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ABSTRACT: The distribution ratio of carbon black (CB) in a blend of polyisoprene rubber (IR) and polybutadiene
rubber (BR) is characterized using high-resolution solid-S@eNMR. The relationships between the line width

of the polymer’s resonance lines and CB contents are estimated for both the IR/CB and BR/CB composites from
the dipolar decoupling/magic angle spinning (DD/MASY NMR spectra. For the IR/CB composite, the IR line

width increases with the increasing CB content. A similar relationship is obtained between the BR line width and
CB contents for the BR/CB composite. These relationships are used as calibration curves. On the basis of these
calibration curves, the distribution ratio of CB in the IR/BR rubber blend is determined. It is found for the IR/
BR/CB composite that the amount of CB in the BR phase is approximately twice as high as that of CB in the IR
phase, irrespective of the CB content. The sum of the amounts of CB in both the IR and BR phases, determined
from the above3C NMR experiments, mostly agree with the amount of CB originally added to the compound.
This verifies the validity of the CB distribution determination method¥#y NMR, as proposed in this study. A
comparison with a CB-gel method, which can only be used for unvulcanized rubber blends, further confirms the
results obtained from thEC NMR.

1. Introduction Hu et al® attempted to examine the distribution ratio of CB

The characterization of the distribution of carbon black (CB) in a butyl rubber (IIR)/BR rubber blend using the high-resolution
in rubber blends is important for the improvement of the strength Solid-state NMR line widths. They quantified the CB contents
of the rubber materiafs:2 It is generally accepted that CB is  in the IR phase of the IIR/BR rubber blend from the relationship
not uniformly dispersed in rubber blends because of the different between the CB contents and NMR line width of the IIR/CB
compatibilities between the CB and each rubber component. It COMposite.
is considered that the compatibility between the CB and rubber  In this paper, we attempt to quantify the distribution ratio of
is affected by various environments, i.e., unsaturation, viscosity, the CB in the IR/BR rubber blend using high-resolution solid-
polarity, mixing procedure, efc:® Transmission electron mi-  state!3C NMR. For the IR/BR rubber blend, the fraction of CB
croscopy (TEMJ# and atomic force microscopy (AFKI are in the IR phase and that in the BR phase are quantified using
currently used to determine the distribution ratio of CB in rubber two calibration curves estimated from the IR/CB composite and
blends. The advantages of these methods are that the CBBR/CB composite, respectively.
distribution in each component of the rubber blends can be
visually observed. However, the area we can observe is quite2. Experimental Section
limited. The sample preprocessing is often laborious and difficult

n TI.EM'. The QB-geI mgthod IS alsq used to determine the CB (N220), and curatives, are commercial products. Three kinds
(.jISj[I’Ib.Utlon rapo of CB,'” unyulcanlzed blend rubbérsﬁ\. of samples were prepared; i.e., the IR/CB composites, BR/CB
limitation of this method is that it cannot be used for vulcanized composites, and IR/BR/CB composites. The respective blend
rubbers. Also, in this method, only polymers on the surface of contents are shown in Tables-3. The IR/CB composites were
the CB particles are measured. prepared in order to estimate the relationship betweeFehBIMR
Solid-state!3C NMR is expected to be another candidate as line width and CB contents, which was used as a calibration curve
atool to determine the distribution ratio of CB in rubber blefids. to quantify the CB contents in the IR. Similarly, the BR/CB
Free electrons on the surface of the CB affect the-sfaittice composites were prepared to quantify the CB contents in the BR.
(T2) and spin-spin () relaxation times of the rubbef$.CB T_he_IR/I_BR/CB_ composites were prepared to characterize the CB
broadens the line width of the polymer signals due to the distribution ratio in the IR/BR rubber blend. Pure polymers of IR

shortening of the T relaxation timei%~13 The advantages of and BR were first preblended in a Bumbury internal mixer at 80

. rpm, then the CB was added. These were followed by the addition
the NMR method are (1) the entire sample can be measured,of the curatives using a roll mill. The compound mixtures were

(2) no special techniques are required for sample preprocessinginen thermally treated at 17GC for 10 min in a hot press for
(3) the sample can be nondestructively measured, and (4) bothyylcanization.

vulcanized and unvulcanized rubber can be analyzed. Solid-State 13C NMR Measurements. All the DD/MAS 13C
NMR measurements were carried out using a Bruker Avance 400

. e e spectrometer at thé’C resonance frequency of 100.6 MHz. A
?é%;%”;F?,f_'k:,rti%,i_Z%‘;’ﬁgfoljgcfj‘;ng\*Kl_()fa”@SCI'kyOto uacip (). gouble resonance probe with a 7 mm MAS probehead was used.
T SRI R&D, Ltd. The MAS spinning speed was 5 kHz{ Hz). The!*C n/2 pulse
*Kyoto University. width and the pulse delay were 4.85 and 6 s, respectively. We

Sample Preparation All materials used in this study, IR, BR,
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Table 1. Formulation of Polyisoprene Rubber (IR) with Different
Carbon Black (CB) Contents in phrd

sampleno. 1 2 3 4 5 6 7 8

IR 100 100 100 100 100 100 100 100
N220 CB 0 10 20 30 40 50 60 70
stearic acid 2 2 2 2 2 2 2 2
ZnO 3 3 3 3 3 3 3 3
sulfur 2 2 2 2 2 2 2 2
BBTP 1 1 1 1 1 1 1 1

aParts by weight for hundred parts of rubb&N-(benzo[d]thiazol-2-
ylthio)-2-methylpropan-2-amine.

Table 2. Formulation of Polybutadiene Rubber (BR) with Different
CB Contents in phr2

sampleno. 1 2 3 4 5 6 7 8

BR 100 100 100 100 100 100 100 100
N220 CB 0 10 20 30 40 50 60 70
stearic acid 2 2 2 2 2 2 2 2
Zn0O 3 3 3 3 3 3 3 3
sulfur 2 2 2 2 2 2 2 2
BBTP 1 1 1 1 1 1 1 1

aParts by weight for hundred parts of rubb&N-(benzo[d]thiazol-2-
ylthio)-2-methylpropan-2-amine.

Table 3. Formulation of IR/BR Rubber Blend with Different CB
Contents in phr2

sample no. 1 2 3 4 5 6
IR 50 50 50 50 50 50
BR 50 50 50 50 50 50
N220 CB 0 10 20 30 40 50
stearic acid 2 2 2 2 2 2
ZnO 3 3 3 3 3 3
sulfur 2 2 2 2 2 2
BBTP 1 1 1 1 1 1

aparts by weight for hundred parts of rubb&N-(benzo[d]thiazol-2-
ylthio)-2-methylpropan-2-amine.

used the'H dipolar decoupling of 58.5 kHz during the detection

of the free induction decay throughout this study. The-°C

dipolar couplings in the rubber blend systems were found to be
weak, and the line widths in the DD/MAS experiments were
unchanged withH dipolar decoupling with a field strength above
3 kHz. The acquisition time was 68 ms. The line widths were of
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Figure 1. DD/MAS *3C NMR spectra of vulcanized IR with different
CB contents. Expanded spectra are also shown for the C2 carbon.
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particular importance in this study. Therefore, we carefully adjusted Figure 2. DD/MAS *C NMR line widths of vulcanized IR with
the magnet shimming using adamantine to 3 Hz. The samples wer€gifferent CB contents.

packed into the center of the zirconia rotor with geffective inner

volume, which makes the shimming easier. This also suppresses
the effect of temperature gradients. The measurements were carrie

out at 298 K throughout this study. TR& chemical shifts were
expressed as values relative to adamantine usingf&heesonance
line at 29.5 ppm for—CH; as the external reference.

CB-Gel Method. The CB-gel was prepared by extracting free
rubber from the unvulcanized rubber blend of the IR/BR with
different CB contents (1650 parts per hundred parts of rubber
(phr)). The unvulcanized rubber was cut into small pieces of
approximately 0.5 g. The pieces were placed in a cage with a mesh
size of 150 and immersed in 300 mL of toluene for 48 h at room

temperature. The insoluble portion is then dried 4oh atroom
temperature followed by drying fo4 h at 333 Kunder vacuum.

This dried insoluble portion is called the CB-gel. Polymer composi-
tions of the CB-gels were analyzed using a pyrolysis gas chro-

0—70 phr). Five peaks, assigneddis-1,4-polyisoprené are
observed; IR(C1}CH,—C(CHz)=CH—CH,— at 33 ppm, IR-
(C2) —CH,—C(CHz)=CH—CH,— at 135 ppm, IR(C3}-CH,—
C(CHg)=CH—CH,— at 126 ppm, IR(C4)—CH,—C(CHs)=
CH—CH,— at 27 ppm, and IR(C5)-CH,—C(CHs)=CH—
CH,— at 24 ppm. It was found that the line widths increase
with the increasing CB contents as shown for IR(C2) in the
inset of Figure 1. In order to quantify the relationship, the change
in the line width of IR(C2) with different CB contents is shown

in Figure 2. The obvious relationship can be seen between the
line width of IR(C2) and the CB contents. Note that similar
relationships are observed for the other four resonance lines of
the IR. From the calibration curve in Figure 2, the CB contents

matograph (PGC). The pyrolysis temperature was 863 K, and thein the IR can be quantified from the line width of IR(C2).

column temperature was from 343 to 453 K.

3. Results and Discussion
Calibration of CB in IR. In order to determine the CB

distribution ratio in the IR/BR rubber blend, the relationship
between the!3C NMR line widths of the IR peaks and CB

contents was investigated. Figure 1 shows the DD/MAS

NMR spectra of the vulcanized IR with different CB contents

Calibration of CB in BR. A similar relationship is also found
for the BR/CB composite. Figure 3 shows the DD/MAE
NMR spectra of the vulcanized BR with different CB contents
(0—70 phr). Two peaks, assigneddis-1,4-polybutadiené’are
observed; BR(C1)CH,—CH=CH—-CH,— at 28 ppm and BR-
(C2) —CH,—CH=CH—CH,— at 130 ppm. It was found that
the line widths increase with the increasing CB contents, as
with the IR/CB composite. The change in the line width of BR-
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Figure 3. DD/MAS *3C NMR spectra of vulcanized BR with different 40
CB contents. Expanded spectra are also shown for the C2 carbon.
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Figure 4. DD/MAS 13C NMR line widths of vulcanized BR with
different CB contents.
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Figure 6. DD/MAS 3C NMR line widths of vulcanized IR/BR with
different CB contents.

. . . N L. Table 4. CB Distribution Ratio in the “Vulcanized” IR/BR Rubber
(C2) with different CB contents is shown in Figure 4. A similar Blend by the 1*C NMR Method
relationship is also observed for the resonance line of BR(C1).
Therefore, it is possible to quantify the CB contents in the BR

amount of CB

i ; ; ; in CBcontents total amount distribution

1":qr rubb4er blends containing CB, using the calibration curve in cithewhole  of CBIN n IR in BR ratio

igure T L compound IR+ inBR (phr) (phr) of CB

CB Distribution Ratio in IR/BR Rubber Blend. As already (phr) (phr) (135 ppm) (130 ppm) IR/BR
described, two calibration curves are obtained for the quantifica- 10 105 30 73 123
tion of the CB contents in both the IR and BR, respectively. 20 20.3 6.2 141 1:2.3
We are now ready to determine the CB distribution ratio in the 30 317 10.6 211 1:2.0
IR/BR rubber blends. Figure 5 shows the DD/MAE NMR 40 41.5 14.1 274 119
spectra of the vulcanized IR/BR rubber blend with different CB 50 49.6 17.6 32.0 118

contents (6-50 phr). The details of the blend compositions are that the CB contents in the BR phase are richer than those in
shown in Table 3. Seven peaks are separately observed. Fivahe IR phase. The second column of Table 4 shows the
peaks are assigned to the IR and two peaks are assigned to theummation of the CB contents in the IR and BR phases in the
BR as already described. Figure 6 shows the change in the linethird and fourth columns, respectively. The total amounts of
widths of the IR(C2) at 135 ppm and the BR(C2) at 130 ppm CB in the IR and BR phases are in excellent agreement with
for the different CB contents. The CB contents in the IR phase the amount of CB originally added to the compounds (compare
of the IR/BR rubber blend are quantified from the line width the second and first columns of Table 4). This excellent
of IR(C2) in Figure 6 using the calibration curve for the IR/CB agreement shows the validity of the CB distribution determi-
composite in Figure 2. Likewise, the CB contents in the BR nation method by3C NMR, as proposed in this study. The fifth
phase are quantified from the line width of BR(C2) using the column of Table 4 shows the distribution ratio of CB in both
calibration curve in Figure 4. phases. The ratio of the CB contents in the two phases is in the
The CB contents determined by the above procedures arerange of IR/BR= 1:2.3—1.8 for the present sample (IR/BR
listed in the third and fourth columns of Table 4. It was found 50/50 and CB content 10—50 phr). The CB distribution ratio
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Table 5. CB Distribution Ratio in the “Unvulcanized” IR/BR NMR. Clear relationships between the line widths of the dipolar
Rubber Blend by the CB-Gel Method decoupling/magic angle spinning (DD/MASC NMR spectra
weight percent S _ and CB contents were found. The CB contents in the IR and
(‘;ﬁh‘;"wﬁgltes of Fé’gg":lr n d'“”g;’g’; ratio BR phases of the IR/BR rubber blend can be quantified from
compound (phr) IR/BR IR/BR the calibration curves obtained from the IR single polymer
10 37/63 11.7 mixed with CB and the BR single polymer mixed with CB. It
20 41/59 1:1.5 was found that the distribution ratio of CB in the IR/BR rubber
30 42/58 114 blend with different CB contents (50 phr) is approximately
gg 3(1;2(9) Hg IR/BR = 1:2 and that the ratio of CB in the BR phase slightly

decreased with an increase in the CB contents. The summation

of the CB contents in both the IR and BR phases in the IR/BR
in the BR phase is approximately twice as high as that in the blend, determined from thEC NMR spectra, are in excellent
IR phase and slightly decreases with the increase in the CBagreement with the amounts of CB originally added to the
contents. compound. Moreover, the results from tH&€ NMR method

Characterization of CB Distribution Ratio Using CB-Gel rough|y agree with those from the CB-ge] method. These

Method. The validity of our characterization method for the 5greements confirm the validity of tHéC NMR method as
CB distribution contents is proven by the agreement of the ,rqhosed in this study. We think that this CB distribution
values in the first and second columns of Table 4. In this section, determination method BYC NMR can be extended for multiple
we compared the CB distribution ratio obtained by our r_nethod polymer blend systems, as long as 1@ NMR resonance lines
(Table 4) and that by the CB-gel method. The CB distribution are separated. We are’ now starttdg NMR experiments for

i lcul f h | | rati h f f e N g
:ﬁgoé; ?);lr{[ii}gg (;%rtr;i:]eed pbily;ncggagrg srr?g\?vr? rilnttr?essugcagcnedo the quantification of the CB distribution ratios in rubber blends
’ g consisting of three polymers.

column of Table 5. It was found that the weight percent of C
in the BR is higher than that in the IR. PGC shows only the
weight percent of IR and BR in the CB-gel. Therefore, there . . . .
are%o dpata on the summation of the CB cgntents in both phases.emIre sample can'bg nonde;tructlvely measured, |rrespectlve
However, the distribution ratio of CB shown in the third column Of. whether or not it is vulcanized. THEC NMR method in

of Table 5 can be compared for that obtained from:#aeNMR this study will become one of the most useful and robust
method in the fifth column of Table 4. The distribution ratios Methods to determine the distribution ratio of CB in rubber
of CB in the CB-gel, IR/BR= 1:1.7-1.4, roughly agree with  Plends.

those of the'3C NMR method. Also, the results from both the
13C NMR method and the CB-gel method have similar tenden-

cies; the CB distribution ratio in the BR phase slightly decreases ; : ; .
with the increase in the CB contents. More specifically, the help on starting this study. The authors wish to thank Mr. Naoki

obtained values are somewhat different between the two Tsukamori and Mr. Takanobu Matsunaga for analyzing the TEM

methods. Two possibilities can be considered for the origin of and AFM data,. respectively, and.gratefully qcknowledge the
this slight inconsistency. First, the samples for @ NMR helpful discussion with Mr. Takahiro Mabuchi about the CB-

measurements and CB-gel measurements are vulcanized an§€! method.
unvulcanized, respectively. It would be possible that the
redistribution of CB occurs during the vulcanization process.
Second, for the CB-gel experiments, most of the rubbers are (1) Hess, W. M.; Vegvari, P. C.; Swor, R. /Rubber Chem. Technol.
removed during the sample preparation process and only the _ 1985 58 350-382. _
rubbers on the CB surfaces are measured. It has not yet been% Ezgfe\lfg.v..sgg'ttta‘c'\ﬂé'.'\éztlgh %C'Egggeflc’ﬁfé_iiihnd967
verified whether or not the rubber distribution on the CB 40, 371-384. T T ' '
surfaces quantitatively corresponds to the distribution of CB in  (4) Callen, J. E.; Hess, W. M.; Scott, C. Rubber Chem. Techndl971,
the entire sample, although the CB-gel method has often been ., 44 814-837.

! . T . . (5) Cotton, G. R.; Murphy, L. Rubber Chem. Techndl988 61, 609—
used for the estimation of the distribution ratio of CB in 618.
unvulcanized rubber blends. Unfortunately, the CB-gel method (6) ZHSJ(S?\/\éa.;()Eiluliévl. D.; Tsou, A. H.; Datta, SRubber Chem. Technol.
can be applied to only unvulcanized rubbers. However, the NMR PO TS
method can be applied to both the unvulcanized and vulcanized ifcinl’. I. H.; Kim, H.; Kim, S. GRubber Chem. Technd2003 76,
rubbers. The'3C NMR experiments using the unvulcanized  (8) Naitoh, S.; Tajima, H.; Wada, S.; Inoue, ISippon Gomu Kyokaishi
rubbers are now in progress in our group in order to gain more 1976 49, 476-480. )
insight about this issue. We are also planning experiments for (1(?33 '[ﬁ\’fi‘r?g\;t'\;].',&:f sFtrgSBq;hSivcIin%%ifoﬁqlgfeia—eiéga 32 8476
other rubber blend and polymer blend systems to quantify the 8490, ’ o ’
CB contents in these systems and to understand the robustnesg1) McBrierty, V. J. InEurdfillers 97 Manchester, U.K., 811 September

i ; 8—11, 1997; pp 6+75.
and the limit of this method. (12) Simon, G.; Gtschmann, B.; Matzen, D.; Schneider, Pblym. Bull.

. 1989 21, 475-482.
4. Conclusions (13) Leisen, J.; Breidt, J.; Kelm, Rubber Chem. Techndl999 72, 1—14.

The distribution ratio of CB in the IR/BR rubber blend (14) NMR database at http://polymer.nims.go jp/NMR/.
samples were characterized using high-resolution solid-S@ate MA702104W

The most crucial aspect of tHéC NMR method is that the
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