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Abstract

The homonuclear and heteronuclear residual dipolar couplings in elastomers reflect changes in the cross-link density, temper-

ature, the uniaxial and biaxial extension or compression as well as the presence of penetrant molecules. It is shown theoretically that

for an isolated methyl group the relative changes in the intensity of the homonuclear double-quantum buildup curves in the initial

time regime due to variation of the residual dipolar coupling strength is less sensitive than the changes in the triple-quantum filtered

NMR signal when considering the same excitation/reconversion time. For a quadrupolar nucleus with spin I ¼ 2 the sensitivity

enhancement was simulated for four-quantum, triple-quantum, and double-quantum buildup curves. In this case the four-quantum

build-up curve shows the highest sensitivity to changes of spin couplings. This enhanced sensitivity to the residual dipolar couplings

was tested experimentally by measuring 1H double-quantum, triple-quantum, and four-quantum buildup curves of differently cross-

linked natural rubber samples. In the initial excitation/reconversion time regime, where the residual dipolar couplings can be

measured model free, the relative changes in the intensity of the four-quantum buildup curves are about five times higher than those

of the double-quantum coherences. For the first time proton four-quantum coherences were recorded for cross-linked elastomers.

� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Homonuclear and heteronuclear residual dipolar or

quadrupolar interactions measured by NMR methods

represent an important source of information about the

structure and molecular dynamics in soft solids like

elastomers and biological tissues [1–3]. Using these
quantities structure–function relationships can be in-

vestigated for the broad class of elastomer materials [2].

The difficulties related to these measurements are due to

the small values of the residual spin couplings compared

to those of other spin interactions, the many-body

character of the dipolar couplings and the presence of

molecular motions which produce a supplementary en-

coding of the spin system response.
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One important objective of the NMR spectroscopy

applied in the field of elastomers is to develop methods

that are accurate and highly sensitive to the changes in

the values of the residual dipolar couplings. One-di-

mensional (1D) NMR methods based on the dipolar

correlation effect in combination with Hahn and solid

echoes [4,5], the stimulated echo [6], the magic echo [7],
and magnetization-exchange [8] provide access only to

the second van Vleck moment via a model which takes

into account the solid-like and liquid-like contributions

to the spin system response [9]. Model free access is gi-

ven by the analysis of multiple-quantum built-up [10–14]

and decay [15] curves recorded in the initial regime of

the excitation/reconversion periods as well as the ac-

cordion magic sandwich technique [16]. Chemically site
selective residual dipolar couplings can be elucidated by

two-dimensional (2D) NMR spectroscopy using, for

instance, 13C–1H heteronuclear residual dipolar encoded
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Fig. 1. (A) General scheme for multiple-qauntum (MQ) spectroscopy.

For short MQ coherences evolution times t1 and variable excitation/

reconversion time s, MQ buildup curves are generated. A z-filter of

duration tf is incorporated in the scheme. (B) Five-pulse sequence used

for excitation of even-order and odd-order MQ coherences. In the

former case the phase of the excitation pulses are the same, in the latter

case they differ by 90�. The reconversion period are composed of radio-

frequency pulses with the phases orthogonal to the excitation pulses to

generate a time-reversed dipolar DQ Hamiltonian.
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spinning sideband patterns [17], NOESY under magic
angle sample spinning (MAS) [18], and DQ MAS NMR

spectroscopy [19].

Multiple-quantum (MQ) coherences show an en-

hanced sensitivity to the inhomogeneous spin interac-

tions [20]. For example, for the Zeeman Hamiltonian of

the form, Hinh ¼ �dIz, where d is the off-resonance and

Iz is the z component of the total spin operator ~I , the
encoding of the MQ coherence of order p is exp(�ipds),
where s is the duration of the coherences evolution.

Therefore, the chemical shift separation between spec-

tral lines as well as the effects of the field gradients is

amplified by the coherence order.

The encoding the MQ coherences by homonuclear

dipolar and quadrupolar couplings is more complex than

that of the inhomogeneous interactions. The sensitivity

of the double-quantum versus single-quantum (SQ)
spinning-sideband patterns with respect to the dipolar

couplings was analyzed for the case of magnetically

equivalent spin-1/2 pairs under magic angle sample

spinning (MAS) conditions in [21]. Comparing the rela-

tionships that describe the SQ and DQ free induction

decays under MAS it was evident that the functional

dependence of the dipolar coupling is different. The sen-

sitivity of the spinning-sideband patterns to a variation of
the dipolar coupling was estimated from the second and

fourth van Vleck moments in the fast MAS regime for

the creation of the DQ coherences by the BABA pulse

sequence [22]. It was shown that for a number of BABA

cycles higher than two the sensitivity to dipolar couplings

is higher for DQ than for SQ van Vleck moments [21].

The goal of this paper is to investigate the possibility

to obtain an enhanced sensitivity to the changes in the
values of residual dipolar couplings by measurements of

the higher-order multiple-quantum coherences for static

samples with a complex 1H dipolar coupling network

like elastomers. The relative changes in the amplitude of
1H DQ and TQ coherences of an isolated CH3 group

were evaluated theoretically in the absence of relaxation

processes. It was shown that the relative variation of the

TQ filtered NMR signal is higher than that of the cor-
responding DQ filtered signal. For a quadrupolar nu-

cleus with spin I ¼ 2 the sensitivity enhancements were

simulated by considering four-quantum, triple-quan-

tum, and double-quantum buildup curves. The predic-

tions of the simulations were verified by the

measurements of buildup curves of 1H DQ, TQ, and

four-quantum (FQ) filtered signals of differently cross-

linked natural rubber samples.
2. Simulation of the sensitivity of MQ filtered signals to

spin interactions

In the following we shall consider the spin system

response to the pulse sequence depicted in Fig. 1. This
pulse sequence can excite even- and odd-order MQ co-

herences that can be separated by phase cycling [20].

Even if the residual dipolar couplings are weak the
multi-spin interactions are present in elastomers and

other soft solids [2]. To drastically simplify the many-

body problem we shall consider two types of spin sys-

tems: one is represented by an isolated methyl group and

the second one by a fictitious nucleus with spin I ¼ 2

with an axially symmetric quadrupole interaction at-

tached to a polymer strand. For these cases the density

matrix formalism can be used to evaluate the spin sys-
tems response to the radio-frequency pulses of Fig. 1

and finally to simulate the sensitivity of various orders

of MQ coherences to the changes in the residual dipolar

or quadrupolar couplings.

2.1. Residual spin interaction Hamiltonians

A simple model to describe the NMR spin system
response consists of a single polymer chain between two

network junction points [1,23]. The chain is considered

to carry many NMR-active bonds. The multispin di-

polar interaction between the protons along the chain—

preaveraged by the fast segmental motions—can be

written in the secular approximation [1,7]

Hd ¼
X
i>j

ð�
ffiffiffi
6

p
ÞDijP 2ðcos bijÞT ij

2;0; ð1Þ

where the dipolar coupling constant

Dij ¼ l0

4p

� �
c2�h

1

r3ij

 !
;

of the ij spin-pairs depends on the internuclear distance

rij. The bar in Eq. (1) represents the time average over

the molecular reorientation process which is faster than

the spin-precession period in the local dipolar field of the

rigid lattice. This averaging by rapid segmental motions
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is referred to as ‘‘pre-averaging’’ [1]. The angle bij is the
angle between the internuclear vector ~rij and the direc-

tion of the main magnetic field. ~B0. P 2 is the pre-aver-

aged, second-order Legendre polynomial. T ij
2;0 is the

irreducible tensor operator describing the spin part of

the secular dipolar coupling [10].

The residual dipolar interactions described by the

Hamiltonian (Eq. (1)) can be evaluated by using

the scale-invariant polymer model [1]. In this model, the
dipolar interactions are averaged over all conformations

of an intercross-link chain subject to the constraint that

the end-to-end vector ~R is fixed. For such a chain the

residual dipolar coupling may be expressed as [1,9]

Hd ¼ ð�
ffiffiffi
6

p
Þ k
N 2a2

~R2P2ðcos bÞ
X
i>j

DijSijT ij
2;0: ð2Þ

The dynamic order parameter is given by

Sij � P 2½cos bijðtÞ�, where bijðtÞ is the instantaneous an-

gle between a given internuclear vector~rij and ~R. Under

the pre-averaging condition, this angle denoted by b can

be considered to define the direction of the end-to-end
vector ~R with respect to ~B0. A scaled dynamic order

parameter can be defined as Sij
s � Sij=Ne, where the ef-

fective number of statistical segments is Ne � N=k. The
site selective dynamic order parameter Sij takes into

account the existence of the segmental dynamic hetero-

geneities along the polymer chain. The geometrical

factor k depends on the model which is adopted to de-

scribe the chain statistics and is equal to 3/5 for a chain
of freely jointed segments [9]. If the length of the sta-

tistical segment is denoted by a, and the quantity
~q2 ¼ ~R2=Na2 that represents the dimensionless squared

end-to-end vector is introduced in Eq. (2), we can write

Hd ¼ ð�
ffiffiffi
6

p
Þ~q2P2ðcos bÞ

X
i>j

DijSij
s T

ij
2;0; ð3Þ

or

Hd ¼
X
i>j

xij
dT

ij
2;0; ð4Þ

where xij
d is the residual dipolar coupling for a (ij) spin

pair.

In a disordered polymer, the end-to-end vector is

assumed to obey Gaussian statistics [23,24]. For in-

stance, the statistical average (denoted by hð. . .Þi~R, see
below) of the reduced squared end-to-end vector is given

by h~q2i~R � 1.

The spin system response cannot be evaluated exactly

for a multi-spin Hamiltonian given by Eq. (3). To avoid

this complex problem we shall consider the simplified

case of a methyl group attach to the polymer chain. In a

strong external magnetic field, the three 1H nuclei of a

CH3 group which reorient fast relative to the NMR
linewidth of rigid groups can be described by an energy-

level scheme which contains the eigenstates, A�3=2,

A�1=2, E
a
�1=2, and Eb

�1=2 following the irreducible repre-
sentations of the cyclic point group C3 [25]. The indices
�m denote the z components of the total nuclear spin.

The NMR response of a spin system containing isolated

reorienting triads of spin-1/2 nuclei have been analyzed

by treating the three spins as a single spin-3/2 particle

subjected to a quadrupolar interaction [26,27]. There-

fore, in a fast internal rotation limit the excitation of

MQ coherences of a spin-1/2 triad can be described by a

spin-isomer of total spin I ¼ 3=2. The fast axial rotation
reduces the rigid dipolar couplings by a factor of 1/2 and

makes the angular dependence of the dipolar Hamilto-

nian the same for all proton pairs.

Finally, the residual dipolar coupling for the rapidly

rotating spin triad is given by

H
ðCH3Þ
d ¼ ð

ffiffiffi
6

p
Þ

4
DðCH3ÞSðCH3Þ k

N 2a2
~R2P2ðcos bÞT2;0

� -ðCH3Þ
d T2;0: ð5Þ

Here, the dipolar coupling constant is defined by

DðCH3Þ ¼ l0

4p

� �
c2�h

1

r3

� �
;

where r is the distance between the methyl protons

(r ¼ 0:19 nm). The number of statistical segments is

denoted by N . The methyl order parameter SðCH3Þ is gi-

ven by the average of the second-order Legendre poly-

nomial the argument of which contains the cosine of the
angle between the instantaneous orientation of the C3

axis and the end-to-end vector ~R. The irreducible spin

tensor operator T2;0 ¼ 1ffiffi
6

p ½3I2z � IðI þ 1Þ� corresponds to

a quasi-particle with spin quantum number I ¼ 3=2 [28].

We are interested also (see below) in the MQ coher-

ences produced by the irradiation of a nucleus with an

axially symmetric quadrupole interaction attached to a

polymer strand. For convenience we chose a fictitious
quadrupolar nucleus with I ¼ 2. The residual quadru-

polar Hamiltonian is given by

HQ ¼ -QT2;0; ð6Þ
where the residual quadrupolar coupling constant -Q

has the same dependence on the end-to-end vector and
angle b as the dipolar coupling (cf. Eq. (5)).
2.2. Isolated CH3 group

The total spin coherence of a CH3 group is repre-

sented by a TQ coherence. The NMR response of a

static spin system can easily be evaluated in the density

matrix formalism described in [10] by employing the
specific irreducible tensor operator algebra [28]. In the

absence of transverse relaxation the normalized NMR

filtered signals from DQ coherences and TQ coherences

are given by

SDQðsÞ ¼
3 hhsin2ð

ffiffiffi
6

p
-ðCH3Þ

d sÞii; ð7Þ
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and

STQðsÞ ¼
9

40
hhðcosð

ffiffiffi
6

p
-ðCH3Þ

d sÞ � 1Þ2ii: ð8Þ

In the above equations the symbol hhii � hhiXiR repre-

sents the ensemble average over the distribution of end-

to-end vector lengths and the powder average of the

angular part of the residual dipolar coupling in the

disordered polymer network. We point out that Eqs. (7)

and (8) can be used to compare the sensitivity of the DQ

and TQ to the changes in the residual dipolar couplings.
Fig. 2. Simulations of normalized double-quantum (A) and triple-

quantum (B) buildup curves following Eqs. (7) and (8), and using the

proton residual dipolar couplings of two synthetic 1,4-cis-polyisoprene,

samples A and F with different cross-link density from [10]. For samples

A and F the proton scaled dynamic order parameters are SðCH3Þ
s;A ¼ 0:014

and SðCH3Þ
s;F ¼ 0:036, respectively [10].
2.3. Axially symmetric quadrupole interaction of a

nucleus with spin I ¼ 2

In order to investigate higher-order of MQ coher-

ences we consider the simple case of a nucleus I ¼ 2 with

axially symmetric quadrupolar interaction. For such

case the total spin coherence is represented by the
fourth-order (FQ) coherences. This mimics qualitatively

the NMR response of four spins with I ¼ 1=2 coupled

by dipolar interactions.

The normalized filtered signals from DQ, TQ, and

FQ coherences can be evaluated with the results of [28]

and are given by

SDQðsÞ ¼
3

35
hhðsinð

ffiffiffi
6

p
-QsÞ þ sinð3

ffiffiffi
6

p
-QsÞÞ2ii; ð9Þ

STQðsÞ ¼
9

40
hhðcosð

ffiffiffi
6

p
-QsÞ � cosð3

ffiffiffi
6

p
-QsÞÞ2ii; ð10Þ

and

SFQðsÞ ¼
1

20
hhð3 sinð

ffiffiffi
6

p
-QsÞ � sinð3

ffiffiffi
6

p
-QsÞÞ2ii: ð11Þ

Eqs. (9)–(11) as well as Eqs. (7) and (8) have been

derived using a program written in C++ that analyti-

cally evaluates the MQ coherences at different moments

of time after the action of pulses and free evolution
periods. The tensor algebra discussed in [28] was im-

plemented in this program.
2.4. Simulation of the sensitivity of MQ buildup curves to

the spin interactions

For the case of a methyl group the buildup curves of

DQ and TQ coherences were evaluated using Eqs. (7)
and (8). The average over the end-to-end vector was

performed numerically using a Gaussian distribution

function. The powder average was also executed nu-

merically. These simulations are shown in Fig. 2 for the

case of two cross-linked samples (A and F) of synthetic

polyisoprene (see [10]). The scaled dynamic order pa-

rameters SðCH3Þ
s � SðCH3Þ=ðN=kÞ of the methyl groups of

samples A and F were estimated from experimental data
to be SðCH3Þ

s;A ¼ 0:014 and SðCH3Þ
s;F ¼ 0:036 [10].
A relative sensitivity to the changes in the value of the

residual dipolar couplings can be defined by the ratio
(SFðsÞ � SAðsÞÞ=SAðsÞ which is related to the strength of

the DQ and TQ filtered NMR signals denoted by SðsÞ,
and taken at the same excitation/reconversion parameter

s for the samples A and F. This ratio is shown in Fig. 3A

for s values taken in the initial excitation/reconversion

regime. It is evident that the TQ coherences are about

three times more sensitive to the changes in the values of

the residual dipolar couplings for s � 0:03ms compared
to the DQ buildup curves. The largest enhanced sensi-

tivity of TQ buildup curves is present for small values of

s. Unfortunately, in this regime the signal-to-noise ratio

of the TQ filtered signal is low.



Fig. 3. The relative sensitivity ðSFðsÞ � SAðsÞÞ=SAðsÞ to the residual

dipolar couplings as a function of the excitation/reconversion time s.
(A) The simulated values of the methyl group with effective spin

I ¼ 3=2 for the DQ and TQ coherences. (B) Values for the DQ, TQ,

and FQ coherences of a fictitious quadrupolar nucleus with spin I ¼ 2.

The values were normalized to the sensitivity parameter of the DQ

coherences taken at the shortest s.

Table 1

Properties of the series of cross-linked NR samples

Sample Sulfur-accelerator

content (phr)

Shear modulusa

G (dNm)

Young modulusa

E (MPa)

NR1 1–1 5.2 0.9

NR4 4–4 13.2 2.1

NR7 7–7 16.2 2.8

a The uncertainties are less than 10%.
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For a fictitious quadrupolar nucleus with spin I ¼ 2

the s dependence of the sensitivity ratio is obtained

from Eqs. (9)–(11) for the FQ, TQ, and DQ buildup

curves. The values of the residual quadrupolar cou-

plings used in the simulations correspond to those of
the residual dipolar couplings of the polyisoprene

samples A and F. The resultant sensitivity ratios are

shown in Fig. 3B. The four-quantum coherences are

almost one order of magnitude more sensitive to

the changes in the spin interactions than the DQ co-

herences in the initial excitation regime. This sensi-

tivity decreases appreciably with increasing s but is

still larger than the sensitivity of the TQ and DQ
coherences.
3. Experimental

3.1. Materials

The investigated type of elastomer is based on com-

mercially available natural rubber (NR) SMR10 (Ma-

laysia). As additives, the samples of the cross-linked NR

series contain 3 phr (parts-per-hundred-rubber) ZnO

and 2 phr stearic acid. Three differently cross-linked
samples were investigated. The sulfur and accelerator

contents are shown in Table 1. The accelerator is of the

standard sulfenamide type (TBBS, benzothiazyl-2-tert-

butyl-sulfenamide). After mixing the compounds in a

laboratory mixer at 50 �C, the vulcanization was per-

formed at 160 �C in a Monsanto MDR-2000-E vulc-

ameter. The degree of cross-linking was measured by the

low frequency shear modulus (G) at the temperature of
160 �C in the vulcameter directly after the vulcanization.

The measurements were performed with oscillation

amplitude of � 0.5� and a frequency of 1.67Hz. The

values of G and Young modulus E are shown in Table 1

for the cross-linked NR series.

3.2. NMR Experiments

The NMR experiments were performed at a 1H fre-

quency of 299.87MHz on a Bruker DMX-300 spec-

trometer. Even order multi-quantum buildup curves

were measured using the five-pulse sequence

ð90�xþ/ � s� 90�xþ/Þ � t1 � ð90�y � s� 90�yÞ� sf � 90�x�
t2 [20] (Fig. 1). For odd-order MQ coherences the pulse

sequence ð90�xþ/ �s� 90�yþ/Þ � t1 � ð90�y � s� 90�xÞ�
sf � 90�x � t2 was used [20]. The phase cycling scheme
used for detection of the MQ coherences of the order �p
is described in [20]. The change in the phases of the MQ

excitation pulses is D/ ¼ 2p= j p j, where a value of

p ¼ �6 was chosen. The maximum MQ coherences de-

tected in the sample series was p ¼ �4. The signal-to-

noise ratio of MQ coherences of orders p ¼ �5 and

p ¼ �6 was very low. The MQ excitation pulse pro-

grams were written in a way to produce 2p separate data
files each corresponding to one step in the phase cycle.

These files were suitably processed so that the signals

various orders of MQ coherences are obtained. A 13 ls
90� pulse, and a 1 s recycle delays were used. The MQ

evolution time and the z-filter delay were fixed to

t1 ¼ 20 ls and sf ¼ 20 ls, respectively.



Fig. 4. Experimental 1H DQ (A), TQ (B), and FQ (C) buildup curves

for samples NR1, NR4, and NR7 (cf. Table 1). The MQ signals are

normalized to the integral intensity of the 1H single-quantum spec-

trum.

24 R. Fechete et al. / Journal of Magnetic Resonance 169 (2004) 19–26
4. Results and discussion

To investigate the sensitivity of the MQ coherences to

the changes in the 1H residual dipolar couplings in the

initial regime of excitation/reconversion a cross-link

natural rubber series (cf. Table 1) were measured. In

natural rubber the proton dipolar network is rather

complex being extended along the polymer chains

[10,19]. The residual dipolar couplings between different
functional groups are difficult to be evaluated from first

principles. Therefore, a quantitative theoretical estima-

tion of the MQ buildup curves and their sensitivity to

the variation of residual dipolar couplings will not be

discussed. Nevertheless, in the following an empirical

approach is presented.

The fact that the multi-quantum coherences could

only be detected up to fourth order can be related to the
small values of the 1H residual dipolar couplings and

the low pumping efficiency of the five-pulse sequence.

The normalized buildup curves for 1H DQ, TQ, and FQ

coherences are shown in Fig. 4 for the three samples (see

Table 1). The intensity of the FQ filtered signals is about

two orders of magnitude smaller than the DQ signals

(cf. Figs. 4A and C). Moreover, the TQ buildup curves

have a relatively good signal-to-noise ratio from which
reliable fits can be obtained (cf. Figs. 4A and B). It is

already obvious from Fig. 4 that for the values of s ta-

ken in the initial regime of the excitation/reconversion

periods, where the effect of transverse relaxation can be

neglected in a good approximation, the dispersion in the

signals as a function of cross-link density increases with

the MQ order. This is in a full agreement with the

simulations discussed above (see Figs. 2 and 3).
A sensitivity parameter to the residual dipolar cou-

plings can be defined by the ratio ðSNR7ðsÞ � SNR1ðsÞÞ=
SNR1ðsÞ. This ratio can be evaluated from the MQ

buildup curves of Fig. 4 and depends on the MQ exci-

tation/reconversion parameter s. The sensitivity pa-

rameters evaluated from DQ, TQ, and FQ buildup

curves of Fig. 4 are shown in Fig. 5 as a function of s for
the initial region of the buildup curves. It decreases for
longer values of s in qualitative agreement with the

simulations shown in Fig. 3. The measured sensitivity

parameter is almost five times larger for FQ coherence

than that for DQ coherence. That clearly proves the

increase in sensitivity of the higher-order of MQ co-

herences to the changes in the values of the dipolar

couplings. This is again supported by the simulations

shown in Fig. 3B for the case of a quadrupolar nucleus.
In the above discussions the effect of transverse re-

laxation on the MQ filtered signals was neglected. This

approximation is justified in the initial regime of exci-

tation/reconversion periods. Only in such conditions the

residual spin couplings can be measured model free. At

longer values of excitation times s the transverse relax-

ation starts to encode the MQ filtered signals [10].
Transverse magnetization relaxation measured by solid-,

stimulated-, and magic-echoes [1,4–7] are also sensitive

to the changes in the residual dipolar or quadrupolar
couplings via residual spin interactions and segmental

motions. Therefore, the encoding of the MQ filtered

signals by transverse relaxation and residual spin inter-

actions is complex and cannot easily be evaluated.



Fig. 5. Sensitivity parameter ðSNR7ðsÞ � SNR1ðsÞÞ=SNR1ðsÞ a function of

s in the initial region of the DQ, TQ, and FQ buildup curves evaluated

from the measured MQ buildup curves of Fig. 4. The values were

normalized to the sensitivity parameter of the DQ coherences taken at

the shortest s.
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5. Conclusions

The development of the NMR methods which exhibit

an increased sensitivity to the changes in the residual

dipolar or quadrupolar couplings for elastomer systems

in different states described by internal or external pa-
rameters represents an important topic of research aimed

of improving quality control of rubber materials. The

measurement of high-order coherences proves to be a

method to enhance the sensitivity of the spin system re-

sponse to changes in dipolar and quadrupolar couplings.

The possibility to excite 1H high-order coherences in

elastomers is due to the existence of the multi-spin di-

polar network extended mainly along the polymer chain
[2] (and references therein). In selecting the appropriate

order of MQ coherences a trade-off between the gain in

sensitivity and the reduction in the signal-to-noise ratio

with the increase in the order of the MQ coherences has

to be taken into account for each particular polymer. It

is noted that this method can benefit from the sensitivity

enhancement of measuring MQ coherences by the Carr–

Purcell–Meiboom–Gill (CPMG) detection scheme pro-
posed recently in the group of Pines and co-workers [29].
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