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Molecular-Scale Observation of Flexibility and Thermal Motions in Surface-Coordinated Polymers

Keisuke Sagisaka, Masayuki Takeuchi and Waka Nakanishi
National Institute for Materials Science (NIMS), 1-2-1, Sengen, Tsukuba, Ibaraki 305-0047

We report a molecular-scale study of a one-dimensional coordination polymer formed on a Cu(111) surface. A tailored
ligand, 2,7-dicyano-9,9-dimethylfluorene (DCF), was designed to reduce interactions with the surface while enabling
directional coordination with Cu adatoms. Scanning tunneling microscopy reveals that the resulting DCF—Cu polymer
exhibits pronounced flexibility dominated by the CN—Cu—CN coordination angle, which constitutes the primary internal
degree of freedom governing the overall chain geometry. Temperature-dependent measurements show the onset of
thermal motion above ~40 K for linear chain segments, whereas three-coordinated branches remain immobile up to 71
K, functioning as molecular-scale cross-links. These results directly connect polymer physics concepts with

single-molecule motions on surfaces.

KEYWORDS: STM, coordination polymer, molecular design, molecular motion

1. [FC®IZ

ﬁAﬁtﬁi%#<\fﬁx%y7u&ﬁ%h5@

LWV o BRIV, B TR R T E AR D
%m@ T ORIFZ MR LTS, 2 9 LIZEEIR
R ~—8EOFEME, KHAEW, ZELE Vo725 %ﬁ
HOBAMRELZ RS E TR TYEOBHARIC
FoTHBEINTEZ T, TNHDEZIFHIT, ZHD5
TR E UTIRD % 5 BRICBN 2 /MErIME & LT
ERLE A, 4 HOMBIE P& X2 DML 7> T
51%*€FGF%@i$ X% D40 XD HB
BIZHRT DO, TBREIES L UL TEDL I
éléO)iiﬁ@J%Jt&bé@m LWoZfWT LT, 1
SYERE T OESEBIANCE S X, b DBIWERREE L
TEWFFRFENILT L H < 20,

R~ — DI FRFESCENIS S 2 B35 ETo
RER RN SIX, 5F LUV OB Z 522/
B - IR 7 — L b, JEROERTFIENFEIC 77%
ALTCELAT =& OBITIRTZ D BFET D RUT
L, R ~—HEMRT DREEAD %@%®Wﬁ
%/%~bqu®I%xﬁ—w#o@bfﬁw%%
THEATT D DKL, SV 7 ERTIE, ThALEHD

O EESF RN EE L SN AER & L CBNLD K
%Tm%%ﬁr+t&@ﬁﬁm% R EICBI S D

s TOTOES T TIE, HErICAED R E B E
%%A?é LT, £ E L TR N A R
THHET UNEREL TEL,

ZHOLIAT =D 2o Ar e LT, BEIR
i LIRS D —koin THEKRE TR T O
/M‘ﬁﬂ‘”J ELTHWAIIERED BTN 3 39, [ER

W L7241 Cid, WilE#h 28 S F S 4
ﬁ%ﬁﬁfﬂ%ﬁk@ﬁﬁ@%pi@f%ﬁéﬂ,m
FOELEIZFEMICEESND, £ ORE, Bl
ENHWEEITEL L TREAASRINA L V-T2
DTWEREBEEE LTHRI, V7 TiEEban T
LEIS T/ A= VLT OREER( & 2R TR Z 5
ZEMAREE D, ZDOLX I BRRITEBNT, EEM
V*w@%ﬁ@n@@,aéﬂ%@ﬂ&%m%%pﬁ
BH T PELLT, By TWHEOMEE ST
TV THFAET D12 DOE e FETH D,

ARG T, Cu(IID)RMEIZ—RITHRIBRET T2
Gy T BENAE SR Y ~—Z2/ER L, STM %M
W, EOMEE, FelkbE, BVEBNREE T A —
JVTHRRAT LT 7, BRIS, R ~—8H08 E ORI Y



KTV, ED KD G R AR & TR LI
HOMNEVSTRIZHFERL, BMEAAEVWI S TH
2 FCR~ T, BURE SR U ~—1%, HHERE
R ~—k 0 bR AWM RFBEAEREZ LB
o, FILEHEELR LY bEELEENRE WD,
31 LoV O R & BGEB) A ERBLIN T 5 701X
B TH D,

2. BRIfES AR T—0D STM £

2.1 STM % AlRell ¥ %1345

WARASY o MR FEOREICB N T F08 & %
Bl D7 012I%, o - FEMOH AAEH 2 RS 5 (HE
LI TR LETH 5 39, AL TIE, @&
TOFRNAES R Y ~— TR ZNRICFHEE LoD,
WEomFIZMEERZMA 52 L 2&GHESIE L
T, HHEA T T 2,7-dicyano-9,9-dimethyl-9H-
fluorene (DCF) & 8% 51 + A ik L7= (Fig. 1), DCF &7 /v
VBRI oD AT NVIEEEN LI EEZ A LT
WD, TDAFNEITSF OIS EmSZHT
T, R L eBRE L OEENZMEEERN %
596, 7 OE R EE( AP SEEIERTZT, 20
R, BRESMETICROLTY, EEBRICE -
TRV w—%EBIL TS, IHIT, ZOAFNLEIZ
BEZEANCZEH LT 572 STM BIEICRB W TR 72
BERE LTEHNADOT 9, BT 2720 T, 4%
BLAz 153 7 OB A oEAE R XA A9 5 12D DA 70
SRR L LTHBRET 2, 7 A L B O iR
WIXENENT T 2 EEEAL, Kl O Cu 74 K
L& OENFE A 2 L C—RItHI 72 DCF-Cu $51R 7R U
~—%EKTE D LI DTkt 2T 72,

22 Cu(lIDYREIZHIT DENAEE R Y v — DAL
SR FE CRMNEARY ~—%2 KT 572012, F
* DCF FefL 143 1% Cu(111)F &% L7z, Fig. 2(a)
BLO 200, FEHIEE 7K 2B WT DCF 9+ a2 745
L7ZEZD STM 8 TH 5, DCF 3 FII7 VA LV E
¥ DOREEIERFEZ S L, STM & Clix = AT IRICE
BlbEnd, ZiUIm T OIEFMEIER L OSEHEAT

Top o o Side
4.3 2 .3
L -y J‘: 090 00 Eins 20
%, d @9
' o' :

@N @C oH
Fig.1. (Color online) Chemical structure of 2,7-dicyano
-9,9-dimethyl-9H-fluorene (DCF) ligand.
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Fig.2. (Color online) (a, b) STM images of DCF ligand
molecules adsorbed on Cu(111). (c, d) STM images of
DCF-Cu coordination polymer formed on Cu(111), (a,
c) Vs =+0.3 V, 1= 10 pA, (b, d) Vs =+0.02 V, I = 50
pA. Inset in (d): Atomistic model overlaid on the
high-resolution STM DCF-Cu
coordination polymer. All images were acquired at 4 K.
Adapted from ref. 7 under CC BY-NC 3.0.
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Fig.3. (Color online) (a) STM image of DCF-Cu
coordination polymer chains on Cu(111). White
triangles denote the molecular orientation of the methyl
group side. Vs =+0.02 V, I = 50 pA. (b) DFT-optimized
structures of three representative DCF-Cu trimer
corresponding to different molecular orientations, with
the equilibrium effective bond angle indicated for each
model. (c) Distribution of the effective bond angles
determined from the relative orientations of three
consecutive DCF molecules in the STM image shown in
(a). Adapted from ref. 7 under CC BY-NC 3.0.
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Fig.4. (Color online) (a) Relative energy of the DCF-Cu
dimer as a function of the CN-Cu-CN bond angle,

referenced to the minimum at 180°. (b) Dihedral angle
between the two fluorene planes as a function of the
CN-Cu-CN bond angle. Adapted from ref. 7 under CC
BY-NC 3.0.
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Fig.5. (Color online) STM images of DCF-Cu polymers
observed at 4 K (a) before and (b) after annealing the
sample to 71 K. (c, d) Magnified STM images of
regions I and II, respectively, as indicated in panel (a).
Adapted from ref. 7 under CC BY-NC 3.0.

EHTHHBAEEOMBIZIEE A EZEL L TOAR,
DCF-Cu BN U~ —72% 40 K LA CEAWIZESR) %
BRGAT % & WO BRSNS, ARICBIT HEHDHE
W RIEME L= 2 =13 X% 0.2-0.7 kcal/mol F2
EThdEAMLOLND, ZOMEIE, Cu(11DEHEIZK
BN Cu 7 4 b A OPEEEEEEEGK 0.9 keal/mol) '9<2,

XXX

CN-Cu-CN #&5A A 7R 120°8 T DB D= 3 v ¥ — L
F(K) 2 keal/mol) &V b/ S\, Bl 5 el L7 JE
RIZ, DCF 25 s S 7 7 FDEL A 1800759
TWB LW T BREKROERE, CN-Cu-CN A
NAEBMDER L NER > TELTVWDR, EBEOE
TR TIE, 5T EBOMNRERL AR A
EROFESRHAMICEE LTS EEZLND, =
DL e IEENIC LY, =R L —REEENES O B
B RS, fERE L TEDNRIEE L= F L
F—MEB SN SR TE D, —J7, 3 B
ETIX, BEOFRNAES fF L O Co—FEMH AAVEH A
—RUZEF LTRSS 729, BIEZSEICHSTHHE
M7 BTN E L HIR S D, ZOREE. ER7elE
PEALRERE SR L, 71 K 2BV T H B id s 11X
NOBERES L LTIRD Y, R ~—2K0EE A 5
LT EERREENEEX DN S,

BT LToIBESH O T, FRICHHE 7o s 28 (L3 Bl
SN 78k % Fig. 5(c)B L VSR T, AR TIXDCF
DT OEM % STM B HiAITE 5720, 1o
FENER 2 BHF 5 2 & C, RY~—8HF 0 EONET
WO H D WITEINE U= D0 a5 T L~V THET
D2 EMNARETH D, Fig. 5(c)DfEEL I TiX, HiEIC X
DT A ST B OMIZHT C BERAIID MG
(insertion) N Z 7= &FZEx b D, ZORIGWEE
Fig. 6253 &7 L TaRd, = R L ¥ — IR
LETHDLHBEKGEZAT 55T CHEGERZL - T
BEE 9 DA EEICEEE L, 31 A-B MICFET 5 Cu
ST L T e BN A A RS A 2 & T, B AR

(a) insertion
) S A
L JE .o . s
¢ £%9, c
TR B - — »
A 3 °o RS X
a 90 CRE ) e o
‘.,’;‘ 5 MR 9 C B oN
c D A .. D @C
p 8 D > H
% @ Cu
\
(c) addition-elimination
’
s
PR i H Wl H S
/4/‘:‘ i e %9 - Py %P JR “,: ’ H
o4 %, S8 99,0, J
.0 » .- yey N M ] )
3 : .
< F WX " 5
<, Lo :
4 L[]

Fig.6. (Color online) Schematic reaction pathways corresponding the thermally induced transformation observed in Fig.

5: (a) insertion, (b) addition, and (c) addition-elimination processes. Alphabetic labels denote the same DCF units as those

identified in Figs. 5(c) and 5(d).
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