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We provide an analysis of "on-surface polymerization" for a diacetylene (DA) compound 10,12-pentacosadiyn-1-
ol (PCDYol) by scanning probe microscopy. For monomolecular layers of the PCDYol on graphite, it is known that two
different two-dimensional polymorphic forms—herringbone (H) and parallel (P) arrangements—are observable at room
temperature. The chain polymerization of the PCDYol forms the conjugated polydiacetylene (PDA), which is expected
to work as the nanowire for the molecular devices. Here, we study the thermodynamic stability of these polymorphs. As
a result, we find that the P arrangement is the stable structure while the H arrangement is the quasi-stable one. We also
show that the melting point of the P arrangement is 20 °C higher than that of the bulk crystal probably due to the epitaxial
alignment of the PCDYol to the graphite lattice. Furthermore, we statistically analyze the polymerization degree of the
PDA chains formed by UV irradiation at different temperatures in air. The distributions of the polymerization degree
agree well with the prediction from a simple probabilistic model, allowing for addition reaction and deactivation at both
the ends of the chain as stochastic events. The estimated activation energies of the addition reaction and deactivation are
noticeably different from those of the conventional solid-state polymerization in the bulk crystals of the DA. Thus, we
conclude that the graphite surface and Oz gas in air atmosphere drastically affect on the photo-induced chain
polymerization of the PCDYol.
Keywords: conductive polymer, STM, AFM, diacetylene, oxygen.
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Fig.1 10,12-Pentacosadiynol (PCDYol).
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Fig.2 STM height images of a PCDYol monomolecular film
formed on a graphite surface by transferring Langmuir film. The
dimer lengths are suggested by pairs of white lines. High-
resolution images of (a) H arrangement (Zset = 20 pA, Vbias = —800
mV, 7.5 Hz) and (b) P arrangement (Jset = 10 pA, Vbias = 800 mV,
8.1 Hz). The adsorption models are superimposed at the bottoms.
(¢) A large-area image showing the coexistence of H and P
domains (fset = 10 pA, Vbias = =100 mV, 3.9 Hz). The Z range is
presented on the right side.
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Fig.3 Morphological changes due to annealing at 50 °C. (a)
Typical STM image showing coexistence of H and P
arrangements in the PCDYol film (Zset = 6 pA, Vbias = 800 mV, 3.6
Hz). Domain boundaries are indicated by white lines. The stripe
intervals of H and P arrangements are suggested by pairs of white
lines. (b) STM image of the film after annealing at 50 °C for 60
min (fset = 10 pA, Vbias = =500 mV, 3.6 Hz).

Fig.4 Morphological evolution of a PCDYol film by continuous
STM scanning at room temperature (fset = 10 pA, Vias =—800 mV,
3.6 Hz). These images were obtained at the same surface region
from the (a) first, (b) 8th, and (¢) 16th STM scans. The dimer
lengths of H and P arrangement are indicated by pairs of white
lines. The H domain indicated by white line in (a) shrinks and
eventually disappears during the continuous STM scanning.
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Fig.5 Successive STM images showing detailed features of the
movement of the P/H interface by STM scanning (Iset = 10 pA,
Voias = =800 mV, 3.5 Hz). (a) The boundary between P and H
domains is seen at the center of the image. (b) The part of the H
domain surrounded by the white line in (a) becomes incorporated
into the P domain on the left side.
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Fig.6 (a) AFM height image of a PCDYol monomolecular film
prepared by spin-coating. Three H arrangement domains cover
the entire scan area. (b) AFM height image of the P domains
observed after annealing at 70 °C for 10 min. (¢) AFM height
image of the film obtained after annealing at 80 °C for 10 min. In
the inset, a cross section profile along the line scan in the
horizontal direction is shown. (d) The AFM phase image of the
square region indicated in (c¢). On the island surface, the lamellar
structure of P arrangement is observed. No regular pattern is seen
over the surrounding sea in glass state.
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Fig.7 STM images of the PCDYol monolayer on graphite after
UV irradiation at 23 °C for (a) 20 min (fset= 6 pA and Vbias=—800

mV, 3.62 Hz) and (b) 50 min (/set= 10 pA and Voias=—800 mV,
4.07 Hz). The PDA chains are observed to form in both the P and
H arrangements, as indicated by green and yellow arrowheads,
respectively. The dimer lengths of the neighboring molecular
rows are indicated by pairs of white lines.
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Fig.8 Plots of the number density D for the PDAs produced in
the P and H arrangements against the irradiation time, as
examined by STM. By UV irradiation at 23 °C, D increases in
proportion to the irradiation time, as suggested by the black lines.
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Fig.9 Frequency distribution of the polymerization degree N for
PDA chains formed in the P arrangement extracted from the STM
images. The values of frequency are normalized so that their sum
is equal to unity. The plots of UV irradiation at 23 °C for 20 and
50 min approximately coincide with each other. The solid line
represents the fitted curve with the formula (N — 1)p¥2(1 — p)(p;
the probability that the addition reaction will occur).

Fig.10 STM images of PDA chains obtained after UV
irradiation of the PCDYol layers (a) at 20 °C for 50 min (/see= 10
PA and Vbias=—800 mV, 2.00 Hz) and (b) at 26 °C for 50 min (/set
=6 pA and Vbias = =800 mV, 1.00 Hz). The number density and
average length of the PDA increase with temperature in both the
P and H arrangements.
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Fig.11  Arrhenius plot of the number density D of the PDA

formed in the P and H arrangements per minute. The slope of the
approximate straight line shows that the activation energy Ea of
the addition reaction is estimated to be 8 + 2 kcal mol™! for the P
arrangement.
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Fig.12 Temperature dependence of the average polymerization
degree of the PDA chains. The length of the chain tends to be
longer with temperature in both arrangements.

Fig.13  Mechanism for conventional solid-state polymerization
of DA crystals. (a) Array of DA molecules. (b) DA moiety of one
of the monomers (M) is excited by UV stimulation. Both ends of
the DA group are activated as a diradical monomer (R1), as
indicated by the red circles. (¢) Addition reaction of the
neighboring M can occur through a thermal process, as suggested
by red arrows. (d) Diradical dimer (R2) is produced as the source
of the PDA chain. (e) Extended PDA chain grows through a

chain-propagation reaction toward both the sides until the reactive
species are deactivated, as suggested by blue circles.
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Fig.14 Frequency distributions of the polymerization degree N for the PDA chains formed in (a) P and (b) H arrangements
extracted from the STM images. The values of frequency are normalized so that their sum is equal to unity. The solid lines represent
the fitted curves with the formula (N — 1)pv2(1 — p)* (p; the probability that the addition reaction will occur). The specific
temperatures and duration times applied for UV irradiation are given in the legends.
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MREHZ L 0 DA 25 1 RITEIANCI » = EmEA KOS SFH
Ehb, BEEERICEE] LT PDA O35 N HIING 5 23,
H BN BT DAEMBIRIT P ESIO LD XD HILD /)
SV, ThE, A ERRT DB L2 DA LR O EEEN
P EANZHVNT 0.39 nm ThHDH—7F, HESIIZI T 0.58
mm ORKERXYy v T2 b o0 ThD, £72, UV K HE
DOIREN EH3 % &, PDA OHEFEL LOEHEAENK
<MD, INHDETNRNTG, P EINZIST DA
BOGRE £ ORIEDIEHAb = R F—I1%, TNE4 8+2kcal
mol ' BX DN 1 £ 1 kcalmol™! & AL HND, AWVWZKIGE
7L TIE, PDA Kl Tt Z 2 (SIS 8 X OIS % i 5 4
HLLTHRLTEY, TOEBESMTONTOTFH
P(N) = (N —1Dp " 2(1 —p)? I3 EBRFE R %2 L < HHT 5,
ZIT, NBXUp X, TNENESER X OIS
RThbH, T/ ~v—HINKEOEE LR LT =1L, S
JHERD SO LT D EEEREV, ZhUE, T AFL
HOTZ 7 7 A4 METIZRIT AESIZL Y, BURBINE <
RSN TWB7dThH D, —J7, RIFEOIEHEL= R L F—
W, SV OEIERIS & L TIREIN TV TNKER
DL DITHRTHO T/RhEV, 2L, KKTOREHIC
X LIS D PDA Kl & KIE S 5720 Th 5,

KR TIE, 77774 MREICKT AL LUK
HOEEHE DO/ ZE7Y, PCDYol OFRMEESFIGIE LW E
ERIET R EN, REEAKGE, TXTOE/
T —NEBIINTREICET 2 E VI BHEE LS LD,
T OFBETA L7 SR OB NS % EATOID
ZEREEND,
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