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§１．研究成果の概要 

 

環状高分子鎖の顕著な特徴として、系を特徴つけるトポロジカル不変量（分子鎖内結び目、分子

間絡み目の様式により決定される）が挙げられる。濃厚溶液では、このトポロジカルな拘束が系の

物性を大きく左右することは想像に難くないが、そのメカニズムはよくわかっていない。特に、トポロ

ジカルには最も単純な系（結び目、絡み目無し）は、基礎科学的な観点のみならず、生物（細胞核

内の染色体高次構造）、材料開発（新規な絡み合い構造）との関連からも興味深い。本研究では、

トポロジー制御による新規物性材料の開拓をも視野に入れ、大規模シミュレーションのデータ解析

から、環状高分子鎖濃厚系に内在する本質的な特徴を抜き出すこ

とを目指している。 

本年度は、結び目、絡み目無しの濃厚溶液中の環状鎖の運動形

態について、特に、鎖間の協働的な運動に着目して解析を行った。

シミュレーションの動画を見ると、熱揺らぎの中でランダムに運動し

ている様子しか見えないようであるが、変位相関関数という量の解

析より、異なる鎖間に存在する高度な協働性を抜き出すことができ

た（図１）。同様の解析を線形鎖の絡み合い溶液にも行うことで、線    図１)変位相関関数の解析 

形鎖濃厚系と、トポロジカルな拘束に支配される環状鎖濃厚系とで    から見えてくる鎖間の協働

は、協働運動の様式において、定性的なレベルで大きな差異がある   運動を表すベクトル場 

ことを明らかにした。 

 

 

§２．研究実施体制 

 

① 研究者：坂上 貴洋 （青山学院大学理工学部 准教授） 

② 研究項目 

・線形高分子鎖濃厚溶液における変位相関関数の解析 

・環状高分子鎖濃厚溶液における変位相関関数の解析 

・高分子溶液の物性に及ぼすトポロジーの効果の定量化 

・環状高分子鎖濃厚溶液のパーシステントホモロジー 解析 
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FIG . 2: (A-B) 2D slice of the vector field v ( t , d) = H ( t , d) ·
ex for ring and linear polymers M = 256 beads long. For
visualisation purposes, the vectors are scaled down by 2
and 10 for ring and linear chains, respectively, and are
shown in units of the bead diameter σ. T he field is shown
for t = 2.1 104 tL J for rings and for t = 1.91 105 tL J for
linear chains as these correspond to the time at which
g3 ( t) ≡ ⟨R2g ⟩. T hese times are marked with a vertical l ine
in panels (C,D ) , which show the mean square displacement
of the centre of mass of the polymers g3 ( t ) normalised by
their mean square gyration radius ⟨R2g⟩.

in the time scale t between the pair of rings which are
initially separated a distance d (Note that Tr[H (τ , d)]
is expected to depend only the separation d = |d| for
isotropic system). To elucidate the physical meaning
of χ(t, d) , let us start to apply a unit force at t = t0
in the x-direction only to the ring i at the origin (this
may be done by turning on the electric field if only
the ring i is charged). The resultant displacement of
ring j , which was initially at position r j ( t0 ) = d, is

⟨∆ r j ( t, t0 )⟩d = H∥( t, d)( d̂2x + d̂y d̂x + d̂z d̂x )

+ H⊥( t, d)(1 − d̂2x − d̂y d̂x − d̂z d̂x ) (4)

where kB T (thermal energy) is implicit, d̂α = dα / d

is a unit vector, and H∥( t, d) and H⊥( t, d) , respec-
tively, are the parallel and the perpendicular parts of
the displacement correlation tensor. After taking the
angular average, Eq. (4) becomes

⟨∆ r j ( t, t0 )⟩d =
Tr[H (τ , d)]

3
(5)

Therefore, χ( t, d) measures the ratio of the induced
displacement of ring j to the self-displacement of the
forced ring i with |r i (t0 )− r j ( t0 ) | = d. For dense poly-
mer solutions, such a cooperative motion is predom-
inantly caused by the entanglement, thus, M χ( t, d)
may represent the effective number of monomers in
ring j dragged by the motion of the entangled ring i

in the time scale t .
This is reported in F ig. 3, where we show χ̃T

4 (τ , r ) at
lag-times τ = 1, 2.1, 19.1 × 104τL J and as function of
r . The latter two time-scales correspond to the relax-
ation time of rings and that of linear chains (F ig. 2) .

Ring: M=256 M=512 M=1024 Linear: M=256 M=512 M=1024

A B

C D

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.0 0.5 1.0 1.5 2.0
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.0 0.5 1.0 1.5 2.0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.0 0.5 1.0 1.5 2.0

0.1

1.0

10
3
10
4
10
5
10
6
10
7

FIG . 3: D isplacement correlation functions χ̃T
4 (τ , r / Rg ) ≡

3χT
4 (τ , r / Rg ) / g3 (τ ) at fixed lag-times τ̄ : (A ) τ = 10

3 τL J ,
(B ) τ = 2.1 104 τL J and (C ) τ = 1.91 10

5 τL J . (D ) Shows
the behaviour of the correlator as a function of lagtimes τ
and at fi xed distance r = Rg , i .e. χ̃

T
4 (τ , r / Rg = 1) .

One can notice that the curves assume larger short-
range values for rings (of the order of 0.3-0.6) than for
linear chains (about 0.1-0.3) . A ll curves then decay for
r > Rg , with a shallower gradient for larger lagtimes.
Shouldn’t we remove the large distance offset of these
curves, so that they always go to zero? The fact that
they dont go to zero is only due to finite size effects I
believe. In Fig. 3 one can also notice that χ̃T

4 follows a
architecture-dependent but length-independent mas-
ter curve at short lagtimes. This suggests that the
correlation of displacements is, at these time-scales,
related to the displacement of the center of mass of
the polymer and it anticipates (for linear chains) the
reptation outside their tube. Because this dynam-
ics is expected to depend on the length of the chain,
the length-insensitive correlation at short lagtimes is
most likely related to transversal displacements. I t is
worth stressing that when χ̃T

4 (τ , r ) = 1 the motion
of the chains is perfectly correlated. To quantify the
behaviour of the correlation as a function of timelag,
we can plot the value of χ4 at fixed length-scale r̄ , i .e
χ̃T
4 (τ , r̄ ) shown in Fig. 3D . This figure shows that the
correlator increases in time at a fixed distance. This
thing puzzles me: why does the correlation at fixed
distance, say r = Rg (F ig. 3D) grows in time? W e
are normalising by g3 and I would not expect the cor-
relation between chains to grow faster than g3 . Un-
less it actually plateaus but there are some strange
fluctuations due to poor statistics at the end of the
calculation.

Another way to quantify the behaviour of χ̃T
4 (τ , r̄ )

eliminating the bias (offset) at large distances which
could be due to finite size effects we also decide to plot
the difference∆ χT

4 (τ ) = χ̃T
4 (τ , 0)− χ̃T

4 (τ , Rg) in F ig. 4.


