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AFM Image

X =278 nm
Y =209 nm
Z=18 nm

Main-Chain
[1,5] = 162 nm

LCBs

[2,6] = 10 nm
[3,71 =31 nm
[4,8] =18 nm

Position of LCBs

[1,2] = 33 nm (20%)
[1,3] = 70 nm (43%)
[1,4] = 78 nm (48%)

Pitch of LCBs
[2,3] =37 nm
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Figure 1. (Color online) Single-molecule imaging of a low
density polyethylene (LDPE), and direct observation of the long-
chain branch (LCB) structure in a LDPE. The number, the length
and the position of LCB were measured directly by a fast-scanning
atomic force microscope (AFM) at 25 = 1°C under an organic
solvent.
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Poly(ethylene-co-propylene)

Figure 2. (Color online) (a) Chemical Structure of an EP (ethyl-
ene-propylene) rubber polymer. (b) Single-molecule imaging of
dynamic structure of a polyolefine as EP rubber, poly(ethylene-co-
propylene) (PP: 53 wt%), on mica under decamethyltetrasiloxane at
25 &= 1°C. XY: 314nm X 235nm, Z: 15.2nm. Frame rate: 10 fps.
Red arrows indicate two globules at both chain-ends. White arrows
indicate positions of the propagating globule in a single-polymer-
chain.
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(Color online) Single-molecule imaging of dynamic structure of a
functionalized styrene-butadiene rubber (SBR), SBR-(COOH)-, on mica under
n-octylbenzene at 25 = 1°C. X: 122nm, Y: 102 nm, Z: 7.2 nm. Frame rate: 5.0
fps. The frame number is shown in each AFM image (10 frame intervals).
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Figure 4. (Color online) Dynamic structural analysis of a func-
tionalized SBR polymer chain, SBR-(COOH)-. It is speculated that
this polymer chain has four carboxyl groups in a chain, but the
positions were unknown. (a) A snapshot in an AFM movie of single
SBR chain with numbering for MSD plots. (b) Trajectories of the
typical measurement points. (c) MSD plots based on the trajectories.
(d) Measurement of the functionalized positions in a single SBR
chain. Scale bar is 50.0 nm. Four-points of [1], [2], [3] and [4] are
assigned to the functionalized positions of carboxyl groups into a
single SBR chain.
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Figure 5. Chemical structure of (—)-poly[4-(menthoxycarbonyl-
amino)phenylacetylene] [(—)-poly(MtOCAPA)].

7 T CEE, Vol. 73, No. 6 (2016)

50 nm

40

Figure 6. (Color online) (a) Low current STM height image of
intertwined two (—)-poly(MtOCAPA) chains on HOPG at room
temperature (V= +20.0mV and I, = 30.5pA). (b) String model of
the intertwining polymer chains.

o

2.4 nm

Figure 7. (Color online) (a) STM height image of (—)-poly-
(MtOCAPA), Bar: 5.0nm, V= +20.0mV and I, = 30.5pA. (b)
Molecular mechanics calculation optimized model of 20-mer of
cis-transoidal (—)-poly(MtOCAPA). Side-view (upper), Top-view
(bottom).
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Figure 8. (Color online) (A) Chemical structure of (—)-poly-
(MtOCAPA). (B) Molecular model of a polymer chain of (—)-poly-
(MtOCAPA) optimized by the expanded MM3 force field. (C)
Single-molecule imaging of a photodegradation reaction of a chiral
helical 7-conjugated polymer, (—)-poly(MtOCAPA). A violet laser
of 405-nm wavelength was irradiated from the 21st frame. The
violet background shows a region during laser irradiation. High-
speed (fast-scan) AFM images on mica substrate under n-octyl-
benzene at room temperature. XY: 150nm X 150nm, Z: 10 nm.
Rate: 80.8ms per frame (12.4 frames s~'). Laser power: 0.2 mW.
(D) A cross-section of the line from 1 to 2 indicated in the AFM
image of the 1st frame.
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Figure 9. (Color online) (A) High-speed (fast-scan) AFM images
for the single-molecule chemical kinetics of photodegradation of
the 7-conjugated polymer, (—)-poly(MtOCAPA), on mica substrate
under n-octylbenzene at room temperature, irradiated by violet
laser of 405-nm wavelength after 2.1s. The violet background
shows a region during laser irradiation. Rate 100.1 ms per frame
(9.99 frames s~!) display in the 2-frame interval, XY: 200nm X 38
nm, Z: 2.5nm. Laser power: 0.4 mW. (B) The change in the area of
the single-molecule image during all observation times. The purple
background shows a region during laser irradiation.
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Table 1. Parameters for calculation of the excitation frequency in a single chain of (—)-poly(MtOCAPA)
Symbol, Equation Value Unit
Laser power —4
X
(at objective) Pex 4.00 %10 W (/)
Energy of single photon 19
= X

(405-nm) E = he/ 405 4.90 X 10 J
Photon number per 1-second Nex = P /E 8.16 X 10 photons/s
Irradiation area Avea 13456 pm?
(114 pm X 144 pm ellipse) =135 X% 10 cm?
Intensity of excitation laser I, = Ny /Area 6.04 X 10'8 photons/s/cm?
Molar absorptivity of
polymer at 405-nm, £405 1.82 X 103 /M/cm
based on repeating-units
Average polymerization DP, 106 X 10°
degree
Molar absorptivity of
polymer at 405-nm, €405 = €405 X DPy, 1.93 X 10° /M/cm
average per a single chain

_ _ 4.44 X 10° /M/cm
Absorption cross section o=1In10X¢g’ 15 )

=743 X 10 cm?/molecule

Excitation frequency x = o XIq 4.49 x 10* photons/s/molecule

Figure 10.

TORIGEFEDNE < 72 D e L USSP I iz b
EERZ L, —T, ROGEEICEGYE (0 % D head—tail
or tail—~head TRIGHEIENH L Z 2 E)ZHZ2DTH A )
M2 ZDSRAFETTITIE, Figure 8B) ITRT EED,
SRATEICHT B Ry 5 b DRI G R s
b5, ZOMERAESKIGOA IR 25 2 57
B EZ N DD, BHEDE ZAFHMIAHTH 3.
AFEIZE - T, WHTRY = — 10T DFEE%
UPNIALLTEEA RV T35 IR 7%,
COFEREHTL LT, 5%, LHVELDESTH
BoRMICEB T 25EEZ 1 0F L )V CTHREA
A= 7L, @R O AR i i) 7 B g
HICET2Z LD TELZDD LRI NS,
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(Color online) (a) Chemical structure of a chiral helical n-
conjugated polymer, (—)-poly(MtOCAPA). (b) Fast-scanning AFM images of
a dynamic behavior of the intermolecular interaction between single molecules
of (—)-poly(MtOCAPA) on mica under n-octylbenzene at room temperature. An
arrow indicates the hopping polymer chain. Frame rate: 9.83 fps (101.7 ms per
frame). Pixel: 100 X 100. X: 100nm, Y: 100nm. Z: 3.5nm.

7 FSLLEABSFH-AOHEE
DEAF 3922

71 BHAFEHEEER: #FHRvEVY
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7 F LAY <—[Figure 10(a), (—)-poly(MtOCAPA) ;
My=1.0X10% My/M,=331% n-d 7 F LR ¥
Yy EYTE—FTEEAFM A X =2 ¥ 7 (=4 J MM
b, BET)LEEZA, “HFRMEEEADY A F 3
7 ADMERR X 4172 (Figure 10(b)). #HE 0320 nm D LB Y
AR Y~ —88 (B8, Figure 10(b) 2 HI) 13 #H B 23
<, &R ICHBEOM AR TR L 29 »iBhz
THHIEHM L, CoEEEs 7a 75y viEE)
I ko TiEZ 2L (BIATE) Lo I 77 7 v
SEBC K o CHARFE @ b ¢ EE ) mliES) 2 L
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7o, R R EE, BEHELHY 200 nm D HE R HER 1< 50
CHEEINREERA)V>—thy EV T L AP HALE
FAL 22465 NCHiE S 4, RIS RS R
v — LTI 7RE TR A L 72D,

Z OEJEE% PIV % (Particle Image Velocimetry) 12 & > T
R 7 VIR U 7655, S OB I A U 75
WMIC L > TEET T VPE»IN TR I LRI N
(Figure 11). I TR PIVIEICBIT AL —H—¢ LT

Figure 11. (Color online) PIV (Particle Image Velocimetry)
vector analysis of molecular interaction between a short chain and
a long chain of a chiral helical 7-conjugated polymer, (—)-poly-
(MtOCAPA). Result of average of 500 frames in the AFM movie
after a molecular hopping of a short chain. The effect of fluid
rectification with a polymer chain was discovered. The molecule
was transported to the flow. (A red-color shows a vector of 50
nm/s.) X: 100nm, Y: 100nm. Z: 3.5nm.

(+)-Poly(ChOCAPA)

Yellow solid
M, =1.69 x 108
MM, = 3.07
P,=3.19 x 103
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EHEOTOBEICHEI X7 P LD, 2 JITERN
WKHEL TN ZDO»ZRATERVEDTHS.
Z 2T, Tkt o Bl il #i o & PIV AT L (500
TL—25), ZOVFERT FLERR L., ZOREE,
Figure 11 IZR T E B D EBE LR PRI N,
N7 PV, EESTOBEHMZRL T
3, TabbLABERZIZ, RV <—HOBHMRIC L 55
FETH 5 Z EFEH I N, FMERERY L S
kI9ic, WHENREBZE O AFMEEZ TR E L TEATHE
A7

72 FILSEASHFH—AOI/OTSHVE

B2

R v —#HROR Y v ¥ v 7' — FE# AFM?
WKEoTHE KR EDXF I VAR Y <2 — [(+)-poly-
(ChOCAPA)](Figure 12(a)) D73 T EH D WEIEBIRE % n-F 7
FNR V¥ H$125°C TEIM L 72 (Figure 12(b). #EEAR
DR 2 —HBERI N, FLOTTHIIEBTL L
ZAERAEICB O T I vy A7 7y vEEE L O
2ou7 o v ER L 2 Movie S2, BT &k http//
doi.org/10.1295/koron.2016-0034).

Figure 13(a) 1%, MRV R Y v —HOMGEHE %
ARX=V VT LERERTH L. ZOFTHOMEEZE
H LA W2 31 L 72 (Figure 13(b)). T o511
o, S2FBORNE, 10 38 h R RTBHEIA TS
%, H DM (A) 2B B T HENL (MSD) & At
®LC7v vy kL% (Figure 13(c). % DFEHR, D=2.7

[a]p?' = +236° (c. 0. 0200, THF)
cis% = 94.1 ('"H NMR)

Figure 12. (Color online) (a) Chemical structure of (+)-poly[4-(cholesteryloxycarbonylamino)-
phenylacetylene], (+)-poly(ChOCAPA). (b) Single-molecule imaging of dynamic structure of (+)-poly-
(ChOCAPA) on APS-mica under n-octylbenzene at 25 = 1°C. X: 500nm, Y: 375nm, Z: 16.8nm.
Frame rate: 5.0 fps. The frame number is shown in each image (5 frame intervals). See the original
movie, Movie S2 as the supporting information.
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nm?/s, D,=110nm?/s, D;p=17nm?/s &£ st#ll I N, Z
DET FHOKIME P IR 752 7w 750 v
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DELOEHTHbL 7 79 v #EE ORI D, 138
KD D I LTI 1/40 TH 7. ZOmEmITF#HORK

€ 1600
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Figure 13. (Color online) AFM imaging of a single molecule
of (+)-poly(ChOCAPA) on APS-mica under n-octylbenzene at
25 & 1°C in rage of X: 280nm, Y: 210nm, Z: 16.8nm and frame
rate of 5.0 fps. (a) Continuous images in an AFM movie. (b)
Measurement points of a polymer chain for the trajectories. (c)
Mean-square displacement (MSD)- At plots for the points of 1, 2 and
10 in (b). The diffusion constant (D) can calculated from the slope of
the MSD/At line. D = MSD(t) / 4t.

Figure 14.
helical w-conjugated polymer chain, (—)-poly[4-(cholesteryloxycarbonyl)phenylacetylene] [(—)-poly-
(ChOCPA)], on an APS-coated mica under n-octylbenzene at 25 = 1°C. White arrows indicate the
positions of a walking molecule. XY: 250nm X 188 nm (320 pixel x 240 pixel), Z: 8.4nm, Rate: 5.0
fps, X-Scan frequency: 1.47kHz. See Movie S3 as the supporting information.
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(Color online) Single-molecule imaging of a macromolecular walking along a chiral
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Scheme 1. (Color online) Synthetic route of a chiral helical polymer, (—)-poly(ChOCPA).
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Figure 15. (Color online) (a) Chemical structure of poly-

(9,10-anthracenediyl-ethynylene-1,4-phenylene-ethynylene) [poly-
(AEPE)]. (b) Slow-dynamic single-molecule spectra of poly(AEPE)
on glass surface in methanol at room temperature. Spectra were
taken with the collection time of 2.0 sec for each spectrum at a laser
power of 6.4 mW, wavelength of excitation was 514.5 nm.
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Supplementary Files
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Movie S1. Single-molecule imaging of dynamic structure of a
functionalized SBR, SBR-(COOH)-, on mica under n-octylbenzene
at 25 = 1°C. See the section 4 for detail.

Movie S2. Single-molecule imaging of structural dynamics of a chiral
helical polymer chains, (+)-poly(ChOCAPA), on an APS-coated mica
under n-octylbenzene at 25 £ 1°C. See the section 7.2 for detail.
Movie S3. Single-molecule imaging of a macromolecular walking
along a chiral helical 7-conjugated polymer chain, (-)-poly(ChOCPA)
on an APS-coated mica under n-octylbenzene at 25 * 1°C. See the
section 8 for detail.
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Single-Molecule Imaging of a Polymer

Direct Observation of Structure and Dynamics in a Polymer Chain
Ken-ichi SHNOHARA*!

*1School of Materials Science, Japan Advanced Institute of Science and Technology (JAIST) (1—1 Asahi-dai, Nomi 923—1292, Japan)

Direct observation of a polymer chain deepens the understanding about its structure and function. The study of single-polymer-chains was made
possible after the scanning probe microscope (SPM) and the total internal reflection fluorescent microscope (TIRFM) had been developed. The author
succeeded in the direct observation of the long-chain branch (LCB) structure in a low density polyethylene (LDPE), and the structural dynamics of a
polymer chain in a functionalized styrene-butadiene rubber (SBR) and an ethylene-propylene (EP) rubber measured by a fast-scanning atomic force
microscope (FS-AFM). Single-molecule imaging of a macromolecular motion in a chiral helical polymer was achieved by the FS-AFM, and the
diffusion coefficient of each part of the polymer chain was measured. Furthermore, a molecular walking along a rail of a synthetic helical polymer was
discovered. This walking such as a crawling locomotion was observed by the FS-AFM in an organic solvent at room temperature. This result is a
breakthrough that serves as the first step in order to create an artificial life function as a synthetic molecular motor driven by a thermal fluctuation in
non-aqueous media. On the other hand, the photonic function of the light-emission from a rigid-rod conjugated polymer was measured using TIRFM at
room temperature. The light-emission from a single polymer chain as it slowly and dynamically changes over a cycle lasting a few seconds has been
successfully detected using TIRFM with a built-in spectroscope.

KEY WORDS Single-Molecule Imaging / Artificial Life Function / Brownian Movement / Molecular Machine / Polyolefine /

Synthetic Rubber / Chiral Helix / Fast-Scanning AFM / Single Polymer Chain / Polymer Synthesis /
(Received June 1, 2016: Accepted August 3, 2016: Advance Publication October 6, 2016) [Kobunshi Ronbunshu, 73, 491—504 (2016)]
©2016, The Society of Polymer Science, Japan

504 E 5 T SCEE, Vol. 73, No. 6 (2016)



