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1 Introduction

Structure—melt viscosity relationship of discrete
sequence-specific linear oligo(dimethylsiloxane-
co-diphenylsiloxane)s

Hiroyuki Minamikawa, “ * Takahiro Kawatsu "=/ and Kazuhiro Matsumoto "=/ *
Polysiloxanes are widely used in various household, industrial, and biomedical products; however, the
effects of their composition and sequence on the melt viscosity have not been investigated in detail. A
series of discrete linear oligosiloxanes with precisely controlled compositions and sequences was pre-
pared in this study, and the relationship between their molecular structures and melt viscosities was
examined. The oligomers possessed linear structures composed of dimethylsiloxy (D) and diphenylsiloxy
(P) units with trimethylsiloxy (M) ends. P-repeat oligomers contained consecutive P blocks including exact
numbers of P units. The prepared oligomers were employed to explore the specific effects of block struc-
tures. The 26-meric sequence isomers exhibited identical M/D/P compositions and four sequence-
repeating blocks: (PD);,, (PPDD)s, (PPPDDD),, and (PPPPDDDD)s. This facile synthetic methodology
enabled the preparation of well-defined oligomers on the gram scale and estimation of their melt viscos-
ities through actual measurements. The oligodimethylsiloxanes were also compared using previously
reported viscosity values. Each oligosiloxane was uniform in terms of the M/D/P composition, sequence,
and molecular weight. These oligosiloxanes were distinguished by their viscosity—molecular weight
relationships; a steep enhancement in viscosity with an increasing number of consecutively repeated P
units and a distinct influence of block sequence patterns on the viscosity of the 26-mers were observed.
To gain molecular insights, the oligosiloxane viscosities were analyzed using the Rouse model and its
modifications, and the effects of structural factors on the melt viscosity of the oligosiloxanes were dis-
cussed. The findings of this work demonstrate that appropriate Rouse model variants can effectively
explain how the composition and sequence influence the melt viscosity of oligosiloxanes.

PDMS chains. For poly(dimethylsiloxane-co-diphenylsiloxane),
substitution in the 6-60 mol% range monotonically elevates

Siloxanes are widely utilized in personal care, household,
industrial, and biomedical products.'™ Taking various physi-
cal forms, such as oils, greases, waxes, rubbers, and resins,
oligodimethylsiloxanes and polydimethylsiloxanes (PDMS)
have been formulated into lubricants, antifoams, mold
releases, adhesives, coatings, sealants, thermal and electrical
insulators, and contact lens materials. Notably, attaching
phenyl substituents to silicon atoms in PDMS drastically
changes the macroscopic properties of the resulting copoly-
mers. While PDMS undergoes crystallization between —50 and
—40 °C according to its heating thermograms, the crystalliza-
tion process is completely suppressed after 4-6 mol% substi-
tution with methylphenylsiloxane* and diphenylsiloxane®® in
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the glass transition temperature®”’® and enhances the thermal
stability.® These structural effects are usually described in
terms of the average molecular weight, content, and
sequence.*™?

Siloxane copolymers with phenyl substitution have been
prepared via the condensation of silanolates and
chlorosilanes,” condensation of alkoxysilanes and hydro-
(the Piers-Rubinsztajn reaction),"" ring-opening
polymerization of cyclotrisiloxanes,* ®'%'>™4 and convergent
preparation of block copolymers.'® In these polymerization
reactions, random copolymerization to a phenyl content of
64 mol%® and preparation of strictly alternating poly
(dimethyl-co-diphenylsiloxane)® and phenyl-rich block copoly-
mers'' have been reported. Nevertheless, the fine control of
the copolymer structure remains a difficult task. The copoly-
mers inherently exhibit distributions of molecular weights,
phenyl substitution contents, and sequence. Additionally, pre-
paring diverse sequence patterns during polymerization is

silanes
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difficult. For example, a sequence distribution analysis demon-
strated that increasing the diphenylsiloxane feed during copo-
lymerization resulted in two and three consecutive diphenylsi-
loxane sequences;>'® however, four or more consecutive
sequences were difficult to obtain, likely due to steric hin-
drance." Thus, preparing well-defined siloxanes with uniform
molecular weights and contents and various sequence patterns
remains challenging.

Recently, one-pot sequence-controlled syntheses have been
developed for linear, branched, and cyclic oligosiloxanes."®™°
This approach allows precise control of the siloxane compo-
sition, molecular weight, sequence, and topology through one-
pot iteration of the B(C4F;);-catalyzed dehydrocarbonative
cross-coupling of alkoxysilanes with hydrosilanes and
B(C¢Fs);-catalyzed hydrosilylation of carbonyl compounds. In
addition, the incorporation of siloxane building blocks into
the iteration steps enabled the preparation of block siloxanes
up to 26-mers.”® As a facile methodology for the gram-scale
preparation process, it can potentially be used to prepare and
characterize molecularly precise oligosiloxanes systematically.

The melt viscosities of siloxanes have attracted considerable
attention from researchers because they reflect the characteristic
chain flexibilities of oligomers, homopolymers, and copolymers.
For linear oligodimethylsiloxanes and polydimethylsiloxanes
(PDMS),”*’ the zero-shear viscosity 7, at 25 °C increases with
increasing molecular weight M.>” The power law relationship 7,
~ M"*™* holds below the critical molecular weight M., as typi-
cally observed for unentangled chains.”®° M, values have been
evaluated at around 34500 g mol',*’ corresponding to a
remarkably high degree of polymerization (~465 dimethyl-
siloxane units). Therefore, PDMS is considered one of the most
flexible polymers.””*' For phenyl-substituted random copoly-
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mers, the viscosity increases monotonically with the phenyl
content.”®'* Poly(dimethylsiloxane-co-diphenylsiloxane) exhibits
a more pronounced viscosity increase than poly(dimethyl-
siloxane-co-methylphenylsiloxane);'® the observed difference is
explained in terms of chain mobility. Although these results
indicate the flexibility of copolymer chains, specific effects of the
polysiloxane composition and sequence on the melt viscosity
have not been sufficiently investigated.

The present study aims to examine the relationship
between the structure and melt viscosity of discrete linear oli-
gosiloxanes with precisely controlled compositions and
sequences. Fig. 1 shows the linear oligosiloxanes investigated
in this work. These oligomers possess linear structures com-
posed of dimethylsiloxy (D) and diphenylsiloxy (P) units with
trimethylsiloxy (M) ends. P-repeat oligomers 2, 3, 4, 5, and 6
contain consecutive P blocks with exact numbers of P units.
The synthesized oligomers were used to explore the specific
effects of the block structures. The 26-meric sequence isomers
7, 8, 9, and 10 exhibit the identical M/D/P composition and
four sequence-repeating blocks (PD),,, (PPDD)s, (PPPDDD),,
and (PPPPDDDD);, respectively.'® Our facile synthetic method-
ology enabled the preparation of well-defined oligomers 2 to
10 on the gram scale and evaluation of their melt viscosities by
performing actual measurements. Oligodimethylsiloxanes 1,,
were also analyzed using previously reported viscosity
values.?* > Notably, each oligosiloxane has a uniform M/D/P
composition, sequence, and molecular weight. The discrete
sequence-specific molecular structures are a prerequisite for a
close comparative examination. These oligosiloxanes were
classified into three types based on their viscosity-molecular
weight relationships. To gain some molecular insights, we esti-
mated the viscosities of the studied oligosiloxanes by employ-

26-mers
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Fig. 1 Siloxane oligomers examined in this work. Dimethylsiloxane oligomers with n siloxane groups 1, (n = 2—9). P-repeat oligomers 2, 3, 4, 5, and
6. 26-mers 7, 8, 9, and 10 with —PD—, —PPDD—-, —PPPDDD-, and —PPPPDDDD- block repeats. T, and T4 in the parentheses indicate the melting
point and glass transition temperature determined via differential scanning calorimetry. 1,, 2, and 3 were present in the melt during measurements

conducted above 15 °C.
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ing the Rouse model®****> and its modifications and dis-
cussed the effect of structural factors on the melt viscosity.

2 Results and discussion

2.1 Sequence-controlled preparation of linear oligo
(dimethylsiloxane-co-diphenylsiloxane)s

Discrete P-repeat oligomers 2-6 with 3-8 consecutive P units
were successfully prepared following the synthetic method-
ology described in ref. 18. Notably, four or more consecutive P
units are practically inaccessible as pure compounds by con-
ventional methods. The 26-meric siloxane oligomers 7-10 pos-
sessing specific block sequences were prepared using the
method described in ref. 19.

2.2 Viscosity measurements

Viscosity measurements showed that oligomers 2-10 in the
melt were viscous liquids. For each oligosiloxane, the shear vis-
cosity 7 was nearly constant below the shear rate y of 100 s™*
(Fig. S1). We utilized the viscosity at y = 10s™! as the zero-
shear viscosity 7.

100 ¢

Zero-shear viscosity 7, (Pa s)

100
Temperature T (°C)

150

Fig. 2 Zero-shear viscosities 7 of the liquid siloxane oligomers plotted
as functions of temperature T (shear rate y = 10 s71). P-repeat oligomers:
(a) 2 (blue filled triangles, A), (b) 3 (orange filled squares, W), (c) 4 (green
filled diamonds, #), (d) 5 (light blue filled circles, ®), and (e) 6 (purple
open circles, O). 26-mers: (f) 7 (red crosses, x), (g) 8 (green open tri-
angles, A), (h) 9 (brown open diamonds, ¢), and (i) 10 (green pluses, +).
The curves f—i are redrawn from ref. 19.
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Fig. 2 shows the zero-shear viscosities 7, of the liquid silox-
ane oligomers plotted as functions of temperature 7. The vis-
cosity of each melt yields a separate curve, which monoto-
nously decreases with temperature. Among the P-repeat oligo-
mers 2-6, the temperature-viscosity curves are uniformly
shifted upwards in the sequence 2 < 3 <4 < 5 < 6 (curves a—e)
for 3-8 consecutive P units. For the 26-meric sequence isomers
7-10, the curves are shifted upwards in the sequence 7 <8 <9
<10 (curves f-i).

Fig. 3 compares the zero-shear viscosities 7, of the oligosilox-
anes at 70 and 110 °C plotted as functions of molecular weight
M. Here, the molecular weights are precise and not average
values. For the dimethylsiloxane oligomers, the viscosity values
are taken from the literature.””** The plot distinguishes three
types of oligomers using the 7, — M power law relationship. In a
series of dimethylsiloxane oligomers 1, (filled squares), the
relationships 77, ~ M**and 5, ~ M"* can be observed at 70 and
110 °C (the black lines), respectively, and the exponents are
typical ones for oligomeric compounds.>*°

At the above-mentioned temperatures, the viscosities of the
P-repeat oligomers 2-6 (open circles) were between 0.01 and 1
Pa s, which were as large as those of PDMS with molecular
weights above 10 g mol™'. Moreover, the viscosities steeply
increased with M as 5, ~ M*® at 70 °C and 5, ~ M*° at 110 °C
(the orange lines). It is a striking observation because the expo-
nents of 4.0 and 4.8 obtained for the oligomers are exception-
ally large as compared with the values of 3.2-3.6 determined
for the previously reported entangled polymers.>83%33735
These results revealed that the consecutive P-repeats exhibited
highly cumulative viscosity enhancements.

The viscosity values of 7-10 at 70 and 110 °C are plotted as
the open triangles in Fig. 3. Despite the identical composition
and molecular weight (3431.7 g mol™), these isomers exhibit
relatively small but distinct differences in viscosity, as men-
tioned previously.'® More specifically, their viscosities
increased in the sequence 7 < 8 <9 < 10 in the measured temp-
erature range of 50-150 °C (Fig. 2). At each temperature, 10
produced 1.5-1.7 times higher viscosities than isomer 7; the
observed differences were significant during viscosity measure-
ments. These results demonstrate that the sequence patterns
strongly influence the melt viscosity of the isomers.

In this section, the zero-shear viscosities of the oligosiloxanes
with precise structures were compared. Their viscosity was sig-
nificantly influenced by structural factors such as molecular
weight, composition, and sequence. In particular, our precise
synthesis allowed measuring and comparing the viscosities of P-
repeat oligomers and 26-mers to demonstrate that the obtained
values were highly sensitive to the compositions and sequences
of the P and D groups. In section 2.3, we analyze these measure-
ment results using a discrete Rouse model and its modifications.

2.3 Rouse model estimation

We examined the 7 to 12-mers 2-6 and the 26-meric isomers
7-10. Being significantly shorter than entangled PDMS chains
(465-mers or longer),”” the chains were analyzed as unen-
tangled ones. The viscosity of oligosiloxane liquids is sensitive

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Zero-shear viscosities 7 of the siloxane oligomers plotted as functions of molecular weight M. (a) 1, (filled squares, B, n = 2-9), 2, 3, 4, and
5 (open circles, O), and 7, 8, 9, and 10 (open triangles, A) at 70 °C. (b) 1, (filled squares, B, n = 3-8), 2, 4, 5, and 6 (open circles, O), and 7, 8, 9, and
10 (open triangles, A) at 110 °C. The following lines are eye guides: (a) 7o ~ M** (black) and 7o ~ M*® (orange); and (b) 50 ~ M** (black) and 5o ~ M*°

(orange).

to the M/D/P composition and sequence as well as to their
molecular weight. In this section, the viscosities are estimated
using four models: the Rouse model®** and its modifications,
Models A, B, and C. In these bead-spring models, M, D, and P
units are treated as beads that cause intermolecular friction,
and Si-O-Si linkages are considered harmonic spring bonds
relaxing to equilibration lengths. The specific sequence of
each oligosiloxane is represented in a matrix with one-to-one
correspondence. Throughout this study, the matrices were pro-
cessed in a discrete form without transforming the bead-
spring structure into a continuous, smooth string object. The

discrete Rouse model*®

provides a direct and effective method
for analyzing the fine effects of defined sequences (details of
the calculation procedure are described in the SI). The model
parameters and measured and estimated viscosities are listed
in Tables S1-54.

For the oligodimethylsiloxanes 1,, the density values were
taken from ref. 20-22. In estimating the oligomer viscosities,
the parameters oy and op were optimized. For the P-contain-
ing oligomers 2-10, we assumed a molecular volume as the
sum of the included unit volumes. From the specific volume
of the MPM trimer, denoted as MD*M in ref. 20, the P unit
volume was estimated by interpolation at 70 °C and by extra-
polation at 110 °C.

2.3.1 Discrete Rouse model and Model A. In a series of di-
methylsiloxane oligomers 1,, the discrete Rouse model was
successfully applied to estimate their viscosities. The results
obtained at 70 and 110 °C are shown in Fig. S2. After optimiz-
ing the parameters oy and op for the M and D units, the
obtained estimates were in good agreement with the relation-

This journal is © The Royal Society of Chemistry 2026

ships 5o ~ M"* at 70 °C and 5, ~ M at 110 °C, which rep-
resented typical behavior of unentangled oligomers. Fig. 4a
and 5a show the model estimates for the P-repeat oligomers 2,
3,4, and 5 at 70 °C and 2, 4, 5, and 6 at 110 °C, respectively.
The extraordinarily steep slopes (the dashed lines) in the plots
were not reproduced by the optimization of o¢p in the original
form of the Rouse model (plotted as x). This result encouraged
us to modify the model for the consecutive P-repeats, which
causes a cumulative increase in viscosity.

To discuss the observed effects of the P-consecutive blocks,
we here take intermolecular n-t or CH-= interaction into con-
sideration. P units can interact intermolecularly with each
other through relatively weak interactions, but the pair may
easily dissociate. For the P-consecutive blocks, however, the
dissociated P unit can find another P unit nearby in the
counterpart block and immediately associate. Hence, the
block structures may effectively prolong the original inter-
molecular pair, especially for the long P-consecutive blocks.
This picture is speculative but may suggest some aspects of the
observed increase in melt viscosity. It should also be noted
that the reassociation process between associating units can
play a critical role in the rheological behavior of weakly associ-
ative copolymers.>” We should check the plausible picture by
simulation in the future.

In general, the larger friction coefficients result in longer
relaxation times, leading to higher viscosity. To figure out the
cumulative effect of the P-consecutive blocks in the matrix-based
formulation, Model A introduces a phenomenological parameter
(<1). To reproduce the observed exponential increase in viscosity
for the P-consecutive oligomers, we replaced the matrix com-

Polym. Chem., 2026, 17, 946-953 | 949
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Fig. 4 The viscosities of the P-repeat oligomers 2, 3, 4, and 5 at 70 °C as a function of molecular weight M. O, the measured values; X, discrete
Rouse model estimation (a); and +, Model A estimation (b). The lines are eye-guides for 5o ~ M*%.
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Fig. 5 The viscosities of the P-repeat oligomers 2, 4, 5, and 6 at 110 °C as a function of molecular weight M. O, the measured values; X, discrete
Rouse model estimation (a); and +, Model A estimation (b). The lines are eye guides for 7o ~ M*°.

ponents op with oop. It has been found that the factors "
increase the viscosity estimates in an exponential manner.
Taking PPPPPP for instance, the series acp, a’cp, ’op, @°0p, @0p,
and aop did not give the observed steep increase in viscosity; in
contrast, the series aop, d’op, d°0p, d°0p, d’op, and aop success-
fully reproduced the observation. Parameters oy and op were
taken from the 1,, estimation described above. The model details
are provided in the SI.

Fig. 4b and 5b show the Model A estimations for the P-
repeat oligomers 2, 3, 4, and 5 at 70 °C and 2, 4, 5, and 6 at
110 °C, respectively. The estimation (+) strongly agreed with
the measured relations 7, ~ M*® at 70 °C and 5, ~ M*° at
110 °C. This model functioned effectively for the P-repeat
oligomers.

Fig. 6a compares the logarithmic values of the measured
viscosities at 70 °C and Model A estimations. The dashed line

950 | Polym. Chem., 2026, 17, 946-953

is an eye guide. From left to right, the open circles indicate the
P-repeat oligomers 2, 3, 4, and 5, and the open triangles
denote the 26-mers 7, 8, 9, and 10. For the four P-repeat oligo-
mers and 26-mers 9 and 10, the plots are located on the line.
In contrast, the estimates obtained for 7 and 8 are significantly
lower than the measured values. The coefficient of determi-
nation in Fig. 6a is 0.902. Model A was not sufficiently accurate
for oligomers 7 and 8, which contained the repeating blocks of
PD and PPDD, respectively. In the next section, we discuss
Model B to improve our estimation accuracy.

2.3.2 Model B. The Rouse model and Model A assume flex-
ible chains, in which bond directions are random and inde-
pendent of the neighboring or closely located bonds. Variants
of the Rouse model have been proposed to simulate semiflex-
ible chains using bond-bond correlations (local chain
rigidity).>*** In Model B, bond-bond correlations are intro-

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 The measured and estimated viscosities at 70 °C of P-repeat siloxane oligomers 2, 3, 4, and 5 (O) and 26-mers 7, 8, 9, and 10 (A). (a) Model A
estimation. (b) Model B estimation. (c) Model C estimation. The dashed lines are eye guides.

duced for oligosiloxanes. Focusing on the PPP, PPD, and PDP
sequences in the studied oligomers, we used three bond-bond
correlation parameters: e, f, and g, respectively. Model esti-
mations and a plausible mechanism of local chain rigidity are
described in the SI.

Fig. 6b compares the Model B estimations with the
measurement data obtained at 70 °C. The estimations for 7
and 8 are particularly improved using this model. The plot
constructed for the eight oligosiloxanes yields a coefficient of
determination of 0.948. These results demonstrate that the
bond-bond correlation or local chain rigidity can strongly
influence the chain relaxation responsible for liquid viscosity.

In Model B, the effects produced by the consecutive P units
and local chain rigidity are simultaneously examined. When
parameter a was set to 1 (no enhancement by the consecutive
P units), the optimization resulted in a value of e equal to
unity, reflecting the perfect rigidity in the PPP sequence.
However, the estimated exponent in the 7, — M relationship
for the consecutive P oligomers was 3.4 for 2-5 at 70 °C and
3.2 for 2-6 at 110 °C, which were considerably lower than the
experimental values (4.8 at 70 °C and 4.0 at 110 °C). The «
values of 0.183 at 70 °C and 0.301 at 110 °C, along with a zero
e value, produced the estimates that were in good agreement
with the measurement results (Fig. 6b and Fig. S5b, Table S1).
This result indicates that a small a value works effectively not
only for reproducing the consecutive P-sequence enhancement
but also for expressing the PPP chain rigidity in place of e.
Meanwhile, the estimated non-zero f and g values effectively
improved the viscosity estimations for the 26-mers 7-10.

2.3.3 Model C. The above-mentioned models simply
assume common friction coefficients {y, ¢p, and {p for
different oligomers. Model C employs the friction coefficients
&y Ep, and &p, which vary with the oligomer composition.
First, the area fractions of M, D, and P units were estimated for
each oligosiloxane. Second, the friction coefficients s Eo
and £, were calculated from the area fractions. Finally, a semi-
flexible chain estimation was performed using a procedure
similar to that used in Model B (computational details are pro-

This journal is © The Royal Society of Chemistry 2026

vided in the SI). Fig. 6c shows the Model C estimations
obtained for the P-repeat isomers and 26-mers at 70 °C. Some
improvements were achieved in the estimation for 8, as indi-
cated by its higher coefficient of determination equal to 0.962.

2.3.4 Temperature effects on model estimations. This
section discusses several effects of temperature on model esti-
mations. Fig. S3-S5 show the results obtained for the P-repeat
oligomers and 26-mers at 85, 100, and 110 °C. (i) At 70 °C
(Fig. 6) and 85 °C (Fig. S2), Model B demonstrated estimation
improvements, especially for the two 26-mers 7 and 8. The
bond-bond correlation can be a critical factor in analyzing the
structure-property relationships of siloxanes with various
block patterns. (ii) At 100 °C (Fig. S4) and 110 °C (Fig. S5), the
Model A estimations were in better agreement with the
measurement data than the estimations obtained at 70 and
85 °C. At higher temperatures, polymer chains may be con-
sidered flexible to a certain extent. (iii) These figures show that
Model C agrees well with the measurement results. In the
Model C estimations, the coefficients of determination were as
high as 0.962 (70 °C) and 0.990 (110 °C).

The present models only consider the relaxation modes of
Si-O-Si bond stretching of linear siloxane chains. For
branched or cyclic siloxane structures, we should develop
relaxation-based models with bending or ring flipping modes.

3 Conclusions

In the present work, we synthesized discrete sequence-specific
oligosiloxanes 2-10 containing M, D, and P units. Using our
synthetic methodology, we successfully prepared oligosilox-
anes with precise molecular weights, M/P/D compositions, and
sequences on the gram scale. This efficient preparation pro-
cedure allowed us to investigate the effects of structural factors
on the melt viscosity. In particular, we observed a steep
enhancement in viscosity by the consecutive P repeats and a
distinct influence of the block sequence patterns on the vis-
cosity of the 26-mers.
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We applied the Rouse model and its modifications to esti-
mate the viscosities of the sequence-specific oligomers syn-
thesized in this work and oligodimethylsiloxanes reported in
the literature. Representing the specific sequences with
matrices, Model A successfully simulated the cumulative vis-
cosity enhancement in the successive P-repeat blocks. This
model is useful for applications involving P-repeat siloxanes.
By considering bond-bond correlations (local chain rigidity),
Model B improved the viscosity estimations for the 26-mers.
The semiflexible chain approach particularly improved the
estimates for the oligosiloxanes with PPD and PDP sequences.
Model C considered the friction coefficients to be compo-
sition-dependent and further increased the estimation accu-
racy. This study demonstrates that appropriate Rouse model
variants can effectively explain how the composition and
sequence influence the melt viscosity of oligosiloxanes.

The gram-scale synthesis procedure employed in the
present work can be used to prepare different types of discrete
sequence-specific siloxanes possessing various sequence pat-
terns, cyclic or branched topologies, and other
functionalities."®® These varieties include telechelic oligosi-
loxanes with definite functionalities, which exhibit a high
application potential in functional copolymerization.** In
addition, further characterization of these oligosiloxanes will
be beneficial for elucidating the influence of siloxane struc-
tures on their physicochemical properties and designing and
developing siloxanes for future applications. For discrete
sequence-specific oligosiloxanes, our group is currently study-
ing their structure-property relationships by investigating
phase transitions, thermal stability, miscibility, and single-
crystal properties, as well as their applications as novel
materials.
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