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Al.  The efficiency of various types of DQ pulse sequence for natural rubber

During years the efficiency of creating the double quantum coherences was under
debate and various DQ pulse sequences were developed following the general scheme for
excitation of DQ coherences with a z-filter as it is shown in Sl.1a [1]. The simplest pulse
sequence intensively used for the excitation of DQ coherences is based on 5 pulses with a
well-known phase cycling. This scheme is presented in Fig. SI.1b, and was used during many
years in high and low field to acquire the normalized DQ signal, and in particular was used by

us to evaluate the effect of natural aging of NR rubber. A more efficient DQ pulse sequence in
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Figure S1. a) General set-up of a double quantum (DQ) NMR experiment; b) five pulses DQ
experiment and c) seven pulses DQ experiment with two refocusing pulses in the middle of
excitation and reconversion periods.

low and inhomogeneous magnetic field, as in the case of NMR-MOUSE [2], in the middle of
excitation and reconversion period a 180° pulse was introduced. The DQ with 7 pulses is
presented in Fig. SI.1c. The efficiency of generating the DQ build-up curve was compared for
both DQ pulse sequences (e.g. with 5 and 7 pulses) and the results are presented in Fig. SI.2.
The main conclusion from these measurement is that for the aged natural rubber the simplest
5 pulse DQ pulse sequence is approximately double in efficiency to generate the DQ
coherences. This result is encouraging since, as the pulse sequence is simpler, the theoretical
expression of NMR signal is simplest. In the same time, the normalized (to the single

quantum signal) DQ signal for six years aged NR1 is at ~ 8.55 %, but for NR7 this efficiency



is increased at ~ 15.4 % for six years aged NR7. In conclusion, one can say that the 5 pulses

DQ pulse sequence is efficient in generating DQ coherences.
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Figure S2. Double quantum (DQ) build-up curves measured for a 6 years natural aged NR1
sample using the 5 pulse DQ sequence (open red square) and 7 pulse DQ sequence (open blue
circle).

A2. The influence of azimuthally angle B and R mediation on the residual dipolar
coupling distribution

The residual dipolar Hamiltonian which describes a polymer chain between two cross-
link points is given by [2-9],
_ s
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where S EPZ|COS ,B"(t) is the dynamic order parameter, scaled dynamic order

parameter is S, =S/N,, and the instantaneous angle between a given inter-nuclear vector 7;

and end-to-end vector R is B7(¢), while Bis the angle between the external magnetic field B,



and R . All these quantities were discussed previously, in Ref. [3]. The residual dipolar

coupling @, is given by the prefactor to the irreducible tensor operator 7, , in Eq. (SI.1).

The double-quantum edited second van Vleck moment of the build-up curve is given by,
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In order to consider the mediation over azimuthally angle B and end-to-end vector R
mediation on the residual dipolar coupling distribution a statistical average has to be
considered. For example, in the case of squared end-to-end vector R, this is denoted by

<()>R and is given by,

(R?)p ~ Na?. (S3)
where a is the length of a statistical segment and the effective number of statistical segments
N is defined by the number of segments N between physical cross links or topological
constraints and the number N© of segments between chemical cross-links. With these

notation the residual dipolar Hamiltonian becomes,

Hy = ﬂ—{e—zpz (COSB)BSs (N)T20 > (54)
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where, in general the scaled dynamic parameter depends on the number of statistical segments

S (N) The statistical average <( . )> from Eq. (3) can be written extensively as,

={{1-,),) (59

Then, for a given polymeric network the DQ signal is,

Spol2n.77)= <sin2(coDr)eXp(— ;f J> = exp(— ;EJ<<<sin2 (@, (%.8)-<)) >B>

2 2 R , (S6)

- exp[— ZEJTJETg(”)- h(B)- 1(y)sin’[@, (R.B) <}#dp - dr

in general, where we have not considered the distribution over 7, and number of statistical
segments. In particular, by assuming an isotropic sample and a Gaussian distribution of the

end-to-end vector g(ﬁ), the DQ signal can be rewritten as,
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since 4(B)=sin(B) and /(y)=1 due to the isotropy.
The main question is to describe the relation between the distribution of the residual
dipolar coupling f (ED) from eq. (18) and the physical quantities which defines the dipolar

Hamiltonian from eq. (SI.4). For that, first we will introduce new quantities like the residual

dipolar coupling RDC as,
D,.=DS,(N), (s8)
and the dimensionless squared end-to-end vector,
R* R’
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then we can write,
@ (R.B.D,.)=3D,,P,(cosPp) (S10)

and the DQ signal become,
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In this point one would like to test the effect each function in the expression of
residual dipolar coupling W, from eq. SI.10. For that we implemented a program written in
C++ to generate a large number of random numbers with a specific distribution. In order to do
that, the Metropolis algorithm was implemented [10]. Thus, for the first test, the sinusoidal
distribution of azimuthally angle [, between the limits of 0 and =& (see the insert in Fig. SI.3a)
was used to characterize the distribution of @, assuming a constant product G2D,..s. The

result is presented in Fig. SI.3a. The results may be better validated presenting also the

symmetric representation of the shapes of the resulted distribution in respect to the origin



point (see Fig. SI.3b). Now one can recognize the well know Pake doublet, or the powder

average [11].
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Figure S3. a) The simulated bar plot distribution of @;, given by the equation (SI.10) for
constant §>D,,, considering an isotope angular dependence described by sin function of

azimuthal angle B shown in the small inclusion; b) the comparison between the positive
simulated bar plot distribution of @, from Fig. a) and a specific powder spectra.



20 T T T T L — T T T " u I T — u I — u ]
o - I numerical distribution of 20
= I ®,=4°D__ P, {cos(B)}
= ’ I D, P{cos(B)} const. 1.5¢ . 3/
g— S 10" points q expi-3/29)
c | or
8 L
N 1.01 0.5} 1
C_U L
% : 0.0; 2
2 0.5] 9] [arb. units] ]
0.0 '
0 1 2 3 4 5

o, [arb. units]
Figure S4. The simulated bar plot distribution of @, given by the equation (SI.9) for constant

D, P {cos(ﬂ)} considering only the distribution of dimensionless squared end-to-end vector

res” 2

shown in the small insert.

In the next step a Gaussian distribution of the dimensionless squared end-to-end
vector, g2 was assumed as it is presented in the insert of the figure SI.4. In this case the
product D,.;P,{cos(B)} was considered constant and the resulted distribution of wj is
presented in figure SI.4. The shape of the simulated distribution of @y is again known to be
the I' function defined as Pr(@p) in eq. 14. As it can be observed, the I' distribution of
residual dipolar coupling wp is broad and presents a significant contribution at small
wp values. With these two tests the validity of the Metropolis algorithm was demonstrated by
obtaining the expected results. In conclusion, the tested Metropolis algorithm can be used to
find out the distribution of a relevant quantity if we know the distribution function of all
parameters that describes that quantity.

Next, both distributions, over the azimuthally angle B and over the squared end-to-end
vector, 2 were assumed simultaneously. The result is presented in Fig. SI.5a for a constant
value of the residual dipolar coupling D,..s. A surprising result come out from the simulations

where the residual dipolar coupling wp presents the largest probability at zero value and



decay (exponentially) with the increase of the value of wp. This kind of distribution of @
was not observed experimentally. This leads to the conclusion that the residual dipolar
coupling constant D, himself is characterized by a certain distribution or/and the assumed

functions for the azimuthally angle B or dimensionless squared end-to-end vector, g2 are not
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Figure SS. The simulated bar plot distribution of @, given by the equation (SI.10) for
constant D for a combined isotope angular dependence described by sin function of

azimuthal angle f and a) a 3D Gaussian distribution of the end-to-end vector and b) an

Gaussian distribution of dimensionless squared end-to-end vector with the center |éo| =2.5.



distributed as it was assumed. The orientation isotropy cannot be questioned even for the aged
natural rubber, therefore once can test a change in the distribution of squared end-to-end

vector. This assumes that the dimensionless squared end-to-end vector is no longer centered

in 0 but will have a new center |§0|=2.5 (in our simulation). In the same time the new

distribution of squared end-to-end vector, G2 is narrowed and the width is described by the
factor Aq. The results of this simulation is presented in Fig. SI.5b. Now the distribution of
residual dipolar coupling @ is more similarly to that measured for NR1 naturally aged for 6
years, with the exception of probabilities shown at small wj values. In this point we have no
physical argument to consider that such a shift of dimensionless squared end-to-end vector, G2
is happening in the aged natural rubber, therefore our focus will be then oriented to the
distribution of residual dipolar coupling constant Dres.

A3.  The distribution of residual dipolar coupling constant Dy

In order to obtain the distribution of the residual dipolar coupling constant Dres the

double quantum NMR signal can be rewritten as,

Spel2r.T;)= %exp(— = jIP(Dm )K(D,,)-dD,, . (512)
0

2
where the kernel, consider the mediation over dimensionless squared end-to-end vector, G2

and azimuthal angle B, and it is given by:
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The residual dipolar coupling constant Dres, more specific the distribution of Dres is a
specific feature of each sample (in our case of aged natural rubber). In the first step we will

consider, that the distribution of Dres is of Gaussian form and it is centered to a specific value
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Figure S6. a) Simulated bar plot distributions of residual dipolar coupling constant P(D,,)

for a: I)mono-Gaussian with D2 = 500rad/s ; 1I) mono-Gaussian with DS =
2000 rad/s and III) bi-Gaussian with D’ , =500rad/s and D’ , =2000rad/s. b) The

res,l res,2

simulated DQ build-up curves using eq. (SI.12) and kernel (SI.13) for the simulated
distributions presented in a) and 7, =2 ms.

2500

D2,.. In figure SI.6 a) are presented a series of simulation of a mono-Gaussian distributions of

Dres with D, | =500 rad /s (Fig. SL.6 a-I) and with D;, , =2000rad /s (Fig. SL6 a-II). The

sum of these two distribution can be considered as a bi-Gaussian distributions of Dres and it is
presented in Fig. SI.6 a-1II. The simulated DQ build-up curves using eq. SI.12 for the DQ
signal and eq. SI.13 for the kernel are presented in Fig. SI.6 b for all three distributions of

P( D, ). Thus, with open circles is plotted the DQ-NMR signal for the mono-Gaussian

distribution of residual dipolar coupling constant P(D,

es

) with D, , =500 rad /s (shown in

Fig. SIL.6 a-I), with open squares is plotted the DQ-NMR signal for P( D,

es

) with

Dfes,z =2000rad/s (shown in Fig. SI.6 a-1I) and with open triangles is plotted the DQ build-
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up curve for the bi-Gaussian distribution of P(D,, ) shown in SI.6 a-III). In all cases the

res
. . . *
effective relaxation time 7, was 2 ms.

As expected, comparing the DQ build-up curves simulated for a mono-Gaussian
distribution of residual dipolar coupling constant Dres, the slope of DQ-NMR signal in the
initial time regime reflects the value (center value) of Dres. Nevertheless, the simulated DQ
build-up curve for the bi-Gaussian distribution of residual dipolar coupling constant Dres does
not present the expected two components as was observed for example in the case of the
measured DQ build-up curve for six years aged NR1. Therefore, one can assume that the
eq. SI.12 with SI.13 kernel having as a result a specific distribution of residual dipolar
coupling constant Dres cannot (satisfactory) explain the measured data.

In the attempt to generate the shapes of the DQ build-up curves for the measured aged
natural rubber with different cross-link density one can assume one more changes to the DQ
build-up curve. The change assumes that each distribution is characterized by another

effective relaxation time, and the DQ-NMR signal can be rewritten as,

2 res,
“) - fyn, P(Dres) K(Dreg) - dDres +

1 2 7
+ ; exp <_ T*T ) fDmezflz P(Dres) K(Dres) dDres
2,2

Spe(21,T3) = %exp (—
(S14)

where the kernels are given by eq. SI.13 and the effective relaxation times T; ; is associated

with small D, (centered on Dp,) values and T, is associated with large D, values

res

(centered on D2 ). One can remark that for those two distributions here there are a finite

lover and upper limits D" 12) and Dygg? ), respectively.
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Figure S7. a) Simulated bar plot bi-Gaussian distributions of residual dipolar coupling P( D,
) with D), | =500 rad /s and D,, ,=5000rad/s and the resulted residual dipolar coupling
constant distribution P( D, ) (continuous line) after Laplace-like analysis based on eq. (SI.14)
with 7,, =2 ms and 7,, =0.2 ms. b) The simulated DQ build-up curve (open circles) using
eq. (SI.13) and the fitting of simulated DQ build-up data (continuous line).

In Fig. SI.7 a) a bi-Gaussian distribution of residual dipolar coupling constant Dres is

presented as red bar plot centered on D;?es,l =500rad/s and D,‘,)es,2 =5000rad /s with the

same width. These distributions are used in eq. SI.14 to generate the DQ build-up curve with
T;1 =2msand T,, = 0.2 ms. The simulated data are represented with open circles. One
can observe that in this case we get a DQ build-up curve that presents a shape closely related
to the shape of the DQ build-up curve measured for natural aged NRI1-NR7 for six years.
Nevertheless, in this case the first peak located at lover time values is narrower compared to

the peak located at large time value, fact that is not observed for the experimental data.
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The distribution obtained by Laplace-like inversion using eq. SI.14 is presented with a
continuous blue line on top of the simulated distributions in Fig. SI.7a. Good superposition
between those two distributions (generated and obtained by inversion from simulated data) is
observed therefore one can conclude that the inversion algorithm works well. Moreover as a
result of inversion, the NMR signal (continuous line in Fig. SI.7b) fit well the simulated DQ
build-up data (open circles in Fig. SI.7b).

A similarly DQ build up curve vas obtained experimentally by Bertmer et al. [12] for a
PDMSI sample (PDMS content, 44 wt%, and average chain length Nt = 7.7). Similarly data
are presented in Fig. SI.8a) and are used to determine the distribution of residual dipolar
coupling constant Dres using eq. SI.14. The fit of the data are presented in the same figure with
dashed line. One can observe a very good approximation of the input data. The resulted
distributions characterized by T, ; = 0.22 ms (dashed line) associated with the large values of
Dres and T;, = 3.92 ms (continuous line) associated with the small values of Dres are
presented in Fig. SI.8b. The values of T, and T, , are resulted from fit in the Laplace-like
inversion process. As one can observe each distribution of Dres consist in two Gauss-like

peaks.
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Figure S8. a) The DQ-build-up curve (open circle) similarly with those measured by Bertmer
et al. in [12] for a PDMSI sample, the fitting curve obtained after the Laplace-like inversion
using eq. SI.14 (dashed line), the DQ NMR signals corresponding to the small Dres values
(continuous orange line) and to the large Dres values (dotted olive line); b) The distributions of
residual dipolar coupling constants resulted from the analysis of data presented in a) by
Laplace-like inversion using eq. SI.14 with T, ; = 0.22 ms and T, , = 3.92 ms.
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We are not going to discuss more about this result, but we would like to point out that the
equation SI.14 with the kernel described by eq. SI.13 which implies the powder average can
be successfully used for a better analysis of some experimental data presenting two

components.

The final test of practical ability of eq. SI.14 to be used to obtain the distribution of
residual dipolar coupling constant Dres is to be applied on the measured data for our series of
natural aged NR samples with different cross-link density. We are interested first to see if this
approach can fit the experimental data, especially for the NR1 of which DQ build-up curve
presents the most pronounced (separated) two peaks. Then one should compare the merit
value %2 (eq. 9) obtained for the same DQ build-up curve inverted using the eq. 20 to get the
distribution of the averaged residual dipolar couplings w; with those inverted using eq. SI.14
to get obtain the distribution of residual dipolar coupling constant Dres. The goal is to verify if
the DQ build-up curve can be fitted better using the complete definition (with the powder
average) of the kernel. In this sense the best fit of the DQ build-up curve measured for NR1
natural aged during six years analyses by Laplace-like inversion using eq. SI.11 with the
kernel SI.12 is presented in Fig. 8a from the main manuscript. This is far away from the best
fit presented in Fig. 9a and analyzed by eq. 18. In conclusion, our experimental data of the
cross-linked series of NR rubber six year aged cannot be better analyzed using the mono (eq.
SI.12) or bi-modal (eq. SI.14) distributions of the residual dipolar coupling constant Dres
where the kernel (eq. SI.13) imply the average over dimensionless squared end-to-end vector,
G? and azimuthal angle . One can assume that the demonstrated inability of the previous
(completely) described function to describe the DQ build-up curve measured for the natural
aged cross-linked NR series is related to the implicit assumptions of the particular
distributions of dimensionless squared end-to-end vector, 2 and azimuthal angle B. Most
probably that, in the case of aged rubber, these distributions of G2 and p are affected (into an

unknown way) by natural aging.
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