m
ated (TPPM) scheme (23). The 2D-RFDR spectra were a
uired with a rotating speed ofvR 5 6200 Hz. The rf field in

he carbon channel was 55.6 kHz for thep/2 pulses (4.5ms)
nd 28.9 kHz for the recouplingp pulses (17.3ms). The lowe
ower (one-third of the Hartman–Hahn matching condition

he recoupling pulses is crucial in order to minimize the eff
f cross polarization to protons during the mixing time (24).
he recoupling pulses applied during the mixing time, wh
aried between 16 and 96 rotor cycles (2.5–15.5 ms app
ately), were given according to the XY-16 scheme in ord
iminish the effects of pulse imperfections and of reson
ffsets in echo formations (25). The spectral width was 24
pm in bothv1 andv2 dimensions. Sixteen scans were ac
ulated for each of the 256t1 steps, with a 4-s delay betwe

cans. 2D phase sensitive spectra were obtained with the
ethod, and 20483 512 points spectra were generated.

hemical shifts were referred by setting the glycine carb
esonance line at 176.04 ppm.

THEORY AND SIMULATIONS

Simulations of the carbon spectra were carried out w
ORTAN program that takes into account all necessary e

mental parameters, such as sample rotation frequency, i
ical and anisotropical chemical shift parameters, dipola

eraction strengths, pulse lengths, timings, and rf field stren
he chemical shift anisotropy (CSA) tensor parameters o
arbons were estimated, using typical values reported by
an (26). The distances between the13C-labeled carbon of th
uest methyl group and the host carbons were derived
-ray data as described in Ref. (22). In Table 1 the CSA
arameters and nuclear distances used in this study are
arized.
To determine the nuclear distances we performed T

D-RFDR experiments for different mixing timest. To ana-
yze the data we first calculated the 1D-RFDR depha
urves for the different host–guest,S and I , respectively
arbon pairs. For these simulations theS-spin signalsS(t) were
y
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valuated by calculating the expectation values of the lowe
peratorS2 after the application of an RFDR pulse seque
f lengtht on the initial stateIZ of the carbon pair in a set
ingle crystallites. We assumed the initial signal intensitie
he carbons in theI–S spin pair to be equal. The time-depe
ent S-spin signal of a single crystallite, with a CSA ten
rientation defined by the Euler angle (a, b, g) in the rotor

rame, after the RFDR sequence can be expressed as (27)

S~t! f * ~g! f ~vRt 1 g!, [1]

heref (vRt) 5 ¥ndneinvRt is the signal forg 5 0 due to the
SA interaction only, andS(t) is a function that oscillate
etween 0 and 1 with an RFDR frequency, that is, a func
f all dipolar, CSA, and pulse parameters (28). A zero isotropic
hemical shift value is assumed. The RFDR signals are
ained by integration over all anglesV 5 (a, b, g) on a spher
powder signal) and can be evaluated and expanded as

R~t, t! 5 ES~t! f * ~t! f ~vRt 1 g!dV 5 O
n

In~t!einvRt, [2]

here In(t) are the center and sideband intensities of
owder MAS spectra. After the mixing timet, the value of this

unction (at t 5 0) gives the total intensity of theS-spin
pectrum and varies from 0 to1

2
.

1D-RFDR buildup curvesR(t, t) of the I–S spin pairs wer
imulated for single crystallites, and powder signals were
ained by integration with the method of Chenget al. (29).

The nuclear distances considered in this publication ar
arger than 4 Å, resulting in dipolar interactions smaller t
20 Hz. To check the sensitivity of the RFDR curvesR(t, 0)
n changes in the relative orientations of the chemical shif
ipolar tensors, we performed a set of simulations by var

he Euler angles of one of the CSA tensors and the polar a
f the dipolar vector. In our experiments one of the spins

abeled methyl guest carbon) has a very small CSA te

TABLE 1
Chemical Shift Anisotropy Tensor Components and Nuclear
istances (between Host Carbons and the Guest *CH3) Consid-

red in the Simulations

sXX

(kHz)
sYY

(kHz)
sZZ

(kHz)
Host

carbon
r (to *CH3)

(Å)

uest *CH3 0.3 1.0 21.3 —
liphatic quaternary 0.0 0.2 20.2 C1 5.5
romatic C–H 1.7 6.2 27.9 C13 4.4

C15 4.7
C16 5.3

romatic C– 2.0 6.6 28.6 C11 5.7
C14 4.1
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50 ZABOROWSKI, ZIMMERMANN, AND VEGA
hile the other spin can have CSA parameters accordin
able 1. For some typical isotropic chemical shift differen
v and spinning speeds 2Dv . vR . 0.5Dv and with dipola

nteractions smaller than 120 Hz these simulations indicate
he asymmetry parameter of the host carbon tensors (hCS), the
elative orientation of the host and guest carbon CSA ten
nd the relative direction of the dipolar vector connecting
andSnuclei do not influence the magnitude of the 1D-RF

esults by more than 2–3%: In our simulations we there
onsidered only the CSA and isotropic chemical shifts of
ost carbons and the strength of the dipolar interaction.
ependence ofR(t, 0) on the CSA andDv parameters, whil
eeping the spinning speed (vR 5 6.2 kHz) and the anisotrop
f the tensor (hCS 5 0.65) constant, is demonstrated in Fig
contour plot ofR(t, 0) for t 5 15.5 ms as a function of th

argest component of the CSA tensor (sZZ) and of the isotropi
hemical shift differenceDv is shown. Very little dependen
n the CSA tensor strength, especially whensZZ is in the range
–11 kHz, is observed. The major dependence is clearly o

sotropic chemical shift difference showing maximumR(t, 0)
alues close to the rotational resonance condition.
The t dependence of the RFDR signal, correspondin

(t, 0), can be obtained by measuring theS-spin signa
mmediately after the RFDR pulse sequences or by monito
he intensities of the centerbands after Fourier transforma

0(t). A set of simulations for the various CSA,Dv, andvR

alues, relevant for our host–guest carbon pairs and w
ipolar interaction smaller than 120 Hz, have shown tha
ifferences between the two methods of detection is not

han 3%. This is even so for the largest CSA tensor param
n Table 1.

Thet-dependence of the intensities of the diagonal and c
eaks in the 2D-RFDR spectrum can also be estimated

he expressions in Eqs. [1] and [2]. Assuming that the
-spin is on-resonance and the guestI -spin, with zero CSA

FIG. 3. Contour plot of the dipolar recoupling of a spin pair as a func
f the difference between their off-resonances and of the highest comp

ZZ of the CSA tensor (h constant, 0.65) of one of the spins (S). The
imulation was performed starting with az-magnetization of one spin (I ), and
onitoring the grown of the magnetization of the other spin (S) after a RFDR
ixing time of 96 rotor cycles, for a dipolar coupling of 100 Hz, spinn

peed of 6200 Hz, H1(
13C) of 28.9 kHz for the recouplingp pulses, and

hemical shift anisotropy for theS spin as given in Table 1.
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arameters, is at an off-resonance value equal toDv, the signa
f a 13C-spin pair in a single crystallite att1 is given by

a~ f * ~g! f~vRt1 1 g! 1 eiDvt1!, [3]

here we assumed that the initial amplitudesa of the two spins
re equal.
Because of the TPPI phase cycling scheme, only the rea

s detected:

a@Re$ f * ~g! f~vRt1 1 g!% 1 cosDvt1#. [4]

f we ignore the effect of the zero-quantum relaxation t

2
ZQ, the powdert2-signal of a natural abundant (NA)S-spin
arbon in the spin pair can be expressed and expanded

E a$Re$ f * ~g! f~vRt1 1 g!%~1 2 S~t!! 1 cosDvt1S~t!%

3 f * ~vRt1 1 g! f~vR~t1 1 t2! 1 g!dV

5 O
n,m

$F~nvR, mvR! 1 F~Dv 1 nvR, mvR!%einvRt1eimvRt2.

[5]

umerical powder integration of Eq. [5] is necessary
btain the exact intensities of the center and sidebands
pectrum. However, according to the 1D-RFDR calculat
e can assume that it is sufficient for our spin pairs

estrict ourselves to the detection of the ratios between
owder cross peak centerbandF0(Dv, 0) and the diagona
eak centerbandF0(0, 0). By considering this ratio, w
xpect to compensate for two effects: the lack of knowle
n the actual intensities of the cross peaks at large R
ixing times and the effects caused by pulse imperfect
hus,

F0~Dv, 0!

F0~0, 0!
5

R~t, 0!

1 2 R~t, 0!
. [6]

his will be valid when the magnitudes of the CSA com
ents are of the order of the spinning speed or smaller an
ipolar interaction is small. The validity of this expression

arge dipolar interactions and CSA values much larger tha
pinning speed still has to be examined. An extended stu
he t-dependence of the center and sideband intensities
D-RFDR spectra is necessary in order to find the experim
arameters for which this approach is exactly valid. In pa
lar, the sidebands that are present because of the TPPI
ycling can make the data analysis complicated. The t
eversal TPPI experiment can improve the analysis, by e
ation of sidebands and the pure absorption lineshapes
D spectra (30). In the next section we discuss our 2D-RF

ent
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5113C DISTANCE MEASUREMENTS
esults of the13C-spin pairs in thep-xylene–Dianin’s com
ound. The experimental values of the ratio in Eq. [6] ar
rincipal dependent on the zero-quantum relaxation t
owever, we will show that for our spin system the agreem
etween experimental and theoretical results, following

6], is reasonable.

RESULTS AND DISCUSSION

The pulse scheme for the 2D-RFDR experiment is give
he bottom part of Fig. 4. In the top part of Fig. 4, we show
D-RFDR spectrum obtained for a mixing time of 96TR '
5.5 ms. The off-diagonal sideband patterns described p
usly are clearly seen, as well as the cross peaks betwe
ost and guest lines. Thev2 slice at the resonant frequencyv1

f the guest-labeled methyl carbon is shown at the top o
D spectrum. In Fig. 5 we show the 70- to 160-ppm regio
-dependentv2 spectra at thev1 chemical shift of the13C-
abeled methyl guest carbons in the RFDR-2D spectra.
onstantv1 slices were used because they had a betterS/N than
he constantv2 slices. The stack plot shows the growth of
ross peaks as a function oft, from a short (a)t 5 1.5 ms to
long (e)t 5 15.5 ms mixing time. We analyzed only tho

FIG. 4. The 2D-RFDR pulse sequence (below) and the spectrum obt
or a mixing time of 96TR ' 15 ms. The off-diagonal sideband patterns a
onsequence of the TPPI scheme used for the 2D data collection. Tv2

pectrum atv1 5 20 ppm (cross peaks of the13C-labeled methyl carbon)
hown at the top of the 2D spectrum.
n
e.
nt
.

n
e

vi-
the

e
f

e

ost carbon lines that did not overlap with the guestp-xylene
esonances. Referring to the assignments made in Fig.
eaks at 131.5 ppm and 127.5 ppm have contributions

rom guest (para and ortho/metacarbons, respectively) an
ost (C12 and C7, respectively) carbons and therefore ar
nalyzed here. The strong line at 102 ppm in (a) is a spin
ideband of the labeled methyl spectrum. The lines we foc
n were then those corresponding to C14, C11, C16, C13,
nd C2. The MAS spectrum of C14 was the only one
howed a clear spinning sideband, marked by 149, in the v1

lice. No line intensities other than the diagonal peak of
uest methyl line (v1 5 v2) were observed outside this spec
indow.
As can be derived easily from Fig. 1, the ratio of gues

ost molecules is 1:6. Since the guest molecules are labe
nly one of the two methyl positions inp-xylene, only half o

he host carbons are “close” to a labeled methyl carbon.
nly half of the NA13C host carbons form isolated spin pa
ith the labeled methyl carbons. The methyl13C carbons ar

ocated onC3 symmetry axes, relating three neighboring h
olecule. The carbon–carbon distances between the13C
ethyl carbons and the NA host carbons of the symm

elated molecules are therefore equal.
The 2D-RFDR TPPI experiments were recorded for var
ixing timest, and the ratios of the intensities of the cro
eak centerbandsF(v1, v2) to the diagonal peak centerban
(v2, v2) were plotted as function oft, with v1 the isotropic
hemical shift of the guest13CH3 carbons andv2 that of the
ost carbons. In order to account for half of the NA h
arbons that do not experience a13C-labeled guest carbon
heir proximities, we subtracted half of the intensities of
iagonal centerbands at mixing timet ' 0 from the intensitie
f all diagonal centerbands. Despite thep-pulses, the non

ed

FIG. 5. The v2 slices of the 2D-RFDR experiment with differe
ixing times: (a) 16, (b) 32, (c) 48, (d) 64, and (e) 96 rotor cycles. The
t v2 5 102 ppm is a spinning sideband of the13C-labeled methyl carbo

ine at 20 ppm.
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52 ZABOROWSKI, ZIMMERMANN, AND VEGA
oupled carbon line intensities are maintained during
FDR mixing time, due to the XY-16 phase cycling and

ow rf pulse power.
The experimental results are shown in Fig. 6 and comp

o the calculated values of the corresponding ratiosR(t, 0)/
1 2 R(t, 0)), according to Eq. [6]. For each host carbon
urves were simulated using the distances and CSA param
n Table 1 as well as shorter and longer distances. As ca
een in Fig. 6, the results for the three host carbons (C14,
13) within a distance of 4–5 Å from the labeled methyl gu
arbon fall within a confidence interval of60.2 Å. For the
maller cross peaks corresponding to the three host ca
C16, C11, C2) which are 5–6 Å away from the labeled me
uest carbon, the results fall within a confidence interva
0.3 Å.
The fact that our sample is a singly13C labeled compoun

nd that the density of carbons in Dianin’s cage is
akes it reasonable to expect that the zero-quantum
roadening of the carbons in the pairs is very small. T

n the analysis of the RFDR data we neglected the influ
f T2

ZQ.

CONCLUSIONS

We have applied the 2D-RFDR technique to mea
istances of 4 – 6 Å in a singly labeledp-xylene/Dianin’s

nclusion compound. The effective dilution of the13C–13C
pin pairs in this compound reduced the influence ofT2

ZQ on
he data and allowed us to simulate the experimental re

FIG. 6. Calculated versus experimental results of RFDR for diffe
arbons in the host crystal ofp-xylene/Dianin’s compound. The experime
ally measured ratioF0(v1, v2)/F0(v2, v2), where v1 is the isotropic
hemical shift of the guest-labeled CH3, andv2 the isotropic chemical shift o
he host carbons (in the calculations,v1 5 Dv and v2 5 0). Solid lines
epresent simulations, asterisks experimental data. The lines were cal
or the distances given in Table 1 (middle line) and for overestimated (u
ine) and underestimated (lower line) distance values. For host carbon
15, and C13 the under-/overestimation was of60.2 Å, and for C16, C11, an
2, 6 0.3 Å.
e

ed

ers
be
5,
t

ns
l
f

ne
s
e

e

lts

ithout the evaluation of this relaxation effect. For the h
arbons which are 4 –5 Å away from the guest-lab
arbon, the resulting distances fall within60.2 Å from the
nown distance, while for the host carbon 5– 6 Å away, t
all within 60.3 Å. The good agreement between the
erimental and simulated results is an indication that
Y-16 phase cycling and the reduction of the RFDR pu

ntensities were sufficient to eliminate the effects cause
ulse imperfections, off-resonance values, and unde
ross polarization on the data.
To generalize the 2D-RFDR approach for distance mea
ents, 2D spectra must be simulated, and the effect o
resence of sidebands must be studied for CSA tensors

arger than the spinning speed and dipolar interactions l
han 120 Hz. In addition, the numeric evaluation of the ho
uclear linewidth, taking into account dipolar coupled mu
pin systems, is necessary to get a better estimate of the
f T2

ZQ on the experimental data.
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