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A software package which allows the correct determination of
ndividual relaxation times for all the nonequivalent nuclei in
oorly resolved NMR spectra is described. The procedure used,
ased on the fitting of each spectrum in the series recorded in the
elaxation experiment, should improve the analysis of relaxation
ata in terms of quantitative dynamic information, especially in
nisotropic phases. Tests on simulated data and experimental
xamples concerning 1H and 13C T1r measurement in a solid
opolymer and 2H T1Z and T1Q measurement in a liquid crystal are
hown and discussed. © 1999 Academic Press

Key Words: deconvolution; Mathematica; fitting; dynamics;
nisotropic phases.

INTRODUCTION

The partial superposition of peaks in NMR spectra, whic
ften the case in anisotropic phases, does not allow quanti

nformation to be obtained in a straightforward manner. In
he error on the individual peak integrals due to the overlap
nly prevents a quantitative analysis of the spectrum, b
lso particularly critical in the measurement of relaxa

imes, where the trend of peak integrals as a function o
xperimental parameter is fitted with a suitable curve. A
ect determination of relaxation times for nonequivalent nu
s important in order to obtain detailed dynamic informat
iving, for example, the capability to distinguish betw

nherent multiexponential decays, often encountered in
olid state, and the superposition of peaks with single-e
ential decays but different relaxation times.
Several methods have been proposed to cope with the

em of the scarce resolution in NMR spectra, and in partic
wo different approaches can be distinguished: deconvol
echniques, which directly apply to time-domain data,
urve fitting of the spectrum. Where reliable quantitative a
ses are required, as for example in the determinatio
elaxation times, the latter method is to be preferred; more
he spectrum fitting appears to be more suitable for the ana
f spectra in anisotropic phases, where different lineshape

1 To whom correspondence should be addressed. Fax:139-050-502270
-mail address: claudia@indigo.icqem.pi.cnr.it.
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inewidths are often encountered because of the presen
tructural and dynamic heterogeneities.
Whereas several programs for the fitting of NMR spectra

vailable, to the best of our knowledge no software pac
xists which yields relaxation times using a fitting proced

or the analysis of the spectra. In the present paper we de
he program “SPORT-NMR,” an acronym for “Separating
eaks forObtaining RelaxationTimes in Nuclear Magnetic
esonance,” which applies a least-squares fitting procedu

he separation of different contributions in the NMR spect
o the determination of relaxation times in a wide range
xperiments.
The program is freely available at the Internet site ww

cqem.pi.cnr.it or via anonymous ftp to indigo.icqem.pi.cn

TECHNICAL DETAILS OF THE SOFTWARE PACKAGE

“SPORT-NMR” is a package of Mathematica (1) which
dds new functions that can be used within the Mathem
nvironment. This allows the exploitation of the functio
lready present in the Mathematica main program and in
elated available packages; the environment chosen guar
ase and flexibility in the use of the program, from the inpu

he data to the graphical representation of the results, as w
ide future improvements. SPORT-NMR adds more tha

unctions to Mathematica; the subroutines which execute
eaviest numerical calculations, required for the fitting,
ritten in Fortran 77 and are based on the “normal equati
ethod (2) and on the minimization of the least-square d
tions as a goodness-of-fit criterion. The user can vary
efault values for the maximum number of iterations,
onvergence criterion, and the single-step variation perce
f the parameters in order to exert a partial control on the fi
rocedure.
SPORT-NMR works on experimental preprocessed d

.e., data which have previously undergone apodization, Fo
ransformation, and phase and baseline correction. At pr
he program supports the Bruker “JCAMP-DX” ASCII form
or the input data files, containing the spectral data and
cquisition and processing parameters.
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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178 GEPPI AND FORTE
The NMR pulse sequences supported at the moment b
rogram are reported in Table 1.
The workstations used to run the program were a Sil
raphics “Indigo” (33 MHz IP12 processor) for the Ma
matica frontend (version 2.2) and Fortran routines an

BM R-6000/590 for the Mathematica kernel (version 2.2

SPECTRAL FITTING

A spectrum can be analytically reproduced if each peak
e expressed by means of a mathematical function. In NM
eak usually has a lineshape that can be described by a L
ian or a Gaussian function. It is well known, however,
ntermediate cases are sometimes encountered, due, f
tance, to the simultaneous presence of homogeneou
nhomogeneous line broadening mechanisms. This has
mpirically taken into account in the fitting procedure allow

or a linear combination of a Lorentzian and a Gaussian f
ion. A peak is therefore in general fully described by mean
our parameters: amplitude, linewidth, chemical shift, and
aussian/Lorentzian relative percentage. Initial estimate

hese parameters for each peak and the fixinga priori of the
umber of peaks are required in the fitting procedure.
arameters can be fitted simultaneously, although in s
ases it can be useful or necessary to keep some of them
his may be true, for example, when some parameter
nown from the theory or from other measurements, or w
he strong correlation between the parameters prevents o
ng a good fit.

THE PROGRAM

The program is structured to guarantee the maximum
bility to the user: a set of commands is available and the o

TAB
Pulse Sequences Supported by SPORT-NMR, Relaxation Tim

Pulse sequence

nversion–recovery (9) T1(X) a
aturation–recovery T1(X) a
orchia (10) T1(X) in
ariable contact pulse and Variable spin-lock time (11) T1r(

1H)
ariable heteronuclear spin-lock time (12) T1r(X) i
elayed CP (13) T2(

1H) i
RCP (14) TXH in s

imperis T1Z(
2H)

a In the fitting functions,a andb are parameters determined by the fittin
he number of functions considered.

b The functions commonly used for describing the proton FID are ava
c The two equations refer to sum and difference of the intensities of t
he
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f execution is not strictly defined. However, a first indispe
ble step is the reading of the experimental spectra and a
ition parameters of interest, as for example the type of p
equence, the values of the variable delay, if any, and
pectral window amplitude. All the data points are stored
wo-dimensional matrix, the (i , j )th element of which corre
ponds to thei th point of the j th spectrum in the serie
ssociated with a particular value of the variable delay in
ase of relaxation time measurements. When only a sm
pectral region needs to be investigated, the data in exce
e discarded in order to simplify the subsequent calcula
nd reduce the computing time.
Once the experimental data have been read, the best w

roceed usually consists in fitting the first spectrum of
eries, preferably the completely relaxed one, which ha
est signal-to-noise ratio, obtaining the optimized peak pa
ters’ values. To this end a unique command allows the in
arameters to be interactively set; calls the Fortran subro
hich performs the fitting and, at the same time, shows
artial results in a dedicated window; then calculates the
rals for each peak; saves the result of the fitting in a text
isplays the parameters determined with the correspon
rrors, as well as the fitting variance; and finally comes ba

he Mathematica environment. The calculation of the integ
s performed by Mathematica through the application of s
olic integration routines. The results of the fittings for e
pectrum are automatically stored in suitable files, so that
an be recalled in subsequent sessions by means of a
ommand.
The goodness of the fit can normally be assessed by the

rom the value of the variance and visually by plotting toge
xperimental and fitted spectra or their difference (see Fig

n spectra where strong peak overlapping is present, the

1
Measured by Them, and Corresponding Fitting Functionsa

Relaxation times Fitting functions

1(
1H) a@1 2 Oi bie

2x/T 1
i

#

1(
1H) Oi aie

2x/T 1
i

lids Oi aie
2x/T 1X

i

olids Oi aie
2x/T 1rH

i

lids Oi aie
2x/T 1rX

i

olids Different functionsb

s a@1 2 2e2ax/TXH 1 eat/TXH#e2a/T 1r
H

a 5 1 2
TXH

T1r
H ; t 5 t1 1 x

T1Q(2H) in liquid crystals
a@1 2 Oi bie

2x/T 1Z
i

# c

a 1 Oi bie
2x/T 1Q

i

rocedure,x is the variable delay, and the sum runs over thei index between 1 an

le.
two peaks of the doublet, respectively.
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179RELAXATION TIMES IN UNRESOLVED NMR SPECTRA
sis of the correlation between the variable paramete
ecommended: if values of correlation coefficients close
re present, the fitting results may be intrinsically biased b
hoice of the parameters to fit and of the initial param
alues.
Once a satisfactory reproduction of the first spectrum

een obtained, a fitting of all the other spectra of the serie
e performed manually, i.e., by giving the initial values of
arameters spectrum by spectrum, or by means of a com
hich proceeds automatically, fixing lineshape, linewidth,
hemical shift parameters to the values found for the
pectrum, and taking the amplitudes as the only variable
ameters (see Fig. 2).

At this point it is possible to determine the relaxation time
nterest for each peak by fitting the trend of the peak areas wi
xperimental variable delay by means of suitable functions
ig. 3). The functions employed, corresponding to the diffe
ulse sequences supported by the program, are reported in
. Besides the relaxation times, the parameters calculated
tting are initial amplitudes and, in some cases, other param

FIG. 1. Portion of the13C CP-MAS spectrum of EPR-Ti and global (to
r single peak (bottom) fitting curves obtained with SPORT-NMR.
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hich take into account experimental imperfections. For insta
n the case of an inversion–recovery pulse sequence, the p
tersbi correct the theoretical trend in the case of a nonpe

nversion after the 180° pulse (3).
The fitting procedure can be completely automatic, being

ype of function chosen by the program on the basis of
ulse sequence employed; to this end, the initial param
alues in the fitting do not necessarily have to be set manu
ut are calculated according to the integrals determined i
ase of the amplitude parameters, or set to default value
he remaining parameters. However, since the program a
or multiexponential behavior, the number of relaxation t
omponents needs to be set by the user. This may be
ollowing a trial-and-error procedure with increasing num
f components until a good fit is obtained; the validity of th
an be assessed using the same criteria described for the
f the spectra.

FIG. 2. Trend of calculated peaks of EPR-Ti in a variable cross-pola
ion time experiment for the measurement of1H T1r. The cross-polarizatio
ime used in the different spectra ranges from 1.5 to 80 ms from top to bo

FIG. 3. Trend of the integrals of a peak, global biexponential fitting cu
nd single exponentials in a variable spin-lock experiment for the measur
f 13C T1r.
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180 GEPPI AND FORTE
In the case of the determination ofH T1Z andT1Q in partially
rdered phases by means of the Wimperis pulse sequenc4),
preliminary procedure is provided by the program: th

elaxation times are determined from the trend of the sum
he difference of the areas of the two components of
oublet generated by the quadrupolar interaction, rather

rom the trend of the areas of a single peak (5); the sums an
ifferences of the different doublets are calculated autom
ally before the fitting routine is called.
Several graphical functions allow the visualization of ex

mental and fitted data with many options, thus rendering
ontrol over the whole procedure easy and flexible, from
eading of experimental spectra to the determination of re
tion times. Experimental and fitted spectra can be sh

ndividually, together for comparison, or as stacked plot
rder to see the trend. In all cases the spectra can be disp
ither entirely or expanding a region of interest. Moreover
tted spectra can be visualized as the overlap of the diffe
eaks or extracting the single peaks contributing to the w
pectrum from the context and displaying them individua
he peak areas can be graphically displayed against the
ble delay, and the curve fitting which describes this trend
e shown together with the areas, also separating the s
ontributions in the case of multiexponential decays. All
raphical functions can be adapted to personal deman
sing the many options already provided by the standard M
matica functions.
Further details on the results of the spectral fitting, suc

he partial and total correlation coefficients (2) between all th
airs of parameters determined by the least-squares me
re not displayed in the default output, but can be reca
ommands which show the list of the integrals of all peak
spectrum or of the integrals of one peak along the seri

pectra, as well as a summary of all the relaxation ti
etermined, are provided. Other facilities, such as an on
elp manual showing the meaning and the usage of the
ands, are available.

TESTS ON SIMULATED DATA

The program has been tested on simulated data. To thi
specific routine has been implemented in the program fo

ynthesis of a series of spectra of a relaxation experiment
set of spectral and relaxation parameters, as well as the

evel required.
The tests performed on the program aimed at the asses

f the stability and sensitivity of the method. The results of
ests are reported in Fig. 4 and Table 2 and in Fig. 5 and T
, respectively. In the first test, particularly indicative of

FIG. 4. Simulated spectra and global (left) or single peak (right) fitti
ongest delay in a Torchia experiment, and were simulated with the para
0, 6, 4, 3, 2, and 1 ppm.
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ensitivity of the method, the influence of increasing degre
eak overlap on the relaxation time determined is examine

he different simulated experiments the case of two peaks
onsidered, keeping the intensity and linewidth constant, w
arying the relative distance. Lorentzian peaks were used
ype of lineshape being more critical in the case of overla
ll cases, the simulation and subsequent data analysis
epeated three times (see Table 2); the results obtained al
he presence of systematic errors to be ruled out. It is ev
rom the data that significant errors are present only in the
f very strong overlap, these errors arising from nonopt
pectral fitting results due to an increasing correlation betw
arameters with increasing overlap. This can be noticed in
, where the global and partial fitting curves of the rela
pectra in the different simulated experiments are repo
lthough in all cases a good global fitting is obtained, in

ast two cases, where very strong overlap occurs, the
ndividual peaks have different relative intensities. Howeve

ust be pointed out that errors in the spectral fitting are he
nfluenced by the noise level, particularly in the case of st
eak superposition, as highlighted by the second test, whe
ase of maximum overlap examined in the previous tes
een investigated as a function of noise level (see Table
ig. 5). The experiment simulated with zero noise yields s

ral fittings with zero variance and, consequently, precise
axation times. With increasing noise level the scatter of
elaxation times determined remarkably increases, and, m
ver, the spectral fitting becomes strongly dependent o

nitial choice of parameter values. However, even in the m
ritical case of maximum superposition and noise level,
elaxation times determined differ by less than 20% from
rue values.

The tests on simulated experiments clearly indicate tha
rrors in the determination of relaxation times result fro
ombined effect of peak superposition and noise; howe
nly when both these factors are particularly critical do
rrors become significant. It can be thus positively stated

he method used is sufficiently sensitive, stable, and free
ystematic errors.

APPLICATION TO EXPERIMENTAL DATA

SPORT-NMR has been extensively used on experim
ata in many fields (6), and here two meaningful examp
oncerning solid polymers and liquid crystals are reporte
oth cases the NMR experiments were carried out on a B
MX-300 spectrometer.

urves obtained with SPORT-NMR. The spectra reported are those rela
ters reported in Table 2; the distance between the two peaks is, from ttom,
ng c
me
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182 GEPPI AND FORTE
1H T1r of EPR-Ti by Means of Variable Contact Time Pul
Sequence

The SPORT-NMR software has been heavily employed
he study of the dynamics and morphology of three polyole
lastomers (two ethylene/propylene random copolymers a
thylene/propylene/ethylidene norbornene random terpoly
y means of1H and 13C solid-state NMR (7). Because of th
resence of numerous overlapping peaks in the13C MAS
pectra of these elastomers, the software was used to dete
ll relaxation times (1H and 13C T1 andT1r). In fact, a correc
easurement of the relaxation times for individual peaks

mportant for each sample, and especially for the ethyl
ropylene random copolymer obtained with a heterogen
atalyst system based on MgCl2-supported TiCl4 and electron
onors (EPR-Ti) (7), where rubbery and crystalline pha
oexist: this heterophasicity, giving rise to more complex s

FIG. 5. Simulated spectra and global (left) or single peak (right) fitti
ongest delay in a Torchia experiment and were simulated with the para

a.u.

TABLE 2
Spin–Lattice Relaxation Times Obtained by Applying the

Program to a Simulated Torchia Experimenta

Distance between peaks
(ppm) T1 (A) T1 (B)

10.00 3.00
10 9.98 3.00

10.02 3.00

10.03 3.00
6 10.02 2.98

9.98 3.00

10.11 3.00
4 10.04 2.99

10.06 3.02

9.94 2.96
3 10.05 3.00

10.01 3.00

10.37 3.06
2 10.74 3.18

9.80 2.98

9.14 2.90
1 8.93 2.79

11.10 3.14

a Thirty spectra were synthesized with suitably chosen delays ranging
.1 to 102.4 s considering two Lorentzian peaks of 5 ppm linewidth, 50
00 a.u. amplitude, and 10 and 3 s relaxation time, respectively, and separ
y a variable distance. A random noise of 1 a.u. (in the same scale
mplitudes) was added to the spectra. The results obtained repeati
xperiment simulation and subsequent fitting procedure three times a
orted.
r
c
an
r)

ine

s
e/
us

c-

ra, renders indispensable the separation of peaks in ord
istinguish between relaxation times of nuclei belongin
ifferent phases. For instance, in the methyl resonances r
f the 13C spectrum (19–24 ppm) three heavily superimpo
esonances can be identified, two belonging to different m
eric sequences of the rubbery phase and another t

rystalline polypropylenic phase. The measurement of th
egrals and, therefore, of the relaxation times, without a p
us separation of overlapping peaks, could be performed

or the three peaks globally, whereas using SPORT-NMR
pectrum could be well reproduced as a sum of three pea
ith a Lorentzian shape (Fig. 1). In the measurement of pr
pin–lattice relaxation times in the rotating frame, the for
rocedure did not allow any multiexponential trend for
urve integrals vs variable delay to be found and led to
verage value of 236 1 ms for 1H T1r. In contrast, individua
elaxation times for the three peaks could be obtained by m
f SPORT-NMR and the results are reported in Table 4
ether with the peak assignment. It must be pointed out tha
elaxation time of the methyl protons belonging to the crys
ine phase is about half the relaxation times of the elastom

ethyl protons. This result highlights relevant differences
ween the individual relaxation times, and it is perfectly c
istent with the average result obtained with the fitting of
verall integral decay, which is inherently unable to rev
ecay constants differing by a factor of less than three.
Striking differences were found for the carbon spin–lat

elaxation times in the rotating frame measured from the o
ll peak area and using “SPORT-NMR”: the former proced
ielded a two-exponential decay with time constants 146 2 ms
nd 946 16 ms, whereas the latter gave a monoexpone

rend for the two methyl carbons of the amorphous phase
two-exponential one for the methyl carbon of the crysta

hase, as indicated in Table 4. In this case the global an
eveals its limits in the interpretation of the two-exponen
elaxation behavior attributable, in principle, either to the
erposition of two peaks with different single-exponential
avior or to a similar two-exponential behavior of all
ontributing peaks. On the other hand, the application o
oftware reveals a more complex situation, allowing dete
ation not only of the number of relaxation time compon

or each peak, but also of their correct values.

2H T1Z and T1Q of FAB-OC6 by Means of the Wimperis
Pulse Sequence

Each deuterium nucleus in a partially oriented phase, su
liquid crystalline phase, gives rise to a symmetrical dou

entered on the isotropic resonance frequency, originated

urves obtained with SPORT-NMR. The spectra reported are those rela
ters reported in Table 3; the noise level is, from top to bottom, 0, 0.2, 0, and

m
d

he
the
re-
ng c
me



183RELAXATION TIMES IN UNRESOLVED NMR SPECTRA



t te
n de
t
a rom
t tw
c riab
d m
o -
t ai
(

s g. 7.
T d the
e eth-
y m the
a ling
w lit-
t , the
c y the
o ark-
a nces
i thyl
d blem
a sum-
i ak,

fro
0 an
1 ated
b sca
o ise,
t d.

t
M

e

r
s

184 GEPPI AND FORTE
he quadrupolar Hamiltonian, which is the predominant in
al interaction. The Wimperis pulse sequence allows the

erium spin–lattice Zeeman (T1Z) and quadrupolar (T1Q) relax-
tion times for all nuclei to be simultaneously determined f

he trend of the sum and difference of the integrals of the
omponents of each doublet, respectively, against the va
elay of the sequence. This technique was applied to a sa
f p9-hexyloxybenzyliden-p-fluoroaniline (FAB-OC6), par

ially deuterated on the aniline ring and on the alkoxy ch
see Fig. 6) (8). A portion of the corresponding2H NMR

TABLE 3
Spin–Lattice Relaxation Times Obtained by Applying the

Program to a Simulated Torchia Experimenta

Noise T1 (A) T1 (B)

0 10.00 3.00

10.01 3.04
0.2 10.36 3.09

10.18 3.05

10.03 2.98
0.5 9.09 3.02

10.37 3.01

9.14 2.90
1 8.93 2.79

11.10 3.14

12.19 3.34
2 12.34 3.44

8.92 2.65

8.26 3.50
5 9.22 2.36

8.26 2.95

a Thirty spectra were synthesized with suitably chosen delays ranging
.1 to 102.4 s considering two Lorentzian peaks of 5 ppm linewidth, 50
00 a.u. amplitude, and 10 and 3 s relaxation time, respectively, and separ
y 1 ppm. A variable random noise ranging from 0 to 5 a.u. (in the same
f the amplitudes) was added to the spectra. Except for the case of 0 no

est was repeated three times and the three sets of results are reporte

TABLE 4
Proton and Carbon Spin–Lattice Relaxation Times in the Ro-

ating Frame, Measured for the Methyl Resonances of EPR-Ti by
eans of SPORT-NMR, and Attribution of the Three Signalsa

13C chemical shift 1H T1r (ms) 13C T1r (ms) Monomer sequenc

22.1 12.66 0.6 116 2 PPP (crystalline)
2106 70

21.4 28 6 1 316 3 PPP (amorphous)

20.7 30.26 0.8 376 3 PPE and EPE
(amorphous)

a P, propylene; E, ethylene.
r-
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pectrum together with the fitted spectrum is shown in Fi
he internal doublet is assigned to methyl deuterons an
xternal doublet to deuterons belonging to the adjoining m
lene group, whereas the remaining resonances arise fro
romatic deuterons, which show a relevant dipolar coup
ith neighboring aromatic protons, giving rise to further sp

ing into doublets. As can be seen from the spectrum
orrect determination of the relaxation times is disturbed b
verlap of methyl and aromatic peaks, which is more rem
ble on the right side of the spectrum because of the differe

n the isotropic chemical shift between aromatic and me
euterons. The use of SPORT-NMR overcomes this pro
nd, moreover, renders completely automatic the time-con

ng procedure of calculating the integrals for every pe
m
d

le
the

FIG. 6. The molecular structure of FAB-OC6-d15.

FIG. 7. Portion of the2H spectrum of FAB-OC6-d15 and global (top) o
ingle peak (bottom) fitting curves obtained with SPORT-NMR.
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ransferring the resulting data into a suitable spreadshee
ram, calculating the necessary sums and differences,
nally, performing their fitting.
A comparison between the relaxation times obtained

he traditional method and by application of SPORT-NMR
eported in Table 5. Note that the two sets of data are pr
ally identical in the case of the methylene deuterons, w
eaks do not suffer from significant superposition; in cont
oth methyl and aromatic deuterons show differences bet

he two sets of results. In all cases the traditional method y
arger errors in relaxation times, mainly due to the error in

easurement of peak integrals; in the case of the aro
euterons, moreover, it must be pointed out that with

raditional method the relaxation times have been obta
nly from the external peak of the dipolar doublet, thus re

ng the problem of the superposition, but halving the sig
o-noise ratio and thus contributing to increase the error. A
s the methyl deuterons are concerned, the overlap wit
emarkably peaks of aromatic deuterons, which have rem
bly lower relaxation times, is responsible for the under
ated values found with the standard procedure.

CONCLUSIONS

The results obtained on both simulated and experim
ata, here reported, were used to test the software pa
PORT-NMR and to verify that it worked properly. Th
emonstrated its reliability and flexibility in calculati
elaxation times in the case of poor spectral resolu
herefore, SPORT-NMR can be a useful tool in NMR
eneral and, in particular, in relaxation studies of aniso

TAB
Zeeman (T1Z) and Quadrupolar (T1Q) Spin–Lattice Re

Measured Both with the Tradition

Type of deuteron

Lineshape
parameter

(Gaussian %)

T1Z

traditional method
(ms)

CD3 92 4806 35
CD2 73 2066 2
Aromatic 100 106 2
ro-
nd,

h

ti-
se
t,
en
ds
e
tic
e
d
-

l-
ar
he
k-
i-

al
ge

.

-

ic materials (solid and liquid crystals), where peak o
apping very often occurs.
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5
ation Times of Selected Deuterons of FAB-OC6-d15,

Method and Using SPORT-NMR

T1Z

SPORT-NMR
(ms)

T1Q

traditional method
(ms)

T1Q

SPORT-NMR
(ms)

518 6 9 4606 30 511 6 8
206 6 1 2486 8 243 6 4
11.56 0.3 106 2 13.86 0.8
LE
lax
al
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