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a b s t r a c t

Elastomer blends, among which natural rubber (NR) and butadiene rubber (BR), are
involved in many components of the automotive/tire industry. A comprehensive under-
standing of their mechanical behavior requires, among other features, a detailed
description of the cross-link density in these mixtures. In the case of vulcanized immiscible
blends, the distribution of the cross-link density within each of the NR- and BR-rich do-
mains is key information, but difficult to determine using the conventional approaches
used for one-component cross-linked elastomers. In this study, the vulcanization within
NR/BR blends is investigated using a robust 1H double-quantum (DQ) MAS recoupling
experiment, BaBa-xy16. Two kinds of cross-linked NR/BR blends were considered with two
different microstructures for the BR component. The bulk organization of the resulting
blends was first probed by analyzing the 1H spin-lattice relaxation behavior. In a second
step, BaBa-xy16 was used to investigate, in a selective way, the cross-link heterogeneities
within NR/BR blends. In particular, for immiscible NR/BR mixtures, the distribution of the
cross-link density between both phases was compared and the observed differences were
discussed.
© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications

Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Blending technologies have always been playing a very important role in the rubber industry [1]. Blends composed of
natural rubber (NR) and butadiene rubber (BR), which stand among the most widely used blends in the rubber industry, are
key components in the automotive/tire industry, including the design of tire treads and anti-vibration components displaying
high mechanical performances. Blending NR with BR, this latter being introduced as a minor component, allows to improve
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both thermo-oxidative aging behavior and abrasion resistance of NR [2]. The process of materials based on elastomer blends
mostly involves a vulcanization step, generally carried out using sulphur or peroxide [3,4], which allows to form covalent links
between elastomer chains. The BR chain microstructure is a crucial parameter that governs the uncross-linked NR/BR blend
morphology at equilibrium. Cis-1,4-poly(isoprene) is reported to bemisciblewith 1,2-poly(butadiene), due to a negative value
of the Flory interaction parameter c [5], whereas it is considered as totally immiscible with 1,4-poly(butadiene) [6]. The
situation is more complex with poly(butadiene) chains composed of cis-1,4-, trans-1,4- and 1,2-units. In this case, as the
content of the poly(butadiene) chains in 1,2-units is raised up, a large increase of miscibility with cis-1,4-poly(isoprene) is
observed, with the occurrence of a LCST phase behavior for intermediate compositions [7].

The distribution of the cross-link density is a particularly important feature of elastomer-based materials since it partly
governs their elastic behavior, above their glass-transition temperature. Several experimental approaches have been pro-
posed to determine the average cross-link density n of neat vulcanized elastomers. Swelling measurements in a good solvent
for the considered elastomer are one of these conventional methods. The Flory-Rehner equation may then be applied to
unfilled, cross-linked elastomers to derive n [8]. Another possibility relies on the use of uniaxial tensile testing. The stress-
strain curves may be analyzed through the classical Mooney-Rivlin equation and the average cross-link density may be
derived [9,10]. Lastly, the measurement of the storage modulus within the rubbery plateau region through dynamic me-
chanical analysis is also widely used since the plateau modulus is a linear function of n [11].

Nevertheless, it is worth remarking that all these approaches provide the average value of the cross-link density, n. Yet, for
most of the vulcanization systems used industrially, cross-link heterogeneities occur within the resulting rubber materials. In
such cases, the distribution of n, and not only its average value, is key information since it affects not only the storagemodulus
at rubbery plateau, but also other mechanical properties of the cross-linked elastomers, such as tensile strength and
deformation at break.

In this respect, an original and robust solid-state NMR approach was developed by Saalw€achter et al. in 2003 [12]. It relies
on 1Hmultiple-quantum (MQ) NMRmeasurements, performed without any spinning of the sample at the magic angle (static
conditions). Under appropriate temperature conditions, the analysis of the 1H double-quantum (DQ) coherence build-up
curve recorded for one-component cross-linked elastomers allows to investigate the distribution of the 1H dipolar
coupling, DHH. In a first approach, one may consider that DHH is proportional to n so that these measurements are a way to
detect whether vulcanized rubbers exhibit a wide distribution of the cross-link density or not. If this is so, the corresponding
distribution can be derived [13]. This NMR experiment is essential in the field of elastomers since it allows get a better
understanding of the relationships between the network topology, probed at the macromolecular length scale, and the elastic
behavior of elastomers at the macroscopic level [14,15]. Unfortunately, when applied to vulcanized mixtures of immiscible
elastomers, such a 1HMQ experiment cannot lead to the distribution of the cross-link density within each of the blend phases
since the 1H NMR peaks related to both kinds of chains cannot be distinguished, due to the absence of magic-angle spinning
(MAS) of the sample.

In this context, the determination of the distribution of n in each domain of cross-linked immiscible blends requires a
homonuclear DQ MAS recoupling pulse sequence [16]. In particular, the BaBa-xy16 experiment, introduced in 2011 in the
literature [17], offers a robust recoupling scheme. It may be seen as a pseudo-2D NMR experiment with the 1H MAS NMR
spectrum along the direct dimension and the 1H double-quantum build-up curves along the indirect dimension. The analysis
of such data is conceptually similar to the one that was reported for one-component elastomers, without sample spinning
[13,15], except that these build-up curves are determined for the different kinds of protons that may be distinguished in the
1H MAS NMR spectrum. In the context of vulcanized elastomer blends, one may realize that BaBa-xy16 provides a unique
pathway to derive the distribution of the cross-link density, with a possible distinction between chemically distinct species
and thus, between both blend phases. Such information is crucial to get a deeper knowledge of rubber mixtures. Since 2011,
two reports have taken advantage of BaBa-xy16 to investigate a vulcanized blend composed of NR and styrene-butadiene
rubber (SBR), with a SBR content of 50 wt % [18,19]. One of the aims of these studies was to monitor the evolution of each
elastomer component under thermo-oxidative ageing and also, under artificial weathering.

In the present study, we take advantage of the 1H DQ MAS recoupling experiment, BaBa-xy16, to investigate the extent of
cross-linking within NR/BR blends. The influence of the microstructure of the BR chains will be considered. Prior to these
measurements, the bulk organization of the studied sulphur-cured NR/BR blends will be probed by analyzing their 1H spin-
lattice relaxation functions.
2. Experimental section

2.1. Materials

The natural rubber used in this work, denoted as NR in the following, was purchased from SAPH, under the reference TSR
10CV60. Two poly(butadiene) homopolymers, characterized by two significantly different chain microstructures, were
selected: Buna® CB 22 (Arlanxeo), denoted as BR1, and Europrene® BR HV80 (Versalis, ENI Group), denoted as BR2. The
percentage of cis-1,4-, trans-1,4- and 1,2-units for these three homopolymers was determined by 1H and 13C solution-state
NMR (1H single-pulse and 13C{1H} inverse-gated-decoupling experiments). The corresponding results are gathered in
Table 1.
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Table 1
Content of cis-1,4-, trans-1,4- and 1,2-units, derived from solution-state NMR, molecular characteristics (weight-average molecular weight Mw and
polydispersity Ip), determined by size-exclusion chromatography (SEC), and glass- transition temperature Tg, obtained by differential scanning calo-
rimetry (DSC), for NR, BR1 and BR2. The Tg values were determined using the second heating scan following a cooling step from 333 K to 123 K. Two
heating/cooling rates, 20 K min�1 and 100 K min�1, were used, the highest rate allowing to preventing the crystallization of BR1 during both cooling and
heating ramps.

NR BR1 BR2

cis-1,4 units (mol %) 97 % 96 % 9 %
trans-1,4 units (mol %) 3 % 3 % 15 %
1,2 units (mol %) 0 % 1 % 76 %
Mw (g.mol�1) e 590 300 484 800
Ip e 2.2 1.9
Tg (K), heating rate of þ100 K min�1 233 K 191 K e

Tg (K), heating rate of þ20 K min�1 213 K 170 K 248 K
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Blends of NR and BR1 as well as blends of NR and BR2, both composed of 30 wt % of NR, were prepared under the same
processing conditions. NR and BR1 (BR2) were first mixed for 1 min at 323 K and 40 rpm, using a 390 mL net volume Haake
internal mixer equippedwith tangential rotors. 2,2,4-Trimethyl-1,2-dihydroquinoline antioxidant (TMQ, 2 phr), stearic acid (1
phr) and ZnO (3 phr) were then incorporated and the blend components were mixed for 3 additional minutes. Here, phr
means “parts for hundred rubber” and corresponds to the weight of a given compound introduced in 100 g of rubber. In a
second step, the samples weremixed at 313 K on a two-roll mill, using a 1.2:1 friction ratio with the front cylinder speed set to
12 rpm. A sulphur/N-cyclohexyl-2-benzothiazolesulfenamide (S/CBS) cure package was progressively incorporated and
dispersed. The ratio S/CBS was set to 2/1 with a CBS content of 2 phr. Lastly, rubber blend sheets were cross-linked at 433 K,
using a hydraulic press and a pressure of 180 bar. The curing timewas set equal to the t’95 value, the specific time taken for the
cure to be 95 % completed, independently measured by monitoring the time evolution of the torque during cross-linking
through dynamic shear rheology.

2.2. 1H solid-state NMR spectroscopy

1H spin-lattice relaxation signals were measured with a 400 MHz Bruker Avance I solid-state NMR spectrometer, coupled
to a NMR magnetic field of 9.4 T, and a 3.2 mm double-resonance MAS probe. The inversion-recovery pulse sequence was
used to determine the T1 relaxation functions. These experiments were carried out under static conditions while the volume
of the samples, collected on the sheets of vulcanized elastomer blends, was restricted to about 0.05 cm3 and centered with
respect to the RF coil. The 90�(1H) pulse length was equal to 4 ms and the recycle delay ranged between 4 s and 6 s, depending
on the temperature between 250 K and 343 K.

1H double-quantum build-up curves were recorded under fast MAS using BaBa-xy16 as a homonuclear dipolar recoupling
pulse sequence. Such measurements were carried out with a Bruker Avance III solid-state NMR spectrometer and an NMR
magnetic field of 16.4 T. A 3.2 mm double-resonance MAS probe was used, allowing a sample spinning at a frequency of
20 kHz. The 90�(1H) pulse length was equal to 3.5 ms and the recycle delay was set to 6 s at 353 K. It is worth noting that the
samples investigated were cryo-grinded prior to the BaBa-xy16 experiments. The 1H chemical shift values were calibrated by
considering adamantane as an external standard.

3. Results and discussion

3.1. Morphology of cross-linked NR/BR blends

The bulk organization of vulcanized NR/BR blends was investigated through 1H solid-state NMR, more precisely, through
the analysis of the 1H spin-lattice relaxation in the laboratory frame. In the first step, the 1H T1 relaxation function was
measured, under static conditions, between 250 K and 353 K for neat NR, neat BR1 and neat BR2, these three elastomers being
cross-linked using the same conditions as for the blends. For each temperature, the 1H T1 decay is found to be mono-
exponential and may be described by a single relaxation time, T1, NR, T1, BR1 or T1, BR2. The temperature dependence of T1,
NR, T1, BR1 and T1, BR2 for the neat cross-linked NR, BR1 or BR2, reported in Fig. 1, shows the expected evolution. In contrast to
the evolution of 13C T1 with temperature T, the 1H T1(T) curves cannot be described usingmotional models describing the local
dynamics, such as the Dejean-Lauprêtre-Monnerie model [20]. Nevertheless, from a qualitative point of view, the temper-
ature Tmin corresponding to the minimum of the 1H T1(T)-dependence (343 K for cross-linked NR, lower than 273 K for cross-
linked BR1 and higher than 353 K for cross-linked BR2) is somehow related to the temperature at which the characteristic
frequency of the segmental motions matches with the 1H Larmor frequency (400 MHz in the present case). As a result, the
difference of Tmin between both cross-linked elastomers NR and BR1 observed in Fig. 1 is consistent with the higher glass-
transition temperature for the NR network compared to the one of the BR1 network (Tg, NR (DSC)¼ 233 K, Tg, BR1 (DSC)¼ 191 K,
as measured by DSC on a heating ramp at 100 Kmin�1). In a similar way, the T1(1H)-data related to cross-linked NR and cross-
linked BR2 are in qualitative agreement with their respective glass-transition temperature (Tg, NR (DSC) ¼ 213 K, Tg, BR2
3



Fig. 1. Evolution of the spin-lattice relaxation time T1(1H) with temperature for cross-linked natural rubber NR, cross-linked poly(butadiene) BR1 and cross-
linked poly(butadiene) BR2.
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(DSC) ¼ 248 K, as measured by DSC on a heating ramp at 20 K min�1). Lastly, Fig. 1 also shows that the high-temperature
regime of the 1H T1(T) evolution is achieved between 250 K and 353 K for cross-linked BR1 while in the same tempera-
ture range, cross-linked BR2 still stands in the low-temperature regime of T1(T). Such an increase of Tmin for the BR2 network
compared to the vulcanized BR1 is consistent with the higher content of 1,2-units for BR2. In the following, the 1H spin-lattice
relaxation signal for a cross-linked NR/BR1 blend will be determined at the temperature corresponding to the highest dif-
ference between T1, NR and T1, BR1, that is to say 353 K.

The 1H spin-lattice relaxation function measured at 353 K for the vulcanized blend NR/BR1 (30/70), again under static
conditions, is shown in Fig. 2(a). A deviation from a mono-exponential decay is detected and two exponential decays may be
observed. This result indicates that the magnetization from the NR protons is not fully equilibrated with the one from the BR1
protons by 1H-driven spin diffusion. Therefore, the cross-linked blend NR/BR1 (30/70) should be composed of two kinds of
domains characterized by a typical size higher than the length scale [ over which 1H spin diffusion occurs during the 1H T1
relaxation. The order of magnitude of [ will be determined in the following.

For NR/BR1 (30/70), the fraction of protons from the NR (BR1, respectively) component may be estimated to 0.25 (0.75,
respectively). The relaxation data reported in Fig. 2(a) were thus fitted using a bi-exponential function, AS � exp (－t/
T1,S)þ AL� exp (－t/T1,L), while AS (AL) were constrained to the estimated fraction of NR and BR1 protons (AS¼ 0.25, AL¼ 0.75).
The best fitting curve, depicted in Fig. 2(a), provides an accurate description of the experimental data and the two free pa-
rameters, T1,S and T1,L, were found to be about 397 ms and 794 ms, that is to say close to the values measured at the same
temperature for the neat cross-linked NR and the neat cross-linked BR1. This analysis suggests that both kinds of domains
evidenced by 1H T1 measurements are mostly composed of NR cross-linked chains on the one hand and BR1 cross-linked
chains on the other hand. This result is somehow in agreement with the fact that NR and poly(butadiene) chains with a
high content of 1,4-units are considered incompatible [6,7].

The 1H spin diffusion coefficient for the NR phase, DNR, may be estimated using the approach proposed by Mellinger et al.
[21]. The 1H transverse relaxation signal for the cross-linked NR was recorded at 353 K using the Hahn echo experiment. As
suggested in Ref. [21], this signal may be described using three relaxation components characterized by a fraction of protons fi
and a relaxation time T2,i. The average

P3
i¼1

�
fi
T2;i

�
was then computed and led to a value of about 0.03e0.04 nm2 ms�1 for DNR

at 353 K. Using a similar approach, DBR1 was found to be approximately equal to 0.04 nm2 ms�1. Considering the 1H T1 values
measured for NR/BR1, the lower limit for the characteristic size of NR (BR1) domains in the sulphur-cured blend is about
[ ¼ 9e14 nm.

The 1H T1 relaxation was investigated for another cross-linked blend, NR/BR2 (30/70), prepared with poly(butadiene)
chains displaying a different microstructure from BR1. In contrast to NR/BR1, the observed decay, [M0－M(t)]/2M0, can be
described at 343 K by a single exponential component (Fig. 2(b)) and, in other words, a single relaxation time T1(1H) equal to
550 ms. This feature shows that for this sulphur-cured blend, full equilibration between the magnetization from the NR
protons and the one from the BR2 protons occurs. From this point of view, this vulcanized blend may be considered miscible
at a length scale given by [¼ (6� D� T1)1/2, D denoting the effective spin diffusion coefficient. As DNRz 0.03e0.04 nm2 ms�1
4



Fig. 2. (a) 1H spin-lattice relaxation function measured for the cross-linked blend NR/BR1 (30/70) at 353 K. The dashed line serves to illustrate the deviation from
a mono-exponential decay. The solid line corresponds to the fit of the experimental data using a bi-exponential decay, performed by fixing the amplitude of both
relaxation components to the proton fraction related to the NR and BR blend components. (b) 1H spin-lattice relaxation function determined for the vulcanized
blend NR/BR2 (30/70) at 343 K and the corresponding fit using a mono-exponential decay (solid line).
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and DBR2 amounts to 0.03 nm2 ms�1, again according to Reference [21], one may consider that D z 0.03 nm2 ms�1 and with
T1 ¼550 ms, [ is found to be of the order of 10 nm. This result is consistent with the fact that the extent of miscibility between
cis-1,4-poly(isoprene) and poly(butadiene) gets higher as the fraction of 1,2-units along the poly(butadiene) chains increases
[7]. Besides, as expected, due to spin diffusion, the unique 1H T1 value should range between the relaxation time T1 deter-
mined on the neat cross-linked NR and the one obtained for the neat cross-linked BR2. More quantitatively, it should be given
by the following mixing rule:

1
T1

¼ fNR
T1; NR

þ fBR2
T1; BR2

(1)
fNR (¼1 e fBR2) standing for the fraction of protons related to the NR component in the blend. With fNR ¼ 0.25,
T1, NR ¼ 398 ms and T1, BR2 ¼ 675 ms at 343 K, Equ. (1) leads to T1 ¼ 574 ms, which is consistent with the value deduced
experimentally for NR/BR2.

3.2. Cross-linking in immiscible NR/BR1 blends

The homogeneity or the heterogeneity of the cross-linking within neat elastomers may be efficiently assessed bymeans of
1H solid-state NMR, more precisely, using the static multiple-quantum experiment developed by Saalw€achter et al. [13].
Provided significant cross-link heterogeneities occur, the distribution of the cross-link density may be additionally derived
through this NMR approach. Although such an experimental approach may be applied to cured immiscible NR/BR1 blends,
the assignment of the components displayed by the distribution of 1He1H dipolar couplings DHH to NR or BR1 is not possible.
Indeed, despite the high extent of motional averaging, the 1H NMR single-pulse spectra of vulcanized NR/BR1 blends recorded
under static conditions do not allow to resolve the contributions from the NR component and the ones from BR1. Such a
5
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feature is illustrated in Fig. 3(a), showing the 1H NMR spectrum of NR/BR1 (30/70) obtained with a NMR magnet corre-
sponding to a Larmor frequency of 700 MHz, without MAS. Therefore, in the case of sulphur-cured NR/BR1 blends, the
analysis of the 1Hmultiple-quantum build-up curves recorded in the absence of Magic-Angle Spinning of the sample does not
allow a selective investigation of the cross-link heterogeneities within NR-rich and BR-rich domains. As anticipated, 1H MAS
NMR spectra of NR/BR1 (30/70), determined at 700MHz and at aMAS spinning frequency of 20 kHz (Fig. 3(b)), leads to a clear
resolution between the peaks related to the NR CH3 protons (d¼ 1.64 ppm) and both NR and BR1 CH2 protons (d¼ 2.06 ppm).
Moreover, under these conditions, the peaks assigned to the NR CH proton (d ¼ 5.10 ppm) and the BR1 CH protons
(d¼ 5.35 ppm) are also well-resolved. The 1He1H dipolar couplings DHH related to the NR and BR cross-linked elastomers are
quite weak (a few hundreds of Hz) which are easily averaged out to zero by MAS. In this context, a double-quantum (DQ)
homonuclear recoupling MAS NMR technique should be used to record the 1H DQ build-up curves for the protons related to
NR and BR1 domains, in a selective manner. Here, the BaBa-xy16 pulse sequence, proposed by Saalw€achter et al. in 2011 [17],
was selected. Indeed, beyond the distribution of the DHH values, leading to the distribution of the cross-link density, this
approach allows the fraction of repeat units involved in the elastically-active chains to be quantified. Such a possibility relies
on themeasurement of the evolution of the reference signal, SRef, with the 1H DQ excitation time, tDQ, in addition to the 1H DQ
build-up curve, SDQ (tDQ), where SRef corresponds to all the magnetization which has not evolved into (4n þ 2)-quantum
coherences.

Representative SDQ (tDQ) and SRef (tDQ) evolutions collected at d(1H)¼ 5.10 ppm (CH, NR component) and d(1H)¼ 5.35 ppm
(CH, BR component) for NR/BR1 (30/70) using the BaBa-xy16 pulse sequence are shown in Figure S1. These experiments were
carried out at 353 K. For both kinds of methine groups, the contribution to SRef (tDQ) from CH protons characterized by
DHH¼ 0 Hzwas identified as a slow-relaxingmono-exponential decay that may be observed on [SRef (tDQ)e SDQ (tDQ)] for long
tDQ values. Such a component was then subtracted from SRef (tDQ), thus leading to the corrected SRef, corrected (tDQ). From a
physical point of view, such protons related toDHH¼ 0 Hz correspond to extractables and chain portions with a free extremity.
The fraction of repeat units involved in elastically-active chain portions may thus be deduced from the ratio fEAC ¼ [SRef (0) e
SRef, corrected (0)]/[SDQ (0) þ SRef (0)]. Besides, the distribution of the 1H dipolar coupling DHH, P (DHH), may be derived from the
normalized DQ build-up curve, IDQ (tDQ), defined as the ratio SDQ (tDQ)/SRef, corrected (tDQ), aimed at removing the 1H relaxation
effects affecting SDQ (tDQ). Following the correction of SRef (tDQ) from the isotropic contribution and the normalization of SDQ
(tDQ) (Figure S1), the IDQ (tDQ) curves reported in Fig. 4 were obtained at 353 K for the CH protons from the NR phase and the
ones from the BR-rich domains. Under these conditions, fEAC was found to be equal to 95 % for the NR component and 97 % for
the BR one.

Before analyzing the cross-linking in both kinds of blend domains, the BaBa-xy16 experiment was performed at various
temperatures between 303 K and 353 K. As NR/BR1 (30/70) was found to be immiscible (see section 3.1), these experiments
were performed on neat cross-linked BR1 and neat cross-linked NR. The corresponding raw data SDQ (tDQ) and SRef (tDQ),
shown in Figure S2(a), were processed as described above and the comparison of the resulting IDQ (tDQ)-curves is shown in
Fig. 3. 1H NMR single-pulse spectrum (700 MHz) obtained for NR/BR1 (30/70) at 323 K: (a) under static conditions; (b) at a MAS spinning frequency of 20 kHz.
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Fig. 4. 1H normalized DQ build-up curves, IDQ (tDQ), derived from the BaBa-xy16 pulse sequence carried out at 353 K for the cross-linked blend NR/BR1 (30/70).
The data were collected at the 1H NMR peak at (a) d(1H) ¼ 5.10 ppm (CH, NR), (b) d(1H) ¼ 5.35 ppm (CH, BR1). The MAS spinning rate was set to 20 kHz. The solid
line stands for the fit of the experimental data based on equation (2) combined with a log-normal distribution of DHH.
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Fig. 5 for the BR1 network. All the normalized growths of the 1H DQ coherences are found to be superimposed in the
considered temperature range. The same behavior was obtained for the NR network prepared under the process conditions
described in section 2.1. The corresponding results, obtained with BaBa-xy16, are depicted in Figure S2(b) and Figure S3.
This feature indicates that for both elastomers, the reorientational motions related to their a-relaxation are characterized
by short correlation times compared to the tDQ values. At the same time, it also implies that the fluctuations of the vectors
connecting the chain portion extremities, defined by cross-links or entanglements, may be considered as frozen over the
tDQ time scale, between 303 K and 353 K. These data are in agreement with 1H MQ NMR measurements reported in the
literature, which evidenced that IDQ (tDQ) does not vary any longer with temperature being 50 K above the glass-transition
Tg for cross-linked natural rubber and cross-linked poly(butadiene) with 98 % of cis-1,4 units [22]. As the vulcanized NR/BR1
blends considered in this study are composed of NR-rich and BR1-rich phases, the evolution of IDQ with tDQ is also expected
to be unchanged around 353 K and thus, may be interpreted in terms of the extent of cross-linking within the blend
domains.

At this stage, it is worth noting that despite the BaBa-xy16 experiments were performed at a MAS spinning frequency of
20 kHz, the IDQ (tDQ) curves display the expected plateau value at 0.5 for long excitation times tDQ. Such a feature might
suggest that under the experimental conditions used, the influence of sample deformation induced by MAS on the
normalized 1H DQ build-up curves may be neglected, in a first approximation [18]. This behavior was observed for the neat
vulcanized elastomers NR, BR1 and BR2 (Figure S3, Fig. 5 and Figure S4) and for the cured blend NR/BR1 (30/70) (Fig. 4).
Moreover, for this later, the IDQ (tDQ) variations recorded using BaBa-xy16 experiments performed at two different MAS
spinning frequencies, 20 kHz and 10 kHz, were found to be very similar (Figure S5), again indicating that deformations of the
cross-linked NR/BR1 (30/70) blend by fast MAS does not play a major role in the shape of IDQ (tDQ), derived for both NR and BR
components.

The 1H DQ build-up curve IDQ (tDQ) related to the NR domains of the NR/BR1 (30/70) could not be satisfactorily fitted using
the following expression [17]:
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Fig. 5. Temperature evolution of IDQ (tDQ) monitored for cross-linked BR1, using BaBa-xy16, between 303 K and 353 K. The data were collected at
d(1H) ¼ 5.35 ppm, assigned to the BR1 CH proton.
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withD ¼ 189 Hz and s¼ 0.19 is found to provide an accurate description of I (t ) recorded for the NR protons, as shown
HH,0 DQ DQ
in Fig. 4(a). The corresponding distribution, depicted in Fig. 6(a), is characterized by amean DHH value of 192 Hz and displays a
nearly-symmetric shape. From another point of view, as for the NR domains of NR/BR1 (30/70), equation (2) fails to fit the
normalized 1H DQ build-up curve of the protons from the BR1 domains of the same blend. As for the NR blend component, a
distribution P (DHH) is required and again, a log-normal distribution of DHH with DHH,0 ¼ 269 Hz (mean DHH value of 294 Hz)
and s ¼ 0.42, shown in Fig. 6(b), allows to account for the IDQ (tDQ) measured for the BR1 domains of the vulcanized blend. In
contrast to the NR component, the use of a symmetric shape for P (DHH) does not lead, in this case, to a satisfactory description
of the experimental data. These results indicate that the sulphur-based cross-linking leads to heterogeneous networks within
both kinds of blend domains, NR-rich phase and BR1-rich phase. In order to go further into the comparison of the distribution
of the cross-link density between both components, the difference in the constant of proportionality K between DHH and the
molecular weight between cross-links Mc for NR and BR1 should be taken into account. Previous reports in the literature
[13,22] showed that K was estimated to KNR ¼ 617 Hz kg mol�1 for natural rubber and to KBR ¼ 656 Hz kg mol�1 for cis-1,4-
poly(butadiene). The DHH components (DHH

BR1) involved in the distribution [P (DHH)]BR1 determined for the cross-linked BR1
domains were converted according to the following equation:

�
DHH

BR1
�
equ NR

¼
�
DHH

BR1
�
�KNR

KBR
�Mru

BR1

Mru
NR (4)
Mru
NR (Mru

BR1) corresponds to the molecular weight of the NR (BR1) repeat unit. KBR was used here since BR1 is composed
of 96 mol % cis-1,4-units. Such a scaling allows to replace any DHH

BR1 value related to a BR1 elastically-active chain by the
equivalent DHH, denoted as (DHH

BR1)equ NR, that would bemeasured for a NR network chain having the same number of repeat
units between the cross-links/entanglements at its extremities. Therefore, equation (4) may be considered as away to plot the
distribution of the 1H dipolar coupling that would be obtained for cross-linked NR domains with the same network topology
as the one determined for the BR1-rich phase, [P (DHH)]BR1. The resulting ½PðDHHÞ�BR1equ NR, depicted in Fig. 6(a), displays dif-
ferences with the symmetric distribution [P (DHH)]NR experimentally derived for the NR component of NR/BR1 (30/70). In
particular, the average DHH value for ½PðDHHÞ�BR1equ NR (220 Hz) is somehow higher than the one obtained for [P (DHH)]NR

(192 Hz). More importantly, ½PðDHHÞ�BR1equ NR is much broader than [P (DHH)]NR and in particular, displays an extension towards
the high DHH values.
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Fig. 6. Distribution of the 1H dipolar coupling, P (DHH), determined for the NR-rich (a) and BR-rich (b) domains of NR/BR1 (30/70). In (a), the dash-dotted line
corresponds to ½PðDHHÞ�BR1equ NR (see text for more details).
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Here, it should be reminded that sample deformation effects under MAS, which were reported to result in a possible
broadening of the distribution of the 1H dipolar coupling measured by BaBa-xy16 [18], were not found to play a significant
influence on the 1H normalized build-up curves determined for the cryo-grinded materials investigated in this study.
Therefore, the significant broadening of the distribution of ½PðDHHÞ�BR1equ NR compared to [P (DHH)]NR should be essentially
interpreted in terms of a wider distribution of the cross-link density for the BR1-rich domains of NR/BR1 (30/70) than for the
NR-rich ones. Nevertheless, one should also mention that the conversion of the distribution [P (DHH)]BR1 into ½PðDHHÞ�BR1equ NR,
aimed at a comparison of the network topology in the NR- and BR1-phases, relies on the constants of proportionality KNR and
KBR. Due to the uncertainty on the determination of these later [13,22], the differences between [P (DHH)]NR and ½PðDHHÞ�BR1equ NR
should be taken with care and interpreted more from a qualitative than from a quantitative point of view. Of course, such a
limit resulting from the uncertainty on KNR and KBR would not be encountered if the distributions [P (DHH)]NR or [P (DHH)]BR1,
derived using BaBa-xy16 for vulcanized NR/BR1 blends prepared under different conditions (composition, cross-linking
system), were compared.

In summary, the vulcanization system and the process conditions used in this study (section 2.1) lead to a high fraction of
repeat units involved in elastically-active chains, for both NR-domains (fEAC ¼ 95 %) and BR1-domains (fEAC ¼ 97 %). Never-
theless, the density of topological constraints (cross-links or trapped entanglements) is, on average, slightly higher and more
widely distributed in the BR1 phase than in the NR one. In particular, the NMR data suggest the presence of zones within the
BR1 domains that contain muchmore constrained chain portions than for the NR component. One may note, in particular, the
occurrence of DHH components in ½PðDHHÞ�BR1equ NR that are not present in [P (DHH)]NR, the ones above about 300 Hz (Fig. 6(a)). At
least three possible reasons may be proposed to rationalize these results. First, the intrinsic difference in the cross-linking
kinetics between NR and BR1 could be invoked. Indeed, t’95 measured for neat BR1 (about 23 min, under the conditions
described in section 2.1) was found to be higher than the one determined for neat NR (about 10 min). Therefore, a lower
extent of the cross-linking process within the BR1 domains of the blend could be proposed to explain the stronger hetero-
geneities of the density of topological constraints, compared to the ones in the NR domains. However, the percentage of
repeat units contributing to the elastically-active chains is similar for both NR and BR1 phases (fEAC ¼ 95 % and 97 %,
respectively). For this reason, the results of Fig. 6(a) should not be explained by such a kinetic argument. Second, one may
9
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propose that the vulcanization system (sulphur and/or CBS) does not display the same local concentrationwithin the NR- and
BR1-regions of NR/BR1 (30/70): a higher concentration in the BR1-domains could account for the observed NMR results.
Lastly, as the average number of repeat units between two entanglements for BR chains, Ne, depends on its microstructure
[23], additional rheological measurements were carried out on the NR and BR1 elastomers considered in this work (data not
shown). It turns out that Ne for BR1 is about 1.8 times lower than Ne for NR. As a result, the density of entanglements trapped
during the vulcanization could lead to a higher fraction of strongly constrained chain portions in the BR1 domains, thus
contributing to the extension of ½PðDHHÞ�BR1equ NR towards the high DHH values.
3.3. Cross-linking in NR/BR2 blends

BR2 is composed of a significant fraction of 1,2-units (76mol %) and as a result, this poly(butadiene) is expected to display a
higher glass-transition temperature than the one of BR1. DSCmeasurements indeed led to a Tg, BR2 (DSC) value equal to 248 K,
using a heating ramp at 20 K min�1, that is to say higher than the one determined for the neat cross-linked NR with the same
heating ramp (Tg, NR (DSC)¼ 213 K). BaBa-xy16 experiments were carried out on the neat cross-linked BR2 between 323 K and
353 K and the resulting normalized 1H double-quantum build-up curve remains unchanged in this temperature range, as
shown in Figure S4. As the analysis of the 1H T1 relaxation signal suggests that NR and BR2 are miscible over a length scale [

estimated about 10 nm, the glass-transition temperature of NR/BR2 (30/70) should be lower than the one from neat vul-
canized BR2. Under these conditions, performing BaBa-xy16 measurements at 353 K on NR/BR2 (30/70) ensures to stand in
the temperature-independent regime for IDQ (tDQ).

The IDQ (tDQ)-curve deduced for NR/BR2 (30/70) at 353 K was obtained for both NR and BR2 components of the vulcanized
blend. In the framework of this study, attention will be paid to the analysis of the results deduced for the NR chains only.
Indeed, to the best of our knowledge, 1H DQ NMR experiments for vulcanized 1,2-poly(butadiene), performed either under
static conditions or under MAS, were not reported until now in the literature. In particular, the constant of proportionality
between DHH and the molecular weightMc is not known for this elastomer, thus preventing attempts to compare IDQ (tDQ) for
BR2 in NR/BR2 (30/70) with IDQ (tDQ) derived for BR1 in NR/BR1 (30/70). In contrast, Fig. 7 shows the comparison of IDQ (tDQ)
determined for NR in NR/BR2 (30/70) to the one obtained for NR in NR/BR1 (30/70). Surprisingly, both normalized 1H DQ
build-up curves are superimposed, as can be seen in Fig. 7.

Kawahara et al. reported that blends of 50wt % of poly(isoprene) with a high content of 1,4-units and 50wt % of poly (1,2-
butadiene-co-1,4-butadiene) with 76 mol % of 1,2-units, as for BR2, were miscible between 248 K and 474 K [24]. Under these
conditions, the uncured mixture NR/BR2 (30/70) would be in the single-phase state and NR chain portions should be, on
average, surrounded by three BR2 chain portions, according to the lack of specific interactions between 1,4-isoprene and 1,2-
butadiene units [25] and the blend composition. One may thus expect the vulcanization of the NR chains within such an
environment to lead to a distribution of the cross-link density significantly differing from the one that would be obtained for
NR chains surrounded by like-chains, as is the case for the immiscible blend NR/BR1 (30/70). However, such a feature was not
observed experimentally. Based on the result shown in Fig. 7, one could be tempted to consider that the cross-linking of the
NR chains in NR/BR2 (30/70) occurs in NR-rich domains having a characteristic size high enough to form a network topology
similar as the one formed in the NR-domains of NR/BR1 (30/70). Such a hypothesis, which would allow to rationalize the
result shown in Fig. 7, may imply that the uncross-linked NR/BR2 (30/70) displays a Lower Critical Solution Temperature
(LCST) behavior. In this case, during the heating step of the uncured NR/BR2 up to the vulcanization temperature (433 K), an
Fig. 7. 1H normalized DQ build-up curve, IDQ (tDQ), obtained at 353 K for the NR component of the cross-linked blend NR/BR2 (30/70). The measurements derived
from the NR domains of NR/BR1 (30/70) were recalled for the sake of comparison. These data were collected at d(1H) ¼ 5.10 ppm (CH, NR), using the BaBa-xy16
pulse sequence.
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onset of phase-separation would indeed lead to the formation of NR-rich domains, the growth of which being limited and
even, stopped, by the cross-linking process. Their characteristic size should be lower than about 10 nm, as evidenced by the
analysis of the 1H T1 experiments on the cross-linked mixture NR/BR2 (30/70). Roland et al. mentioned that 1,4-units in poly
(1,2-butadiene-co-1,4-butadiene) could result in a reducedmiscibility and the occurrence of a LCST for the blends with cis-1,4-
poly(isoprene) [25]. For fractions of 1,4-units lower than 15mol %, the resultingmixtures were found to bemisciblewithin the
accessible temperature ranges whereas at 59 mol % of 1,4-units, phase separation was observed above around 50 �C [26].
Nevertheless, such a behavior was not detected by Kawahara et al. for fractions of 1,4-units lower than 53 mol %, as above-
mentioned [24]. Along this line, the results obtained here for the vulcanized blend NR/BR2 (30/70) using the experiment
BaBa-xy16 call for complementary investigations to get a better understanding of the phase diagram displayed by the
uncross-linked NR/BR2 mixtures and thus, the mixture morphologies obtained after curing.

4. Conclusion

Though of considerable industrial importance, vulcanized NR/BR blends are challenging materials to be characterized in
several respects. Part of the difficulty stands in the close chemical structure of the corresponding repeat units, particularly
between NR and BR 1,4-units. Nevertheless, 1H solid-stateMAS NMR at high field provides the opportunity to differentiate the
contributions of the NR protons from the ones related to the BR protons in cross-linked NR/BR blends. In this context, the 1H
double-quantumMAS recoupling pulse sequence BaBa-xy16 is a powerful approach to investigate the effect of vulcanization
for each component of NR/BR blends.

In the present study, blends prepared with 70 wt % of poly(butadiene) chains displaying different microstructures were
considered. 1H T1 relaxation measurements under static conditions were used to assess the extent of miscibility between NR
and BR components within the cross-linked blends. Poly(butadiene) with a high content of cis-1,4 units (96 mol %) leads to a
sulphur-cured NR/BR blend with a two-phase morphology composed of NR-rich and BR-rich domains, as expected. The
distribution of the cross-link density in the corresponding NR-rich and BR-rich regions was then derived using the BaBa-xy16
pulse sequence. The density of topological constraints is found to be, on average, slightly higher in the BR phase than in the NR
one and also, significantly more distributed. In particular, local BR regions with a higher density of cross-links/entanglements
were detected in comparison to the NR phase of the same blend. As the fraction of 1,2-units is raised up to 76mol %, NR and BR
chains are found to be miscible at a length scale of about 10 nm. In this case, the BaBa-xy16 approach indicates a similar
distribution of cross-links/entanglements for the NR chains as the one determined for the NR domains of the vulcanized
immiscible blend, suggesting a possible onset of temperature-induced phase separation for the uncured mixture during the
blending process.

For cross-linked immiscible NR/BR blends, the study of the influence of the BR microstructure, the blend composition and
the process conditions on the distribution of the topological constraint density, as determined by BaBa-xy16, should lead to a
deeper knowledge of the relationships between the preparation conditions of the cured blends and their mechanical
behavior.
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