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Abstract

Colloidal aqueous dispersions of poly(n-butyl acrylate) (PBA)-silica (S5i0,) nanocomposite particles were synthesized
through free radical polymerization in the presence of SiO, nanoparticles and poly(N-vinyl pyrrolidone) colloidal
stabilizer. The nanocomposite particles were stable colloids with a reasonably narrow size distribution and a SiO,
content of 40%. Morphology of the nanocomposite particles was confirmed to involve a PBA-core/SiO, nanoparticle-
shell using electron microscopies. Pressure-sensitive adhesive (PSA) films were prepared from blends of the
nanocomposite particles and PBA homopolymer particles at various weight ratios. Probe tack tests at the standard
probe rate, which is close to the actual peeling speed for PSAs, confirmed that maximum stress of tack adhesion
improved 2.36 times and adhesion energy improved 1.39 times upon addition of nanocomposite particles compared to

that of PBA homopolymer film. The nano-scale mechanical deformation and energy dissipation ability of the ‘soft-hard’

nanocomposite particles was expected to increase adhesion energy.

1. Introduction

From the late 20" century, there has been great
interest in polymer-inorganic nanocomposite colloidal
particles, which have a specific surface area that is
much larger than that of bulky nanocomposites"?. If
the organic component is film-forming, such particles
can be used to produce paints or coatings. Latex
film prepared from an aqueous dispersion of film-
forming organic polymer-silica nanocomposite particles
possessed superior thermal, mechanical, and flame
retardant properties compared to a similar organic
polymer latex film®.

The present study demonstrates that an addition
of "soft" poly(n-butyl acrylate) (PBA) core-"hard"
silica (SiO,) shell nanocomposite particles as a filler
significantly enhances the adhesion properties
of a water-based PSA". This type of "soft-hard"
nanocomposite particle is fabricated easily through
a one-step aqueous free-radical polymerization in

the presence of SiO, nanoparticles. The resulting

colloidal nanocomposite dispersions were purified and
extensively characterized in terms of particle size,
morphology, silica content, and chemical composition.
Adhesive films were prepared from blends of the
nanocomposite particles and PBA homopolymer
latex particles at various weight ratios. The effects
of nanocomposite particle amount on tack adhesion
properties were investigated using a probe tack
tester. In the present study, probe tack studies were
conducted at a rate of 10 mm/s to obtain stress-
displacement (S-D) curves. As a control experiment,
polystyrene (PS)-SiO, nanocomposite particles and
Si0, particles were used as a filler and the results
on adhesion properties were compared with those
obtained using the PBA-SiO, nanocomposite particles.
A possible tack enhancement mechanism is proposed

based on the probe tack results.



2. Experimental
2. 1. Materials

2,2"-Azobis(2-methylpropionamidine) dihydrochloride
(AIBA, 97%), n-butyl acrylate (BA, 99%), and styrene
(St, 99%) were obtained from Sigma-Aldrich. The BA
and St were used after passing through a column of
basic alumina (activated, Brockmann 1, standard grade,
~150 mesh, 58 A) to remove the inhibitor. Poly(N-vinyl
pyrrolidone) (PNVP; nominal molecular weight=360,000)
and ammonium persulfate (APS, 95%) were obtained
from Wako Chemicals. An aqueous dispersion of SiO,
nanoparticles (Bindzil2040; 20 nm amorphous SiO,
nanoparticle aqueous dispersion, 40 wt% solid content)
and SiO, particles (Snowtex® MP-2040; D: 180 nm
amorphous SiO, particle aqueous dispersion, 404 wt%
solid content) were donated by Eka Chemicals AB and

Nissan Chemical Industries, Ltd, respectively.

2. 2. Synthesis of PNVP-PBA-SiO, and PNVP-PS-
Si0, nanocomposite particles

PNVP-stabilized PBA-SiO, (PNVP-PBA-Si0O,)
nanocomposite particles were synthesized using
aqueous free radical polymerization in the presence of
Si0, nanoparticles”. PNVP-PBA-SiO, nanocomposite
particle synthesis (510, 80 wt% system) was conducted
as follows: PNVP (0.25 g; 5.0 wt% based on BA
monomer) was added to water (41.0 g) in a 100-mL
round-bottomed flask and the mixture was stirred
at 25C until a homogeneous solution was obtained,
followed by addition of aqueous SiO, sol (10.00 g
aqueous dispersion, equivalent to 4.00 g dry SiO,). The
reaction mixture was purged with nitrogen, and BA
monomer (5.00 g) was added. Then, the AIBA initiator
(50.0 mg; 1.0 wt% based on BA monomer) in deionized
water (3.0 g) was added to the reaction mixture, giving
a total water content of 50.0 g. This same procedure
was used for the synthesis of other PNVP-PBA-SiO,
nanocomposite particles (8 and 40 wt% SiO, systems)
and PNVP-polystyrene (PS)-SiO, nanocomposite
particles. The polymerizations were conducted at

60C under nitrogen and were stirred at 250 rpm

for 24 h. APS-PBA latex particles were synthesized
by surfactant-free emulsion polymerization using

ammonium persulfate (APS).

2. 3. Characterization of PNVP-PBA-SiO, and PNVP-
PS-Si0O, nanocomposite particles

Particle size in water media was determined using
a particle size analyzer (Malvern Mastersizer 2000)
equipped with a small volume sample dispersion unit
(Hydro 2000SM; ca. 150 mL including flow cell and
tubing), He-Ne laser (633 nm), and solid-state blue laser
(466 nm). Stir rate was adjusted to 2,000 rpm. Mean
particle diameter was used as volume mean diameter

(D).

2. 4. Preparation of adhesive films

The purified and concentrated aqueous dispersion of
PNVP-PBA-SiO, nanocomposite particles (14.36 wt%)
was blended with the aqueous dispersion of charge-
stabilized APS-PBA particles (13.57 wt%) at various
weight ratios (PNVP-PBA-Si0,/APS-PBA: 100/0, 50/50,
40,60, 30/70, 20/80, 10/90, 5/95, 1/99 and 0/100 based
on solid weight) and stirred well. Aqueous dispersions
of the blended particles were cast on 38-um thick
poly(ethylene terephthalate) sheets, followed by heating
at 70C for 5-6 h in an oven to evaporate the water.
Then, the films were allowed to stand at 23-25C for
one day. Thickness of the resulting adhesive films was
ca. 100 um, measured using a thickness gauge (Dial
thickness gauge H-MT, Ozaki Mfg. Co. Ltd., Tokyo,

Japan).

2. 5. Probe tack test

Tack of the adhesive films was measured using a
probe tack tester (TE-6002, Tester Sangyo, Saitama,
Japan) with a stainless-steel (SUS 304) probe (5 mm
diameter) with a flat end at 23=1C.



3. Results and discussion
3.1.Characterization of PNVP-PBA-SiO,
nanocomposite particles and APS-PBA latex
particles
Optical microscopic images indicated no signs of
coagulation for the 80 SiO, wt% system. The volume
average diameter (D,) of the nanocomposite particles
was measured to be 140+50 nm using the laser
diffraction method, which suggests formation of a
colloidally stable nanocomposite particle dispersion.
In contrast, PNVP-PBA-SiO, nanocomposites were
obtained as flocs in the 8 and 40 wt% systems, as
indicated by the significant increases in apparent

particle diameter and diameter distribution (D, values

> 60 um). Thus, characterization and adhesion property
evaluations were performed using the PNVP-PBA-
Si0, nanocomposite particles synthesized in 80 wt%
system, hereafter. A charge-stabilized APS-PBA latex
particle aqueous dispersion, which was milky-white
colored and colloidally stable for longer than one year
without coagulation, was synthesized by surfactant-free
emulsion polymerization using an APS initiator. Laser
diffraction particle size analysis study indicated a D,
value of 350 =10 nm.

CHN elemental microanalysis studies revealed that
the PNVP-PBA-SiO, nanocomposite particles consisted
of 3.03 wt% PNVP, 57.07 wt% PBA, and 39.90 wt% SiO,,

which agreed well with the theoretical preparation

Figure 1. TEM images of (a, b) PNVP-PBA-SIiO, nanocomposite particles (80 wt% SiO, system) and (c, d)
thin cross section of the corresponding film prepared using the nanocomposite particles.



values (2.703 wt% PNVP; 54.054 wt% PBA; 43.243
wt% Si0,). Nanomorphology of the PNVP-PBA-SiO,
nanocomposite particles and the corresponding film
was investigated in detail using transmission electron
microscope (TEM) (Figure 1). The TEM studies on
sample prepared using diluted nanocomposite particle
aqueous dispersion revealed submicrometer-sized
nonspherical particles with a number-average Heywood
diameter (Dy), polydispersity, and circularity value
of 239 nm, 1.02, and 0.48, respectively (Figure la). In
addition, a magnified image (Figure 1b) clarified that the
nanocomposite particles had a heterogeneous character
consisting of PBA and SiO, components. Figures 1c
and 1d show TEM images of the thin cross section of
the PNVP-PBA-SIO, nanocomposite latex film. A black
network structure consisting of SiO, nanoparticles was
observed. These results confirm that the morphology of
the nanocomposite particles consisted of a PBA-core/

Si0, nanoparticle shell structure.
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3. 2. Characterization of adhesive films

Figure 2a shows that maximum stress increased
upon incorporation of filler particles and reached a
maximum value of 0.52 MPa at 71 number% (20 wt%)
for the PNVP-PBA-SiO, nanocomposite particle system;
maximum stress increased to 2.36 times as compared
with that of the PBA homopolymer film. At values
greater than 81 number% (30 wt%) PNVP-PBA-SiO2
nanocomposite filler particle content, maximum stress
decreased rapidly. This should be because the number
of nanocomposite particles at the interface between
probe tip and adhesive layer was likely too high.
Adhesion energy of the PNVP-PBA-SiO, nanocomposite
particle system was greater than that of the PBA
homopolymer film system at filler particle number%
values at and less than 53% (10 wt%) (Figure 2b).

As a control experiment, adhesion properties of
APS-PBA/PNVP-PS-SiO, and APS-PBA/SIO, (180 nm)
composite films were investigated. These two fillers
have hard core and could not be deformed under stress

at room temperature. Maximum stress increased up

1.2
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Effect of filler particle amount on (a) maximum stress and (b) adhesion energy for tack of adhesive

films. The films were prepared from mixture of APS-PBA latex particles and PNVP-PBA-5iO,
nanocomposite particles (solid line), mixture of APS-PBA latex particles and SiO, particles (D: 180
nm) (broken line), and mixture of APS-PBA latex particles and PNVP-PS-5i0, nanocomposite
particles (dotted line). The tack was measured without prism. (@ Cohesive failure; O Interfacial
+ Cohesive failure; [ ] Interfacial failure; Il No tack)
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Possible scheme illustrating peeling of adhesion of the APS-PBA/PNVP-PBA-Si0, adhesive films: (a)

before peeling and (b, ¢) during peeling. The shape of the PNVP-PBA-SiO, nanocomposite particles
changes with deformation of the adhesive film. Allows show stress direction against nanocomposite

particles during their deformation.

to 128 or 98% upon incorporation of PNVP-PS-SiO,
nanocomposite particles or SiO, particles (D: 180 nm),
respectively, in a similar manner to that for PNVP-
PBA-SIO, nanocomposite particles. However, maximum
stress decreased at lower filler particle amounts (53~71
number%) compared to that of the PNVP-PBA-SiO,
nanocomposite particle system. Adhesion energies of
PNVP-PS-SiO, nanocomposite particles or SiO, particles
systems were less than that of the PBA homopolymer
film at all filler particle amounts, except 9.3 number%
PNVP-PS-SiO, nanocomposite system. These results
strongly indicate that soft PBA core and hard SiO,
nanoparticle shell morphology is essential to develop
adhesion properties.

Possible tackiness improvement mechanism for
the PNVP-PBA-SiO, nanocomposite particle system
compared to the PNVP-PS-SiO, nanocomposite particles
or the SiO, particles (D: 180 nm) during peeling process

is discussed below (Figure 3). Adhesion strength

was affected by interfacial adhesion and cohesive
strength of the adhesive. Nanocomposite particles
increased cohesive strength by restricting molecular
mobility of the surrounding PBA molecules. In
contrast, the nanocomposite particles at the adhesive-
substrate interface decreased interfacial adhesion. The
nanocomposite particles improved cohesive strength,
but appeared to aggregate at high concentrations, as
determined from film transparency, which caused a
decrease in efficiency of cohesive strength. In addition,
interfacial adhesion decreased at high filler content.
Therefore, the optimal amount of PNVP-PBA-SiO,
nanocomposite particles is critical for effectively
improving the adhesion energy of adhesive film. In
contrast, Si0, particles (D: 180 nm) or PNVP-PS-SiO,
nanocomposite particles as a filler did not increase
adhesion energy at any filler particle amount, but
instead decreased it.

Deformation and destruction of the SiO, shell of



the PNVP-PBA-SiO, nanocomposite particles should
occur under stress, as indicated by Bon and Keddie
joint research group®. Relaxation of strain energy by
deformation and destruction of the SiO, nanoparticle
shell should improve tackiness. In contrast, the stress
collecting in the filler-PBA matrix interface appeared
to occur in the PNVP-PS-SiO, nanocomposite particles
or the SiO, particles systems. This mechanism
indicates that the structural arrangement of PBA and
Si0, within the core-shell particles was necessary to

enhance adhesion.

4. Conclusions

In summary, the addition of PNVP-PBA-SiO,
nanocomposite particles as a filler for PBA latex water-
borne PSAs markedly improves the tack adhesion
properties such as maximum stress of tack adhesion
and adhesion energy. In comparison, the adhesion
energy for latex films prepared from the mixture of
PBA latex and hard filler particles (e.g. PNVP-PS-SiO,
nanocomposite particles and SiO, particles) at the same
number% with the PNVP-PBA-SiO, nanocomposite
particle system did not improve tack to the same
extent. Only combining a "soft" polymer core and "hard"

Si0, nanoparticle shell allows an increase in adhesion

energy. These useful nanocomposite particles can be
synthesized using commercially available chemicals in
an environmentally friendly aqueous media and easily
scaled to industrial production level. Studies on the
latex-based PSA materials containing biomass should

be valuable and the investigation will be conducted.
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GenBank accession no. AAA19216
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Hyoscyamus muticus (Henbane)
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Valencene synthase
Citrus sinensis (Orange)

GenBank accession no. AF441124
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Lactuca sativa (Lettuce)

GenBank accession no. GU198171

co.

germacrene A

~ N N
= “ &
on o COOH

germacrene A acid

Costunolide synthase
CYP71BL2
Lactuca sativa (Lettuce)

GenBank accession no. HQ439599

germacrene A acid

Y N N
= = Y =
COOH OH COOH o

o
costunolide

GAA-8f-hydroxylase
CYP71BL1
Helianthus annuus (Sunflower)

GenBank accession no. HQ439590

A X OH
—
“ =
COOH COOH

germacrene A acid

8-p-germacrene A acid

1-1) 5-epi-aristolochene synthase & PAS0D#AHE
hbE=ER

5-epi-aristolochene synthase & P450D A A H T

. CYP71D205 & U'CYP71AV3Z M A G LY -6

TEAF T UYL AL S/, CYP71D201E
5-epi-aristolochene ® ¥ 7 % 2f&§ Fir % /K 4L L T capsidiol
AT 2 B % il 2 2 LR SN Tw 5 (R
2) o ARFEEIZBWTDH ., 5-epi-aristolochene synthase &



CYP71D20% &b & - BERFEE R 2 & &, e+
AF TN E LT, RFFRERT14:431C F AW
Y'— 7 (peak?2) & . FR¥EIFRT14:28 8 X 015:071222 D FE
Y — 7 (peakl, 3) MBI S 7z (1) o AR
ThHbpeak2lZIEF L AF T NRY T F = NVDG5T A+ >~
EHEE SN B mz 236 05TERE S 72729 capsidiol &
ESNTe —F. CYP71D55 & A A b 72846 Tlt.

PRIFEERT12:018 X M 13:3LICHEE £ R F 7 v > bW
(peak4, 5) 2VHI S 7z, peakdl 2l [M-H,01" D7 5 7
AV M F v EHES NS m/z 202058 S, S 512
M-CH, 1’0757 A " A F v EHEESNDm/z 205
PHER SN EDO5F A4 2 M 2m/z 220 & ¥

5E 720 fit> CTpeakdldt AF 7Ry 7V a— )L L
TEENTz, peakbllZ T A 4 v EHES N DHm/z 218
VRSN O AT TRy H LI
TIVT e FTH D LR SNTz, peakd, 51ZCYP71D20
EOMAGHLETHIE S N2HEE L A F T VR VAL
¥ — 7 peakl-3 & (35 7% 2 IRFFIE I TR S 7z (1M
1)o fit > T. 5-epi-aristolochene synthase% 3£ & L7z
YA\ ZCYP71D551CYP71D20 & 13 5 7 2 fRA % BRI L
TWB I EDTREE NI,

1 5-epi-aristolochene synthase® & UNP450 S8 BIEE S F1 OFEME — F VB OGC-MS 7 1~ b
7F 5 (TIC) RUOHEXLAFTNRYBINORAT T T A T —2a Ry —v



1-2) Vetispiradiene synthase & PA50D A &hHERER
Vetispiradiene synthase & PA50D A& b E Tld,
CYP71D20. CYP71D5538 & "CYP71AV3D3FEF D
PAS0% MlAE DRI HEICBVWTHHEL A XTIV R Y
ALY 3kt & 7z CYP71D551d Vetispiradiene® —.
BB o b4 il L. solavetivol ® /i L Tsolavetivone

CEBT HBMETH D I EHFME ST D (FE2),

Vetispiradiene synthase ¥ CYP71D20, CYP71D558 &
'CYP71IAV3DO 3 DPAS0 % Ml A G b THI S
B OMBEOGC-MSZ 0~ s 7 F L% L 724
B PRIFEERILIL21. 11:41. 12:3838 X U13:3412 360 L
T2HEE X A T IOV AR VBRI O ¥ — 2 (peak6-9) 25K
7z peak6-8IZIE[M-H,0l" @757 X M F ¥

LHEE S N Bm/z 202078 S, & 512 [M-CH3]' D
TIT AL M F v EHESNDm/z 206D STz
CEDBaTFAF Y IM]I Em/z 220 HEE L 72, fEo
Tpeakb-8lEL A F F IRy TV a— )b LHEE SNz,
peakZiZ 1A+ v EHEE S NS m/z 218FEFR S 1L
Rl AFTANRY T P LLET VTR R
ThbEHESNI, CYPTID20E Ol A G HLEN LI
peak8, 923, CYP71D55% 721ZCYP71AV3 & O A A D
Bh 5 ldpeak6- 93z Nl Sz (K2), LLEo
FERD S, BT L 723 EEE D P45013 Vetispiradiene |2k
L Tl —OBALIEYE 2 7R3 2 LAV L 720

2 vetispiradiene synthase X U'P4503L 58 BB RSB O FERR = T VI OGC-MS7 u~ ~ 775 A
(TIC) BLUOHRELAFTNRUVBADOR AT T T AT =2 a Xy —



1-3) Valencene synthase & P450M &4 & Hh & EER
Valencene synthase & P450D A E b T,
CYP71D20 & D#AEDED K THEE £ A F 7 V< i
LD ¥ — 7 H32oMtt S 7z, PREFRERHI 1340120 &
N7zpeaklOWZId A4 F > EHEE SN Dm/z 21805 R
N2 enb, BAFTURYT P LCET Y
T N Th D EHE s, REFFRER143LIIHIm S
7epeakllZ 35T A # > L HEE S b m/z 220D03HERE &
N7z enb, EAFT VR TIVI—)VTHDEHEE
2 N7z (H3). Valencene® 7 + ¥ & TH %nootkatone
= R b L) # AF L. valencene synthase &

CYP71D20& OfiA G b TEUM S L7 HEE v A F TV
NRUBAtY L DB Z AT 5720 T DR, nootkatone
e OBRFHEM BN AT T A Ly F—2a 288 —
> Hipeakl0 & —3 L 72728, peaklO% nootkatone & i
5 L72(M3) 0 LLEofiA 5, CYP71D20% valencene
7 bnootkatone~DERALIIL & it 5% & & A L
720

2) AEXEEDDSOFALRAFT AR ERERE
EFDORE
T TIREDA. annua DHFERIIZEETETIVT I

K3 (a) valencene synthase® & U'P4503L 3 IEE RS ZE OB — F VB OGC-MSZ7 u~ + 75 A R Y
B AF TR DR AT T T AT — 3 w88 — v,
(b) nootkatonefZ e iy & HEE L A F T IR U B & ODGC-MSZ 1~ b 7 F 4 DB X Unootkatone

G DRAT T T AT =3 INF— 2,



ZVEHITE, Hiv ) TEERE L THRO TEEL
DI moTWVD, 51T, RIETIRILAAFEEH &
LCOHIREENT WD, TVT IV = VAERHICKR
M7 A R X . FDP2%amorpha-4,11-diene synthase
(ADS) LIFIEN S L AF TRV EHBRIZ L > TR
1t & ftamorpha-4,11-diene A4 % = & 5 BIE T
bo —HT, TVWTIVZVEEELLZWVA. annuall
Mo 3 EFIBIPIZ OV T, LR - 55 T BB
R OPBURTH 50 £ 2 TAMETIIT VT 2
V= VIR 3 E X B BT 5 ADSHIFE# AT D
L T OBFRRROIT 21T - 720

4  ADSHIRI&EE T/ A WiH OPCRESIE

2-1) PNTIY=VEEIEXEEYD S DADSH
FLEDFH h DIEIE & BIEFEERENR

BHEOT VT I v = IEREET TFEEMOIEDNS
HELL 727 ADNAZ M L LT, A, annua®ADS
BIZFORREG T N> EffEa P ofEICHS T
5774 —%&HWTPCREITo 72, TDHKR, A.
absinthium. A. kurramensis. A. maritima?n*%. ADS
AR AR O W e MR S 7z (B44) o 2 5 ADSHIIF
BIETF DT LEFH LA, annua® cDNAFLH % LIS %
LT, EnENOIXY Y A b a g EE
L7zo ZofER, HFMFEEEFOHET XV Y EHIE
ADSHEAR TR L T89%LL D[ —: % 7R L 72 (1X5) o
NS ADSHIFBEIZTF DcDNA % H.gE L 7245 &, ADS
HFEZ 7387 1ZADS S ¥ 237125 L T83~90%D T X/

3D T VT I v = VIR I TR A S O ADSHIFEIE T W OM¥IEE a7z A absinthium.
A. kurramensis. A. maritimah® S5 ADSHIFEEZ WA 2SR S 7z (L—230 9B X U1 . A. annua
(L=>1) WRY T 7arbu—)v& LTHW,

5 ADS #fri+ & ADSHIREEEF O L

FNENDADSHFEBZTFOLEY » (MUfg) &4 > bar (EH) EdHEE L. BEXITR L7,
FHEEFHTHIT 5%y > &) LoHERSIFE—M (%) 23R L72



K6 ADSHIFS 787 DA v b uEER GRS A OGC-MSHHT
YA F TN GHBEEEOL MY E THh AFDPEHE & LT, £ADSHIFE S > /87 @
W) a v CF v MY U8y BRI EEREEGERBR T 7,

FRECHIF] — V2 7R§ 2 &AL 720

2-2) ADSHERI% v 739 DEEFRISEERRIT

KW 53R 2 AWV CHADSHE Y > 787 ofF#)
A F MY NI HFR L, FDPEZAEBIZHW
TA Y ¥ M ORREERBRZ 1T o720 55 N7z UG
W% GC—MSTIT LR ZHM6IIRT RIYT 147
Y M= IVDA. annua?® ADSO KSR 2> 5 13T
& B Y amorpha-4,11-diene 7S H S 4172 (peakl) o A.
absinthium® ADSFHE & > /X 712 X 2 FUSER 2> 5
E RHOEZAF TR A F(peak2) BREARM & L
Tl EN7z. 720 §XTOADSHIE S » /8712 &
5 BUGBEB 20 5 a-bisabolol & HE5E S L5 ¥ — 27 3
E7z (peak3) o

55 N7z BUGAE B % K3 LNMRIC & 2 e %
7o 7245 %, peak2% koidzumiol, peak3% a-bisabolol
EH%E L 720 a-bisabololliZid = F v F+~—D(-)-a
-bisabolol & (+)-a-bisabolol ZF/ET % Z & 205, el
BEMGE 24T o 720 £ OfERL BUGHAE B O et E 13
+55.3°CTH 1, (+)-a-bisabolol TH % Z & 2SI L 72
(Muangphrom et al., 2016), Koidzumiol3 & O (+)-a
-bisabolol & ALK & L THZ 5L AFT VRV EK
FEFIT VT ORI S B [EE SN TE S THBLOM
RIEETH 5,

EXX))

1) BAF TN GHIEFE EPASODAMAE DI X
LR AFTINAR) A FERERTIZ, BEMEYHRO £
AF TN EEES L PASOD ML A A D& & BRI
WTHEARTZ LX), BEOFHLAFT V<) A
FEHEE SN DALEWAT S, MR 2 L 7z
LAFTFNRIA FOALEF M) T VEEROETT
REMEZR IR L72e 4tk M RALEY OREETE DS L
Thbo

2) SEFEMWD S OHBLL A X T VR G
FORETIE, 7IV7F I v = vEEEIEFBHYE
5. A annua \ZBTFTLTIVT I V= U EEROE
BHECThLHADSOMEBIA T HERT LI LICLD,
Koidzumiol & HiEESE B & U8 (+)-a-bisabolol & i &
Vo 2L AR TN AR ERAT S 2 LI
WL7ze TS OFBBEFERT = ERLOEAF TN
JAFROayEF Y TIVESRICHBETEZ I
D, BOENILEMOREEDNY) =2 5 & & 52K
RFTZENTRETH 5,

INSOFEEHCTERLIHEL AR T LR A
FIZoWTid, 4 DA FERBR~O RS S
%o
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1. BL&IC

Z L ONTUET 2 ETLEWITE, AR EYENE
ERTLDOVEE LTS, LaL, ILFEHRIZES
AR KD LN TV BIZO D ST, B %%
BT B72DIMIRE L THEBRNEETH 21LEWH %o,
G, MEOBML ZFEEP RS CFET ST 3=
FUEERY B, R o. Ta=F (1)
1%, Hesse 5 2 X ) Aconitum napellus?» 5 H i & 7z
VIR TN AaA FTHAH (Figure 1), 19594,
Wiesner 5 0 7 )V — 712 X 0 P& ASHEE S, *1972
12 Birnbaum 28 X #fl fb A & AT 12 & 0 Ak SZARBC &
RUSE L7z Sld, BRGNS T b o AF X ROV R
MALT 52 L&) mAztiEHEET A5 2 & h
HENTwD, Mk Lo e U<, BiEr SRR E
REEHEIZZ S OBFEEREZH L TVD Z LT

Delphinine 13-Desoxydelphonine

Figure 1 Aconitine family

WERE Kb TR
i B KR

S, ZOHMMN REED S % L OISR OB
FIEDIFTTWBH, REEEGHILERL SN TRV, Z
NETEELOTA=F VHDPHBES N TV 225, B
HEEFTHEIN TS DDIL, Wiesnerb 12k 55 55
FIV Fr A=V 13T A X VTN T 4 =0
DITLIEEWDATH 5o

2. SREHE
BB AT AT a=F v (D)Id. FEARKS
T AR L - BRI EW2128 LT, RERE
EMEKEAT LI L T32RBLTERTETH S
% z272(Scheme 1), $&bbH, It S L7zBaran

I

A
He

b

Remote

-H
Oxidation

Diels-Alder
reaction

o
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p— T
HO™
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Scheme 1 Synthetic strategy for aconitine



2Dongb DFE 2 BHIZ, 20MFETEFM L T,
C-HMt%17) 2L T, Zo0k FuF Y VzEAT
SHEWFF L, $72, BREFIT BT Vvaxy
AFNVELFH L CEAWRTSH L EE R 72, MERMEAL
EWAZE2H T NV 3 — )V EFEER4D Wagner-Meerweiniiz
PICEoTHERTELEZ 27, 4T, YuFi b
L2-7uua7rzyu= k) (6) & D5t HDiels-Alder
POBIZ & N 7E L7z, EReEZIRIZEI VAN S L1
FEL7ze vod vy obid, CHBEHO f- PO
IAT VL VBT CHECE L LEZ 72,

3. @&mR

3.1 Diels-AlderRIGHTERFD SR
SCHREEAI O 7302 & 0 &R L 728% 3s IR & LT,

Diels-Alder UG ZATH 720D B X T VL V9D B &

17> 72(Scheme 2)o £9. f-L FOF T T X T )L8%

WIC L7218, L7V 4—110% 7+ b= F1I~N&En»

OMe OMe
cat. PPTS
LiAIH, Me,C(OMe),
I - -
THF DMF
0°Ctort rt
8 88% (2 steps)
OMe OMe
NHj (1), Li
_
EtOH-THF
—78 to —40 °C
quant.

MOMO._ °
cat. PPTS NaOMe :
P —_—
t MeOH
aceﬁone 0.5C fe)
/>0 76% (2 steps) 0
13 14
base, THF
—78 °C;
electrophile
conditions
9 (desired) 9' (undesired)
base electrophile temp. time yield (%) 9:9
LDA TBSCI -78°Ctoreflux  3h N.R.
LDA TBSOTf -78°C 30 min <100 2.4:1
LHMDS TBSOTf —78°C 30 min <26 0:1

Scheme 2 Preparation of silyloxydiene for Diels-Alder
reaction

720 BirchBEILEITWAF VLT ) — VT —F)V12& L7
% EHIZRRIKRGIEL By A8y b 13% 1572
WAEMESRMET, “EMG 2 RS, o, -7
N 14% AR L7z. WIZ, Diels-Alder /Ut O #E & 7
2y FXFTYTVLUANOER T oM, T YI4ITR L
C. LDAZEA ¥ 72, TBSCIZ Mz 725 EHD K
IEASHEST L o720 22Ty XN KRETHITH
5TBSOTf% Hv7/z& 2 A, 23 1o EEEKIES
ELTyaF I 9L9NRL NIz, RIS, EPE
OYETHWE L, L L TLHMDS% 7228, 9
PEONLEDORTH o7, BB, YIAKETH), ¥
LOHERREECTH 5722 L S EREROREMO F
. ROBMAEFTH) L L LT

3.2 Diels-AlderRIGDi&5t

YuFY VI VILEYDOREWERNT, 2-ruu T
7 ) u=h1))V(6) & DDiels-Alder &t % 17> 7= (Table
Do £9. PV VEHERIICTRISZITo 728 2
A, HE T 51528 UE14% TH: S L7z (entry 1)o K
Wy YA 7 BERE TR ERIT o728 2 A, RUSKE O
B IL R S NI R L Do 72 (entry 2)0 &
7oy MAEETRIBEITo728 2 A, BHGRED
%52 72 (entry 3)o HUEHEYO'H-NMRANXY kL%

Table 1 Diels-Alder reaction of siloxydiene and
chloroacrylonitrile

OTBS

A

ClI” "CN
6

hydroquinone

conditions

entry  additive solvent  temp. (°C)  time (h) yield (%) @
1 - toluene 110 b 64 14
2 - toluene 110 1 "
3 - - 110 2 complex mixture
4 NaHCO3 - 110 2 10
5 NaHCO3 - 60 2 33

a) 2 steps from 14. ©) MW (300 W).



1) TsCl, Py
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2) Si0,
,2h
70%

(2 steps)

17

Scheme 3 Deshpande’s previous report

AT L7 2Ah, T M FPBRESNTVL I LMD
Motze €I T, FUBRP & TR0, &
BAkET M) T AREML CRILEITo 728 HIDR
EARONEIZM E L e h o7z (entry 4) X512, BIK
B2 IS 272012, 60°CTRISZITo728 25, 271
FEINEIZN TISE AWM T A ENTEZ, BB, 2O
BRIE(E)-TVr v DR TH 7205, FH . Ko X
KL LT 5,

3.3 Wagner-MeerweinEs{iRItZFIAT 2 BI8EBE

PhE T HEMMBEE LR 72010, #EIHE S
NTWBEENUSIZE H L72o Deshpande 1%, %27k
T IA—=)16% b T — IANEFFER, PU BTV E
TER S5 LBERITPHONDL T L2l L T2
(Scheme 3)o "ZORIBIZB VT, RE-REHE O
WMOWRIEC A A F A Y PE=HRT ) VA T+ 18TH
BT EICHEH LT Thbb, #h LT LEBALDHE

Scheme 4 Anticipated Wagner-Meerwein rearrangement

T 5720120&, BEED D FF ¥ OREAILETH
B EHERIL 72

ZTIT WET VT Y H Y 519% &M LEV RS &
T2, 7N T F R0 % B 5 LA DR
SIS ASHEST S % &% 2 72 (Scheme 4). F 72, HRALFAIC
LB IR TFF 220012, KAVARFEED/N S VR
FAZ B SRS AZET, TY T IVa— )L
20315615 L HIFE L 72

DloZERIY, BAKGET) 72007 Vi »19%
A% L7z (Scheme 5). Diels-Alder St O K 15125+
LTBAFZ{ER S84 b v22& L7tk KFEAYFESF
MUY A XY B S AREIRI VAR = )V % =
TEL23% %720 B, & FaF v VEDALFAIIRKRY
LI THoA, FTIREREREOME By L
L. 6% EMELTo720 WIS, BT VT — )23
DOREKIS %R A7z (X LI, BurgessInH % v
LEMBLUNESREERF L2 A, HYWIZE
LN otze —H, Martin AV 7 I v & fwni-t 2
2. SEEREE B & DI W24ARTE Sz,
Tz, HALF AV EE) DR HWTRIBELT) L.
WERAB% TT N Y2438 b Tze E 61, UBIRE%
70°CIZFHim L AR CRUG & efs S8 5 2 & T
264%F T L &L ENTE, T, 70O =
N UOV2ADIIKGIEIZ L) o b v 25N ki, E5
Wy ARBIRN R A VAR = VERORITCICE D . BIMT

KOH
+BuOH
70°C

81%

MsCl
EtgN
CH,Cl,
0°Ctort

Scheme 5 Preparation of mesylate for Wagner-Meerwein
rearrangement
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Scheme 6 Successful construction of aconitine skeleton

Figure 2 ORTEP diagram of 4-bromobenzoate 22

V= 26% WM L7z, 260 FuF I ovsks 2 vl
L. EBAL SR OEEI9NE 2,

BH LN T Vo~ 2 S 5 EE % VIR UG
%475 72(Scheme 6)o A3 F— FIOIZIRL T, BRI
VAT NVEER S Sz, ZOME, FHILE)ZEARE
FREMSE . U NVEDFF 5T BARDK
RASINASHEST L. DUBRMAL A2 % — DRl & LT
HHZENTE, B, 210fEITe Fux s v iks
P~ T HENRY A MU L7, XSz L0
Pe5E L7z (Figure 2) o

4. BbYIC

EARRFEWE /T HMUREILEY21E. o+
Diels-Alder FUts & Wagner-Meerwein®z . Uit & § T2
ELTERTAIENTE, £9. MBI -k
FEX YT AT b TROZMTL ) Y 14% G L
Fethy RIBTHIOF I IUANEERL, 2-7un T
Z7u= bYv(6) & DsFHMDiels-Alder BUSIZ & D 15

TEW L 720 BT, BB T VT — V16 & FHE,
t FaF o x vl & fe < Wagner-Meerwein#z {7
BOSIC & 0 USRI L& 21 % — o Stk L L TaKL
720 BB FHNEEIE L2AS, EAOEN ST T S
W 572020, WEBT IV 2B VKA F 4 > A
WOETEACDIATEH B Z LS h o7z,

5. i

AWML BT Do ZRETTHEBY L
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P OB 2w G 7% SN2 & 0 @ RIS A
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HoPHE, KILE, MMROESER EDREZ HbILb,
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T FIIHVLNTWEZIT TR, TEIH I EE
BETLHEEEME L TOENTHIEIN TS, 1
YRFH AT a v ER) YR EOBEHO YY) DY
TNATA PR ELTEEINL I EPHENTVD
B A RFTavaviiths L0, 20nTH S
vy 73 v (1) 2SR 2 /s S B HIAE &
H2 29 LI E TS 2212 7% o TH Y (Iwashita
et al, 2007a; Iwashita et al, 2007b), ZDOfIzZd, B
073 KB IREEAL & #0H)9 2 4EH (Son et al.
2012) . AN IS0 5 2 BIRAY 2 gV EH (Raj et
al, 2012) %2 &, ZHOBEBITH L CEMREPH D LD
b 2 STV b (Kumar et al, 2010) 1 >~ K4
AT aTHDOED L) BN, EDX ) A=A L
THABEAYEHEL TR 200IIOo0nTIREHL2ICS
nTWnen,

W 2 MO BRI R MG O & 2z & b 72 ) A
DETFTTHY, L72o>T [WA] ZHHET 5IIEHM
MEEEZLESI LI EVPHMTHL EEDbNL, &

FALREE  REFEBESEADIZER! - Ml EREE s B

A TIETERZER 2R T 2/lfa0—>TH 1) 1B
O % 5 M NI, AR % b >—
BAbaER (NO)R T U Ay A 7 1) ¥ &5 L CIE D
AR A 5| S 297205 T <L MEEEAN O SERME O
g, MRV, BE - REROME 2 L OLSR A
ERERRE A, OB T Idm 2 2T TR (L
EIMERERELEL | SR T2 b T 5,

1 /AWFPFRFLFYVIRBICHTEIRIFFYT
2 FADOMIBRIER & ARMRRREDZE
<7 X A% % V100 nM VT KL F)
YT S M RARIC, X7 TR T3
FAZ 9L L 10 . 30 . 50 .+ 100 . 300
u MTCEFE LB | 72
(@) RFEM ML=, (b) W#EFE. n=39.
* p<0.05 vs. Intact (Tukey-Kramer's test)



FITRIBIEA Y FFFa s a oI N R i
WAL T 2WESRE TN TV EDOTIR RV & DR
% 72C, MENEMIEORRE % BIG L3 2 FrlE % A
YEFAAT ayOREHBEM L VRELIZLEZAH, X
7 — VHHIHES L) Ex) T vhug FThH
BAZFHR)TIFARREL. Thbb, A7 Tk
)7 3 FAIE3 uME ) MBI B C N B R A AR A
IC T v MREIIRINAE Zilfk €52 2 Al L7z, L
DLBMS, A7 FRYT I FABED L) HHFTH
B2 ARAF 109 7 A AR AR 2 B3 2 D 2122w TIEH
Lo TWhNol, €I TR TR, A2 F
R T I FAORNBARLER 25tk SUSHET 2 7 v b KE)
R AR % B v 72 L5 DU PO R0 & I B 7 IR A Bz A
(HUVEC) % H\> 7zin vitro® HEBRIZ X > TH S A2 5
ZtrHBE L7,

2. EBiGE
2-1. EPHIUHAE

UToHEYB L OHEL Wz, A7 FHY 73 FA
F AERERASE P SREI A OE T ATV
AN 7 # F 2 K (dimethyl sulfoxide;DMSO) 12 fi# L T
720 DAF-2 DAIIFEK X 74 H )V (BIF © 423727)
£ V. Fluo 3-AMIZDOJINDO (1% : 121714-22-5) &
D . L-NAMEZSigma (B!% : N5751) L W A L 72,
GDPR-Sid. MDEASE TRt (B - G7637-5MG)
LA L7ze ZOMOREIZOWTIE, TIRO R
D WIITMIMET DD Tz,

2-2. BRI

FEER AL HEME Wistar 7 v b (83 4) (HASLC) % v
720 AT OFERT H AR A2 OB EERFEE ITHEV,
FAL R FBR T P2 B 43 | KFR S - B 2 BT
[FREL  RRY 2 & OIMEIERTGEEOER B L U2
OVERER ORI 3 2 W78 ] GRBE 5 © 20125 8)
=2).  [FREL T B R ELGR R O B 58 AL AR
gt) R © 20128 H)-6) |26t > TIT o 72

2-3, R/ XRAKEZRAVET v FEBREIIRRIKE
AERAAE

AV TNVT YRR Lo THESFEELZZZ v P XY

M REIIR 2 Wi L. BIRD £ F3-4mm iYW L <

BRINEAZER L7z COBEERZEHWLERTH S
Krebs-Ringeri# (120 mM NaCl, 48 mM KCl. 1.3 mM
KH,PO,. 1.2 mM CaCl,, 58 mM glucose. 25.2 mM
NaHCOs. pH 7.4) (37C. 95%0,-5%CO,it & 7 A fig
M) 25 mlxiii/z L7z~ 7 X A% (Wb LR AR R
FEFEHRASH) IBEL, 2O E T v AT 2 —
YN LTHET ¥ 7 THlER, La— IRl 7.
1gDFFIEERT 2 00T 30001k, RADVLELIZEZ
AT, 40 mM KCIT3mIfE S8, a>» 714 ya=r7
Z LT LEREIT o720 HWRIEIE25 mloEH 5
WA L7 ENIC, AR AR L 723
ZIRINT 5 &) HETIT o720 EWRIERDOEY O
wash outl32.5 mlDAEFLAYRAER TIEPEEHT L2 LT
170720 FEBRIZIE, M MBI 2 17 8 & VGl EE 72
NTITFTNHEE T EIL > TR 2 RUEE L 72 8A
LHW, A7 FHY) T I FAL, B8 L7 E &
%5 & )26 MM TERAIRIL 720 sbREERIE,
VT FL ) A2 X BT R ALEIC X Btk
DEE% VT FLF) JICE B GHETHRL, E512%
N BRI X 2R OESEE / VT FL ) 2k
HYGHE TR L2 D 2RI 52 L2k o TRD 2,

2-4, WRAEE

HUVECIZ. HuMedia-EG2(Z 7 R 7) ZHia8i & L
THW, CO M ¥ F 2= H1(5%C0O, 37T)I2THE
Lo MRZ0.25% MY T ) Vo ERARE IR K
(phosphate-buffered saline;PBS) (-) (137 mM NaCl.
268 mM KCI, 81 mM Na,HPO,. 147 mM KH,PO,.
pH 74) -EDTAZ WM L 721, EXv T4V 7I2L >
THIMEZ 1AL, 30:(1200 rpm. 2 min) L7230 O & Hr
FMIHE L. Cellmatrix type [CEHAWTI I —7 >~
= PMLAT A v Y2l 5 L) HETITo 72,

2-5. DAF-2 DAZRWT=NOELBIE

150 mm dishiZ%5% L 72ZHUVEC%0.1% collagenase.
1%BSA& A Tyrode buffer (137 mM NaCl. 2.7 mM
KCl. 1.0 mM MgCl,, 1.8 mM CaCl,, 10 mM HEPES,
56 mM glucose. pH 7.4) CULFR L, FilEflin & L7z,
3.0 (1200 rpm. 2 min) L CHIfE % Tyrode buffer T2[a]
e L. IEEL0 u MIZTyrode buffer CHEE L 72
DAF-2 DA#2.5 mIZHIE % d S &7z, 37CT20



Sua—74 7 L, &0 (1200 rpm. 2 min) L CHIAZ
EREEHSHUVECIE3.0x 10" cells/ml& 7 5 X 9 12 Tyrode
buffer THRE L 720 HW) O AU S A% L O 10055 B2
2% % & 9 12 Tyrode buffer AR L 720 Rcid, Hiig

FHER0S mlEk A ¥ — T — % AN725 mmfA O AEL IV

WZINR . EE SRR (H A2 BEFP6500) THlE & B
HLTHhB25H%IZV) v I TEYFRG 2175720 MIE
Zhid. MR 495 nm (VN> FIES nm) . #OLK
£ 1515 nm (¥ > FIE5 nm). B @ Medium. L AR
YA 105 secy WIEMKE @ 1secTIT-720

2-6. Fluo 3-AM% R\ 7/=#EfaRCa* iR ERIE

150 mm dishi2¥5% L 72ZHUVEC#%0.1% collagenase.
1%BSA& A Tyrode buffer (137 mM NaCl. 2.7 mM
KCL. 1.0 mM MgCl,, 1.8 mM CaCl,s 10 mM HEPES,
5.6 mM glucose. pH 7.4) TULFR L, FilEflin & L7z,
%02 (1200 rpm. 2 min) L CTHifE % Tyrode buffer T2]
e L. & E4 1 MIZTyrode buffer TEi# L 72Fluo
3-AME 25 mlZMlid 2 v S 7z, 37C CTligf o —
T4 v 7 L. (1200 rpm. 2 min) L CHIFZEE A
HUVECIZ3.0x 10" cells/ml& 72 5 & 9 12 Tyrode buffer

TR L 720 SEW A BUL SRR BE O 1005 I8 B2 12 72
% & 9 1ZTyrode buffer CHML 720 UG, MAEFE
0.5 mlx A% —F — % A725 mmMADOAFEL IV
A HOIGOEEEE (H A2 6FP6500) THlE % Bids L
THB2RIZT ) ¥V CHYR G 21T - 720 WIE S
&, BN E 508 nm (VN FIES nm) ., #EHkE © 527
nm (/N> FIE5 nm). BEE  Medium, VAR A 105

sec. HIERFE - 1 sec TITo 72,

2-7. #WEANCAMPEDHEIE

HUVEC#%2x 10" cells/mIT48 well 7L — M IZH;38
L 720 B3 % EMEM-20 mM HEPES (pH 7.4)300 uL
WCEBE L, S7TCoOEREME ETHM A v Fa -3
Y L7 2O, 100 uM IBMX ¥ EMEM-20 mM
HEPES (pH 7.4) THAREDIORREE I AL 72 %5
W&z TG MG S 872k, BERE 7 AL —
ML, 25%@IEFBE %170 uLin 2 TS % 31k L 72,
Fwellk V170 uLx \ILL . 4.2 NKERIL A ) 7 A %15
pLMmz CTH L CEERERY ) v A2k, Z
OEFHEBEIRL ., cAMPHINEE LTI VA AL T

AL BMEERITo 720 cCAMPOREIEIR, A7)
7 AMPF v b [Y~H ] Z2Hw, co7a ba—)i
ito TIr o720 cAMPHIIIELS pL& A 7 ¥ = VALHI
15 L&A L, i TLO0MKS S 872, 10550H%. 1
IV VRRE120 uLE M2 CRIBEEIR L7z, F
72 cAMPEEH#ERH S FARIZA 7 ¥ = VLRI ERE L
105714124 I 7 — VR % il 280 pmol/mL& L
720 cAMPRESERIL, A BHURRRM R OK - 27 ¥ =)k
oA Iy — ViR =1:1:8) % A THIRT
(0.3125~80 pmol/mL) Z{F# L7z, ¥ > 7). cAMP
U % Z N ZNRIAF 2 — 7 (Cat# 2008, Becton
Dickinson) {220 uyL§ 2 E L7ze T2, Ao > b -
Yo - 77 2 7 BRI CA AR R 220 u L3250
HEL7e TRTORREIC [T) cAMP%20 uLlA
Too AT NET T I T — VR % 20
uLinz . 5D OB 12 IZcAMPHLIME %20 uLinz
7oo K HRML TACITT2URMA »F 2= b L7
A rFax—=NE BTy MIIkE, B ORBE

S EE RS R 2 100 uLhnz . ¥R L. 4CI12T10~
3055 A >~ X 2= L7z 1,500 x gl Crat i % 47
WV, EiERI00 uLEH LVREREICE Y, [P 0y
% Auto well gamma system (ARC300. Aloka) Tl
L7ze 72, Z o0 @ T, U T IVHD Y 3
R OERERIE L7,

2-8. PCR7L41

¥ 3. HUVEC”* 5 ®total RNADFH# % RNeasy Mini
Kit (QTAGEN. Ca# 74104) 12X W1 To 720 WIZ. 15
5 N7zRNAY » 7V 0¥z’ )k % RT? First Strand
Kit(QIAGEN, Ca# 330401)12 & W 175720 RNAY >
7 )V5 uLiZBuffer GE 2 uL. RNase-free water 3 uL
ZMA. 42C T MG S &, 7/ ADNADKRE
AiTo 720 ZOH. FUBWICH LT, 5xBuffer BC3
4 puL. Control P2 1 uL. RE3 Reverse Transcriptase
mix 2 uL. RNase-free water 3 uL#% & rReverse-
transcription mix 10 & iz T, 42C TI54- M. #ew T
95C TH MG 720 Dk, KIEHW20 uLIZk L
TRNase-free water 91uLllZ CT. cDNAY > 7 )& L
720 ¢cDNA¥ > 70102 uLiZxh LT, RT? SYBR Green
ROX gPCR Mastermix (QIAGEN. Ca#t 330520) ®2
XRT? SYBR Green Mastermix 1350 uL. RNase-free



water 1248 uL%hMz C. G Protein Coupled Receptors
384HT RT’ Profiler PCR Array (QIAGEN) ® 47 = b
1225 pLy oMz 720 €Dfk. U 7V F A4 LPCR(95C
O S & 105 AT - 721212, 95C T15# . 60T Tl4
B OIS %40 1 7 V)T 572,

2-9, T—RNE

FERAE ROV TIE, FIME (mean) * FEHEFRE
(SEM.) TR L7, FEEMTEIETukey-Kramer's
test. Student’s t-test. Dunnett’s test% F\v> THEAT L 72
(StatView" 5) o

3. EBRRER
3-1. JVPFLFUVIRBICHTEIRIFFYT L
FAQMEIER & MR MR E DR E

A7 FAR)T I FAD, REMEEWE TH D /)
TRFLF) KBRS L TED L) IEH % &IT
FTOMPEMGT L7z 720 INHDMENEB L OME
FHHOELLIMEH LTV A0 25T 572
W MU N B BR BN 9 2 M IRRVE & et L
720 AZFARYT I FAIZ, PRI T T30 uM7»
5300 uMIZ BV CREEAKAFIII R BARER 2 7R L 72
(1) F/o. MENEMBKREE, A2 FHR) 7 I F
A 30 uMA* 5300 uMIZ & 5 IMAERIREE % 4 21230
L7z(X 1),

3-2. Z9FFKIVT7 I FAOMBEERICHTH5—LE
REKER (NOS) HEENZE

27 F AR T I FATHN BB ARAE 89125z 2 7R
DAL PR o720 WEHIIED S 18 O
itk % 5| &k 2 B O N Bk K+ (EDRF) 7%
FWEINDZEBHMOENTWE, TARGFTHDL—
FRfezgk (NO) &, BRI ®eNOSIZ & o TR
SNDHHNEWNLZEDRFTH 505, A7 FHK) 7T I FAD
NODWH &4 L CHlliR IS 2 51 S Z L T2 DL
Ik, —HRILER A RS (NOS) DEHZ T
MRl L7z L-NAME (100 u M) ORILERIL, 7 F v
20 YR & B RREH 2 el L2 (M 2) . &
7. L-NAME (100 ¢ M) ORiLE L, A7 FK) T 3
N A DRI EE 2> & i BEIR o st AF H % A 2230
THIEMBIEENL(N2), = AZFKR)TIF

(b)

2 Z9FFYTIFAOMEBERICHT 2 —BRILER
EREREEEI-NAMERLEDEZE
<7 XA E 100 nM VT KL+ v T
UG S 72 MBEEARIS, INAME®D %\ 32 O
FIE L, FO6GHRICAZ FRY T I FAZ R
EEEEL L 10, 30, 50, 100 . 300 uM TELRE Ry 1AL
MU 720 (@ IRFEM L —A. (b) lFEE.  n=37.
* p<0.05 vs. vehicle (Tukey-Kramer's test)

ADERESIZ B 2B EM ISR LTk, L-NAME
EFFCIPEER LR & e hr o7z (M2)s A7 FHRY T
I FAOBEREICH L Tid. L-NAME 0% ##/¢
HDgghro/z2 s, 7eFa) »CTRIROBES D
AROENDL DN E D pE LTz WEMIAATESM T T,
T F IV 3 v ORI E D S Wik U b
729, L-NAMEIZ & o TELHH S5 2 & 2R
SN (K3).

3-3. R FFUVT7IFAOMBERICHTEZAVF
ARV BEVTAREZT IV VL,ZERET
VRIAZRFDRE

MENEMEASIE. 7IF NUBEA AT — FICX

WTOUREY 750D V,(TUASFA 7)) ) DEES

. I MEFEHMEE Lo TRy 750D 0],

SEEAP)IEH LCL i ol 2 Eik 3 5 2 &AM



(a) 100
$0 4 —e— vehicle
80 4 —=— Indomethacin 10 pM
X 70 1
=
c
S 40 4
=
[
% 50 A
T
© 40 4
30
20
10 A
0 4
-10
0.1 1 10 100 1000
SA (uM)

K3 RIFFUT7IFAQMBERICHTEZAI > FX&
v HBWIECAY10441FTHLE DB E
YT X ABEEZHNTI00 nM S VT KL+ T
P S MEERIZ, A FA5 2y (a) $5
WIZCAY10441 (b) HLE L. ZFO65ERICA Y T
AU 7 I FAZRRMEREL . 10, 30 . 50 . 100 .
300 u MCEBHUIZALEL L 720 () fRFRHY b L — X,
(b) ffEEE.  n=3-5.

BNTWVWD, EXOYZIVBLUAZFRY T I FA
DHFEIERIC 7O A FA 7)) v DX I BT IF N
KRG LT E) DEHLPITT H72012,
vout ¥ S —¥(COX)HEETHL S v Fr ¥
VY EHGTRE L7ze ZO/E. NEMBAATESRNT
T, COXPHEFETH LM » FA¥ ¥ 10 UMD HijALHL
&, A7 FH) 7 I FAOREIERISH L TH L AR
SELMEANIH o 72705, MEtFICHEERZ TR bk
ho7z(3),

iR L7z k9o, mENEME»SI1E. 77 F U
NAT—=FRIZEYWTaRxy 750 V,(FTaAyH A
70 V) EA S, TNHIME TR Lo 7 e
AE 7T T YRR AP)IEH LT, & Otk %
ERTLIENHMOEN TN D, FIERNS. A7 F K

73 FAOMBEMERICY 7 04 %37+ — ¥ (COX) 1
B LTWARWI LRI SNz, £2T, Titlid 2
MR Lo Taz s 79 v Y v L2754k (IP)
WMEH LTV E ), TURY 7T 0T VSRR
(IP) HESE TdH A CAY10441 % IV THET L 720 PIRZAN
FIFEZM T ¢ IPFESE TH HCAY10441 1 uMOH
WM, 227 FFR) 7 I FAOMEERICR LT, #f
LanZ enBigsnsz(3),

3-4, FEFALAVVYBLURIFFYT I FADM
BUERICHT 3 —B{ILER (NO) -cGMPRR
EROHE

TeFa) s, MENEMBE LD T 2L a

) U MeZ A RICER L. Ml oCa™ B+ 1A <+

eNOSZ G LT 5 2 & T, WHEMIA S5 NOAELE S

. NOVS#ERE L CIMAE FEFICER L, WisEs 7=

VRS 275 — ¥ (sGC) EK'F ¥ A IV OTEMEAL S T s

WA 5 2 & THEHPMES 5 Z EAMs5N T

(a)

(b)

K4 7EFLAVYELIUVRIFHRYTIFAOMEER
12339 5 NO-cGMP-PKGEE DPAEFALEDLE
Y7 X AEE HVT100nM VT FL ) v T
M S -MBEARIZ, HDX (NOAH NV Y v —)
HHVF0DQ (MEr 7 = ViY77 59— B HE
3£) . TEA (K+7 ¥ A VEHES) | B % L
L. ZO65RICT7TEFNI) v HDHNIEAZ TR
73 FAZERISHEIML 720 (2 KEWOIER A
(b) HFEE. n=4-14. * p<005 wvs. vehicle
(Tukey-Kramer’s test)



5o ZZC. NOAANNRY Y v —0OHDX, sGCHEHKT
H5H0DQ. K'Frx w70y —ThbLTEAZ VT
Meat L7z

I3, 7TEFLa) IZXDREIEA X, ODQB X
UTEAIL K o CTHEICH#l 7z, 72, HDXIZ k-
T, HpREm 2 A SN2 (K4). —F. 0DQB LY
TEAIEZ A2 F41) 7 3 FAOREIER % A 233
BT ENBREINT, TE D NO-cGMPHERE AR
TERNCREG-3 5 2 LaVRIEE 72 (K4 ),

3-5. MEAKME (HUVEC) o—E{tER (NO)
EEICHTERI7FFHIYT I FADOMHR
WEBRE D, A7 F8) 7 3 FADP MR IZ
—MRALERZEEL TVWELEEZONLOT, MEW

(a)

(b)

5 MENRMEAONOEEICHTEIRIFHYTI
FAD{ER
HUVECIZDAF-2 DA (10 uM. 37C. 2043) %I
NiAFHE, A7 FR) T I FARLEOREE CHIE
L. ZOBOENREZLZWE L2 (@) X7
TR T I FAORERAENE n=36. *p<0.05 vs0
(Tukey-Kramer’s test)  (b) -NAMERTWLE D)
£, n=34. *p<005 vs.vehicle (Student’s t-test)

BB > 5 ONOFEA I AT 528 2 IR b Mg #IR
ISR B BRALAIE (HUVEC) & WV TRES L 720 E72,
A7 F AT I FAONORELEIZN§ 5 NOSFH
L-NAMEHTALEE D 52588 & Wit L 726

ZOFER, A7 FARN) T I FARREREIZHTZN
DONOEER LA I BLEPBIEEINZ(W5), L
Mo Ty NOEADTTHS S Z L2 & o T, MELED
FlE&REZ SRR D 5 b b Z LAVRIR S Tz,
EHI1Z, A7AY T I FA 100 uMOREE, L-NAME
300 uMBPALELIZ X o THEIZHEG L 72 (14 5),

3-6. MEAKMEIMNCAMPL NILOEIE

MEL ). A7 FARYT I FADNBE MR
NOZMH L. #1IiEeNOSH G LT3 Z £ 2VR
N7z, eNOSOIGEHALIZIE W DD DREED D 5
A Gs¥ v Xy BIERSHMRIZA 7 TR 7 3 FADS
TEH L. RN OCAMPL NV %k FRH &5 2 LT
eNOSHEHMEIL§ 5. cAMP-PKARRE ORS % Bat L
oo TORFE. Ry LTHWET T IVEEY 7
T —BIHHALSED 7 1 )V A 3 ) VITHIFENOCAMP L X

* *

700 4 ] %

600 4
‘S 500 -
E
_O A00 4
E
a
S

300 4
[+%
2
< 200

N - -_,

0 A v v v
contrel FK100 uM PLG 30 uM SA100 uM
FK : Forskolin

PLG:E~O,HFZs
SA: AU FRFPIFA

K6 MmMEANKRMEIERCAMPLARNLIZHTZRIFHY
7 2 FADO{ER
HUVECIZ, 100 uM IBMX:EMEM-20 mM
HEPES (pH 74) CTR#REOIORFREIZATL
7o 238 % N 2 CL5Ar B PG S 72 . UG & 45
1B L7z Fwellk b [N L 72 17 % cAMPHH i &
LTIV FA LT oA LAMEEIT- 720
n=7-11. *p<0.05 vs. control (Tukey-Kramer's test)



VWE PR SER OO0, A7 FK)T7 I FABLPZD
BiEEmko )T v 73 VIZcAMPL~VIZEEE Y 5
2ol (M6)s THOZT L, AZFKRYT I KA
(ZCAMP-PKARRBE IS RIZE VT EAH 6 202

fd:’)f:o

-7. MEANRMREOMEAC  BEICHTERIF
FUYT I FADORE

MM IC BV T NOEA IR K 2eNOSD
HHELORF & L CHiNCa™ ED EA % T2 2 &
BHIOEN TS, Ca”ikF%d LR S E 58K E LT,
Gy ¥ ¥ 787 BER 245k 5 OPLC-Ca® R o3 5
NTws, 22T, MENEMBB~NDAZ FHR) T IF
ATIENC X o THIFIPI OCa™ 1 F Vi EE L5 A% 2 2 7

(a)

(b)

K7 RIFFHYTIFAORREMEEOMIENCa>EEL
FEAENOEXICHITIEE
a) MR Caz & F 5. HUVECHIZIZFluo 3-AM
(4 uM. 37C. 1Wf) 2D AFH, KHEHE
HAFE L 722, A7 F4HY 73 FA100 uMT
L 72 E¢@$7‘D§ﬂni*£1t%$i’ﬂﬁ+7fi‘fi"§‘h?éf
RL720 n=4-14. (o) NOEAIZBIT BRI HUVEC
HMIZIZDAF-2 DA (10 uM. 37C. 20571) #%HL
DA, FEAEZEZFLEL72H%. A7 Tk
)73 FA 100 p MTHIEZ L 7B stiiE 21t
AP fE £ BEHERR A2 TR L 72o n=4-10. *p<0.05
vs. vehicle (Tukey-Kramer's test)

L at Uiz ZORER, A2 FARY T I FAIZNA
MR BV CTHBNY VY T AEEZ —BEIC LA S
B ENbRrotz, T2 TOHNY T ABEI.
Gy X7 EEHEDGDPR-S. G, ¥ ¥ /37 BHEHED
YM254890, & A &1 /$—YCHEHEDUTII22, PZH
RIAESED2-APBTHIH] < L% 25, MifastCa® ¥ L —
5 —DEGTATRBEIN > 72(KTa)e Lz
T, A2 F RT3 FAIZG,-PLC-Ca” #& % 2 i L L
TCAa BB ER L T A e % 2 bz,

3-8. R FHFUTIFAICIZMEAREMBRAD
Ca’BELR LNOELDESE

HEE D, A2 FK) 7 3 FAIZ K BHBEACa™
ED EABPNOL NV D EFIZEHS L TW5b D0,
¥ 7 BHEIEDOGDPR-S. G, ¥ ¥ /37 HIAEED
YM254890, BL U, ANEY 2) YT F TZZA D
W-7% W THRE L7ze A2 F&1) 73 FAIZXANO
FEAIE. TNOHOMEREICL > THEICHIH Sz (K
7b)e L72A5 Ty AZFHRY 7 I FAIZ L 5B
WCa™ IED 5. WHEAMIIBANOL NV o 5125
G LTW 2 RelEAvRIE S 7z,

3-9. PCR7LVAZEICLBRIFFRUT I FAOEN
BRRREORE
T CTICHUVECO# B3 2 5m DL B ) 5&R§ 2 &1

I, A7 FE)T I FAONOEATERDELRT 52
EERFERRLTWDA, INEDHRICE Y A7 TR T
I FADOEMZEENE Y L ¥alb—2arLTwnh

BEMEDSHER S NS, ZZTAZFARY T I FARRSME
ORA3IE H OMfia & . FEEZ oMk R6 H oM X b
ZNZNRNAZAER L, PCR7 L A1 12 & » THUVECH
BAIZHEB L CWAGPCRE AV ) —= v 7 Lz L
L7A55 . MRSl H oMife & . FEEZ o Mk6E H o
M CHRBICERO S 2 BRI SNk h o 72 (data

not shown) o

4, ER
AT, WANLEN RSP DD L END A Y )
Haya b ORI & B I TR E R 2 AT L
X OEMEEZ IS5 2 L2 YL L7z,
MEWARIZA > FFH a3 VEtOHMH D Tdh %



A FHR) T I FARBRERFMICERPICLEL, £
O M AR EH % at L7z 5. N T
TR IR 28 L7ce — . M AN R A
R4 TlE. A7 FRY 7 3 FAILBWTZ D0z
TERPIIH SN D Z EDPBE SN, 512, NEM
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Abstract

Recent progress in portable and wearable electronics has promoted a growing demand for high-performance
and flexible energy-storage devices that are abundant and affordable. Because reduced graphene oxide (rGO),
originating from inexpensive graphite, serves as higher-performance energy-storage electrode than conventional
activated carbons and carbon nanotubes, research and development of rGO/polymer composite electrodes for
flexible supercapacitors have become a center of attraction. However, the fabrication of rGO-based flexible electrodes
frequently requires long time with high-temperature treatment or toxic chemical treatment, resulting in the lack
of scalability and eco-friendliness. Here we show fast, scalable, and environment-compatible route to fabricate high-
performance rGO/cellulose paper supercapacitor electrode. Single-layer graphene oxide (GO) sheets and recycled
waste pulp fibers were successfully fabricated into a paper composite by a well-established scalable papermaking
process, followed by a room-temperature, chemical-free, and millisecond-timescale flash reduction process. The
as-prepared rGO/paper electrode had high specific capacitance, up to 212 F g™, for an all paper-based flexible
supercapacitor, comparable to those of state-of-the-art rGO-based electrodes, while dramatically decreasing the
reduction time of GO from the conventional hour timescale to milliseconds. This work will pave the way for green,

flexible, and mass-producible energy-storage papers in future wearable electronics.

Introduction

Since the invention of paper approximately
2000 years ago, it has been traditionally fabricated
from an aqueous suspension of cellulose fibers by
papermaking, which is a sequential process of filtration,
dewatering, and drying. The current papermaking
process enables high-speed and large-area fabrication

of paper materials up to 18,000 m* min™. Therefore,

paper materials are mass-producible and inexpensive,
and they have been used for many purposes, such
as writing, printing, and packaging applications, in
daily life. Recently, the application of paper has been
extended to electronics;™” electronic devices have been
fabricated on paper substrates, including inorganic™*
and organic transistors” complementary metal oxide

. 6.7 . . 8
semiconductors,®” triboelectric nanogenerators,”
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memory,”” transparent conductive films,
antennas.™ Paper electronics provides new
possibilities for next-generation devices with flexible,
biodegradable, biocompatible, and eco-friendly
electronics.

Recent years have seen remarkable progress in

15,16 .
I316 hortable consumer electronics

wearable electronics;
are becoming flexible, lightweight, and even wearable.
Because wearable electronics essentially require
energy-storage devices with thin, lightweight, flexible,
and conformable properties, such flexible energy-
storage devices have become the focus of major

17-19 . :
WM Of various energy-storage devices,

researc
supercapacitors have attracted much attention
because of their high power density, long life cycle,

20,21
202 Because electrode

and environmental friendliness.
materials play essential roles in energy-storage devices,
enormous efforts have been devoted to the research
and development of high-capacitance electrodes for
flexible supercapacitors. Reduced graphene oxide (rGO),
which can be obtained by the reduction of graphene
oxide (GO) extracted from inexpensive graphite, offers
much higher specific capacitance than conventional
activated carbons and carbon nanotubes.”* Thus,
flexible rGO/polymer composites have emerged
as one of the most promising electrodes for future
supercapacitors.#*"

The forthcoming widespread use of portable and
wearable electronics will provide a strong demand
for making flexible energy-storage devices more
abundant and affordable. It is therefore highly desired
to develop mass production processes for low-cost
and high-performance rGO-based electrodes for
flexible supercapacitors. Paper serves as a favorable
matrix for flexible binder-free rGO electrodes™
because of its high affinity for nanocarbons via a CH-
7 interaction between the axial plane of the cellulose

M3 as well

and the graphene = -conjugated system,
as its excellent availability. The papermaking process
can also boast excellent scalability and benefit from

techniques and equipment common in the established

paper industry. However, the fabrication of rGO
remains challenging to processing speed, scalability,
and environmental compatibility because the reduction
of GO frequently requires hour-scale time with high-
temperature treatment™ 2% or toxic chemical

22,23,27,28,31,34,35 3
t [2223272831305] Heare we show the high-

treatmen
speed, scalable, and eco-friendly fabrication of rGO/
cellulose paper composite electrodes for flexible
supercapacitors using a combination of papermaking
and flash reduction techniques. First, single-layer GO
sheets were effectively composited with virgin pulps
or recycled waste pulps to prepare a flexible GO/
cellulose paper composite by a scalable papermaking
process. Then, room-temperature, chemical-free, and
millisecond-timescale reduction of GO was achieved
situ in the paper composite by high-intensity pulsed
light irradiation. The rapidly reduced GO/cellulose
paper composite electrodes achieved high specific
capacitance, up to 212 F g, and were successfully

applied for an all paper-based flexible supercapacitor.

Results and discussion
Fabrication of the rGO/cellulose paper composite
by a combination of papermaking and flash reduction
Fast fabrication of the rGO/cellulose paper composite
was carried out by papermaking with a filtration time
of 4 s and successive flash reduction for 0.036 s (Fig.
1). First, an aqueous dispersion of negatively charged
single-layer GO sheets (Table 1) with widths of 10-30
um, which were extracted from graphite powder
according to the modified Hummer's method,” was
mixed with an aqueous suspension of virgin cellulose
pulp fibers with widths of several 10 um and lengths
of several millimeters. Because pulp fibers have
weakly negative charges on their surfaces (Table 1),
the brown-colored GO and white-colored pulp fibers
were then clearly separated from each other in water
as a result of electrostatic repulsion. For preparation
of the paper composite by the papermaking process,
the resulting aqueous mixture was filtered through a

#300 wire mesh. While the pulp fibers were effectively



Fig.1 Preparation procedure for the rGO/cellulose paper composite by papermaking and successive flash-reduction
processes. Size of the paper composite: 75 mm in diameter, 100 um in thickness.

retained on the wire mesh, most of the GO dropped
through the mesh because of its small size, suggesting
that a simple mixture of GO and pulp fibers presents
significant difficulty in fabricating uniform composites
using the papermaking process. To overcome this
difficulty, in this study, a branched polymer with high-
density positive charges, i.e., polyethylenimine (PEI),

was added in the mixture to connect nano-dispersed

GO with pulp fibers through electrostatic interaction
(Fig. 1 and Table 1). Subsequently, the prepared
aqueous suspension of the brown-colored GO/pulp
fiber composite was rapidly dewatered through the
mesh within 4 s with excellent retention of nearly
100%. The wet paper obtained was dried by hot
pressing to prepare a GO/cellulose paper composite

with paper-like flexibility. The process time for this

Table 1. Zeta potential values of GO, cellulose pulp fibers, PEI, and their composite.

Zeta potential / mV

GO
Pulp
PEI

GO/pulp/PEI composite

-30.8
-6.13
36.0
-0.303




Fig.2 Characterization of the flash-reduced GO/cellulose paper composite. (a) FT-IR/ATR spectra of GO without cellulose paper matrix
(i) before and (ii) after pulsed light irradiation, (b) X-ray diffraction spectra and (c, d) field-emission scanning electron microscope
images of the GO/cellulose paper composite (i) before and (ii) after pulsed light irradiation. Light intensity: 0.986 ] cm™ Irradiation

time: 0.036 s.

sequential procedure was as short as the conventional
papermaking process for preparation of cellulose paper,
indicating the potential for industrial-level scalability.
Finally, the GO/cellulose paper composite was treated
with high-intensity pulsed light using xenon flash lamps
(light intensity: 0.986 J cm™) for 0.036 s under ambient
conditions, while maintaining its flexibility.

Flash reduction of GO to rGO was confirmed by
Fourier transform infrared attenuated total reflection
(FT-IR/ATR) analysis. FT-IR/ATR spectra of GO
without the cellulose paper matrix before and after
the irradiation of high-intensity pulsed light are shown

in Fig. 2a. After pulsed light irradiation for 0.036 s,

most of the peaks derived from oxygen functional
groups of the original GO® disappeared, and the C=C
stretching vibration peak at ca. 1600 cm™ for the GO
shifted to 1560 cm™, indicating the formation of rGO."
Thus, the millisecond-scale rapid reduction of GO was
successfully conducted at atmospheric conditions using
high-intensity pulsed light. The i situ flash reduction
of GO in the cellulose paper matrix was also achieved
to prepare the flexible rGO/cellulose paper composite
while keeping the crystalline structure of native
cellulose (cellulose ™) (Fig. 2b). Then, GO sheets with
widths of 10-30 xm, which were embedded in the

paper matrix (Fig. 2c, Fig. 4), formed porous structures



Fig. 3 Flash-reduced GO/cellulose paper electrode for flexible supercapacitor. (a) Electrical conductivity and specific capacitance at a
current density of 0.5 A g of the rGO/cellulose paper composite as a function of pulsed-light irradiation time, (b) Nyquist plots of
the rGO/cellulose paper electrode prepared by pulsed light irradiation for 0.036 s (red) and 0.072 s (blue), (c) CV curve at a scan
rate of 20 mV s and (d) charge-discharge curves at current densities of 0.5-10 A g for the rGO/cellulose paper electrode
prepared by pulsed light irradiation for 0.036 s, (e) specific capacitance versus current density for the rGO/cellulose paper
electrodes prepared using virgin pulps, (f) specific capacitance retention of the rGO/cellulose paper composite as a function of the
charge-discharge cycle number at a current density of 10 A g Light intensity: 0986 ] cm

after the flash reduction (Fig. 2d), as reported by

1 [39

Cote et al® The flash reduction mechanism of GO

39]

could involve photo-thermal ultrafast heating®™ and/or

electron supply from photo-ionized moisture ™

Flash-reduced GO/cellulose paper electrode for a
flexible supercapacitor

The prepared flash-reduced GO/cellulose paper
composite was applied as an electrode material for

a flexible supercapacitor. The electrical conductivity

and specific capacitance of the rGO/cellulose paper
composite were evaluated as a function of the
pulsed-light irradiation time (Fig. 3a). The electrical
conductivity of the paper composite increased with
increasing irradiation time because of the conversion
of electrically insulating GO to conductive rGO by
the flash reduction. Then, the rGO/cellulose paper
composite with thickness ca. 100 um was conductive
in 3D, indicating that the flash-reduced GO formed a

percolation network not only on the surface but also



Fig.4 Field-emission scanning electron microscope image of the cellulose paper without GO. By comparing Fig. 2¢
with Fig. S1, it was confirmed that GO sheets were embedded into the cellulose paper matrix.

inside the paper composite. The conductivity reached
172 mS cm™ after the flash reduction for 0.072 s.
Thus, the rGO/cellulose paper composite was free-
standing and 3D conductive and could be used as a
flexible electrode material, without any additives, for a
supercapacitor. It should be noted that the maximum
specific capacitance of 212 F g (areal capacitance:

24 mF em™ volumetric capacitance: 24 F cm™) was

recorded at a flash reduction time of 0.036 s, while
the specific capacitance values decreased over 0.036 s
(Fig. 5). To elucidate this phenomenon, electrochemical
impedance spectroscopy measurements were conducted
to discuss the electrical resistance and ion-transport
behavior of the rGO/cellulose paper electrodes. Fig.
3b shows Nyquist plots of the rGO/cellulose paper
electrodes prepared by the flash reduction for 0.036 s

Fig. 5 (a) Cyclic voltammetry curves at a scan rate of 20 mV s and (b) charge-discharge curves at current densities of 05 A g! for
the rGO/cellulose paper electrode prepared at a flash-reduction time of 0.072 s. The rGO/cellulose paper composite prepared by
the flash reduction for 0.072 s demonstrated a rectangular-shaped cyclic voltammetry curve with slight distortion and somewhat
non-linear charge-discharge curve, indicating electric double-layer capacitor behavior with slight pseudo-capacitance possibly due
to the presence of a few oxygen-containing functional groups. The specific capacitance of the rGO/cellulose paper composite
prepared at a flash-reduction time of 0.072 s was ca. 60 F g!, which was lower than that prepared at 0.036 s (212 F g*).



Fig. 6 Field-emission scanning electron microscope image of the rGO/cellulose paper composite prepared at a flash
reduction time of 0.072 s. This image suggested that the excess irradiation of the pulsed light could cause the
damage to the structure of the rGO/cellulose paper composite.

and 0.072 s. The equivalent series resistance (ESR), the
charge-transfer resistance, and the diffusion resistance
of electrolyte ions in the electrode materials can be
separated by the complex plane plots corresponding to
different frequency regions. In general, the intersection
of the curve at the real resistance (Z') axis represents
the ESR, which determines power density of the
supercapacitors. The charge-transfer resistance at the
electrode-electrolyte interface is determined by the
width of semicircle plotted at higher frequencies. The
inclined line with a slope of 45° to the Z' axis at lower
frequencies is related to the diffusion of electrolyte
ions, which is called the Warburg impedance. Then,
the projected length of the Warburg line on the Z' axis
(Warburg length) represents the diffusion resistance
of electrolyte ions in the electrode materials.*" As
shown in Fig. 3b, the Warburg length of the rGO/
cellulose paper electrode prepared at a flash-reduction
time of 0.036 s was shorter than that of the rGO/
cellulose paper electrode prepared at a flash-reduction
time of 0.072 s, while there were no large difference

between their ESR values (ca. 8 Q). These results

suggested that the excess irradiation of the pulsed
light could cause the increased diffusion resistance of
electrolyte ions inside the paper electrode possibly
due to the aggregation of rGO by n-n re-stacking
and the damage to the paper structure (Fig. 6),
resulting in a decrease in the specific capacitance. It
1s well known that nano-dispersed GO sheets suffer
from severe re-stacking after reduction, and the
resulting rGO loses its excellent functionalities.” *
Lee et al. has recently addressed the chronic re-
stacking issues of rGO by doping with melamine resin
monomers to enlarge the interlayer spacing between
rGO sheets, achieving efficient ion diffusion and an
improvement in the specific capacitance from 110 to
210 F ¢! at 05 A g™ Thus, it is implied that the i
sttu flash-reduction of GO immobilized inside the paper
matrix, demonstrated in this study, can suppress the
re-stacking of GO sheets to some degree by controlling
the flash-reduction time. The rGO/cellulose paper
composite prepared at the optimum flash-reduction
time (0.036 s) demonstrated a rectangular-shaped cyclic

voltammetry (CV) curve with slight distortion (Fig.



Fig. 7 All paper-based flexible supercapacitor. (a) An optical image of the all paper-based flexible supercapacitor, (b) Charge-discharge
curve at a current density of 1.0 A g for the paper-based supercapacitor, (c) Ragone plot at a voltage of 1.0 V for the paper-based

supercapacitor.

3c¢) and somewhat non-linear charge-discharge curves
(Fig. 3d), indicating electric double-layer capacitor
behavior with slight pseudo-capacitance possibly due
to the presence of a few oxygen-containing functional
groups.”” Based on the charge-discharge curves, the
specific capacitance values were plotted as a function
of current density (Fig. 3e). The rGO/cellulose paper
composite prepared using virgin pulp fibers achieved
high specific capacitances ranging from 212 to 100
F g ! with current densities ranging from 0.5 to 10
A g ' In addition, the paper composite electrodes
offered excellent charge-discharge cyclic durability;
the retention of the specific capacitance was ca. 94%,
even after 14,000 cycles (Fig. 3f). As shown in Fig.
7a, an all paper-based flexible supercapacitor was also
successfully prepared using two pieces of the rGO/
cellulose paper composite electrode and one piece of

the paper separator; the specific capacitance of a single

"at a

paper electrode was estimated to be 177 F g~
current density of 1.0 A g~ (Fig. 7b). Fig. 7c shows
Ragone plot for the paper-based supercapacitor. The
specific energy density and specific power density at
a voltage of 1.0 V of the paper-based supercapacitor
were 24.6 Wh kg ! and 503 W kg " respectively. These
results suggest that the flash-reduced GO/cellulose
paper composite is promising for energy-storage paper

devices in portable, flexible, and wearable electronics.

Eco-friendly fabrication of the paper supercapacitor
electrode by using recycled waste pulps

Efficient recycling of waste paper materials has a
significant role in sustainable development because it
contributes to low-cost, low-energy consumption, and
environmentally benign paper industries. Compared
with virgin pulps, recycled pulps from waste paper

can save ca. 17 trees, 3.3 cubic yards of landfill space,

Fig. 8 Paper supercapacitor electrode prepared using recycled waste pulps. (a) Optical images of Japanese newspapers (left) and an
aqueous suspension of their recycled waste pulps (right), (b) specific capacitance versus current density for the rGO/cellulose

paper electrodes prepared using recycled waste pulps.



360 gallons of water, 100 gallons of gasoline, 60
pounds of air pollutions, and 10,401 kW of electricity
per production of one ton of paper.*" In this study,
as shown in Fig. 8, the high electrode performances
of the paper composite were achieved even when
prepared using recycled waste pulps from newspapers
instead of virgin pulps. In conjunction with a well-
established scalable papermaking process, therefore,
the use of recycled waste pulps can contribute to eco-
friendly fabrication of more affordable GO/cellulose
paper composites. Furthermore, the flash-reduction
process achieved a drastic shortening of the GO
reduction time from the conventional hour timescale
to milliseconds; after reduction, the flash-reduced GO/
cellulose paper composite in this study offered high
specific capacitance, comparable to those of state-of-the-
art rGO-based electrodes prepared by chemical reducti

n‘[22‘23,27,28.3 1,34,35;

. 24-26,29,30,3¢
o ! thermal reduction, %% and flash and

successive thermal reduction,® including matrix-free

(GO [222333-353 0242

! paper-based rG and other polymer-
based rGO electrodes™ ™" (Fig. 9). In addition, our paper
supercapacitor electrode achieved higher capacitance
(212 F ¢! than previously reported carbon nanotube-
based supercapacitor electrode (51 F g )* It has been
reported that the flash-lamp irradiation process can be
extended to large-area and roll-to-roll photonic sintering

and manufacturing of metal nanoparticle conductive

lines printed on flexible substrates.” Thus, the

Fig.9 Specific capacitance versus reduction time of GO for the
state-of-the-art rGO-based electrodes.

combination of papermaking and flash reduction is
expected to be a promising approach for the high-
speed and roll-to-roll production of high-capacitance and

flexible rGO-based electrodes.

Conclusions

In conclusion, we have demonstrated the fast and
scalable fabrication of high-performance rGO/cellulose
paper electrodes by combining papermaking and

I Both virgin pulps and

sttu flash-reduction techniques.
recycled waste pulps can be used as a flexible matrix
for GO to prepare GO/cellulose paper composites by a
facile papermaking process. Then, room-temperature,
chemical-free, and millisecond-timescale flash-reduction
of GO was successfully performed i situ in the paper
matrix, providing the paper electrodes with a specific
capacitance up to 212 F g™ for a flexible supercapacitor.
These findings open up a new window for green and

mass production of energy-storage papers towards

future wearable electronics.

Experimental
Materials

Virgin pulps (never-dried softwood dissolving sulfite
pulps), which were provided by Nippon Paper Group.
Inc., Japan, and recycled waste pulps obtained from
newspapers were used as cellulose pulp fibers. PEI
(average molecular weight: 1800) and an aqueous
dispersion of single-layer GO sheets (GO-TQZ2, 1
wt%, width: 10-30 x4 m) were purchased from Wako
Pure Chemical Industries, Ltd., Japan and NiSiNa
materials, Co. Ltd., Japan, respectively. The aqueous
GO dispersion (0.5 g) was diluted with distilled water
(15 mL), followed by sonication for 4 min using an
ultrasonic homogenizer equipped with a 7-mm probe
tip (US-300T, Nihon Seiki, Co. Ltd., Japan) before use.

All reagents were used without further purification.

Preparation of the GO/cellulose paper composite
using a papermaking technique

An aqueous suspension of cellulose pulp fibers (0.15



wt%, 200 mL) was mixed with an aqueous dispersion
of GO (0.032 wt%, 155 mL, GO content: 5 mg) and an
aqueous solution of polyethylenimine (1.0 wt%, 04 mL)
in that order, with each step being carried out at an
interval of 10 min. The resulting suspension of the GO/
pulp fiber composites was dewatered for 4 s by suction
filtration through a #300 wire mesh. The wet paper on
the wire mesh was sandwiched between a hydrophobic
glass plate and paper towel and dried by hot pressing
at 110 ° C for 10 min (1.1 MPa). The obtained sample
was then peeled from the wire mesh to prepare the
GO/cellulose paper composite with a diameter of 75

mm and thickness of ca. 100 u m.

Flash reduction of the GO/cellulose paper
composite

The GO/cellulose paper composite was subjected
to a flash reduction process at room temperature in
air using a PurseForge 3300 equipped with xenon
flash lamps (Novacentrix Corp., USA). Typically, the
irradiation of high-intensity pulsed light for 0.0018 s
was carried out 10 times at a frequency of 2 Hz for
each surface of the paper composite (light intensity:

0986 J cm™ net time of pulsed light irradiation: 0.036 s).

Analyses

The conductivity and sheet resistance values were
measured using a resistivity meter with a four-point
probe (Loresta-GP, MCP-T610, Mitsubishi Chemical
Analytech Co., Ltd., Japan). Surface observations of
the paper composites were conducted using a field-
emission scanning electron microscope (JSM-6700F,
JEOL Ltd., Tokyo, Japan) at an accelerating voltage
of 1.0kV. FT-IR/ATR spectra were obtained using a
KJP-05120S instrument (PerkinElmer Co. Ltd., Japan).
X-ray diffraction patterns were recorded using a
Rigaku MiniFlex600 with a scanning angle (26 ) range
of 10-35° , at 40 kV and 15 mA. The zeta potential
values of GO, cellulose pulp fibers, PEI, and GO/pulp/
PEI composite were measured using a Zeta-potential &

Particle size Analyzer ELSZ-2000N (Otuska Electronics,

Co. Ltd., Japan).

Electrochemical measurements

The electrochemical measurements were conducted
using a conventional three-electrode system with an
aqueous electrolyte (1 M Na,SO,). The rGO/cellulose
paper composite was set on Al foil as a current
collector and was used as the working electrode. A
platinum electrode and Ag/AgCl electrode were used
as the counter electrode and reference electrode,
respectively. The weight and dimensions of the active
material (GO) in the working electrode were 0.113
mg and 1.0 cm® respectively. Cyclic voltammetry at
a scan rate of 20 mV s and galvanostatic charge-
discharge behavior at an operation voltage range of
0-1.0 V were performed using a potentio/galvanostat
(1255WB, Solartron Co. Ltd., UK). Specific capacitance
values were calculated based on the galvanostatic
discharge curve and the weight of the active material.
Electrochemical impedance spectroscopy was recorded
from 1 MHz to 0.1 Hz at 0 V with an amplitude of 10
mV. For evaluation of the paper-based supercapacitor,
a cellulose nanofiber paper separator with a thickness
of 50 u m, which was prepared according to a previous
report” was sandwiched between the rGO/cellulose
paper electrodes on the Al-foil current collector,
followed by soaking with the aqueous electrolyte (1
M Na,SO,) and setting into a cell (TBH3-CELL, Toyo
Corp., Japan). The specific energy density and specific
power density were calculated by using E = CV%/2
and P = E/At, respectively, where C is the specific
capacitance, V is the cell voltage, At is the discharge

time in the galvanostatic charge/discharge curves!
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Table 1. Summary of thin film transistor performances of 61-6lll
Annealing temp. (°C)  pay [max] (cm2 V1 571) Vin (V) Lon/Toft
61 - 9.7x107 [9.7x107] -47 1.6x102
70 2.3x106 [2.9x10°6] -32 2.2x102
110 3.1x10°5 [4.4x1075] -60 8.4x102
611 - 1.2x105 [2.6x1075] -78 8.9x101
70 7.1x106 [1.2x1075] -78 6.7x102
150 2.7x10% [7.0x1073] -100 5.4x101
200 1.2x105 [1.2x109] -50 3.3x103
6III - 1.4x104 [3.9x104] -52 2.7x103
140 4.0x10°3 [4.9x1073] -70 1.1x104
220 3.2x103 [3.8x103] -60 1.9x102




BEEIE6NDOT/NA A% 140CT7 =—1) ¥ ZHLE L /-
BRI S N2 (40%x10%° ecm® Vs Yo
IANF—EAPBZEZFRETHLIZHEDLT T~
VAN > TV B I AT 2729, 61-6111
DL A GIWAXSHIZE L 720 61 & 61l # i Tk 5T-
RS A TR L T2 olzxh L. 611 I A
BEERET -7 2R L7, $74b5, 6lIOH
JERTIEF v ) 7 OMERBIERGFEEL Tnb I i
FIGLTBY, FIUL > TENZ NT VT AT FEED
BohiztEzbhb,

4, BbhYIC

PHERIAR Y 7 =) VRO F ) I —E TNV E LD
AN = VT FH T YFREOERIIEII L, £
SOMB ST VAR FHE L 720 N1y BRI
ORI & o CTHER OG5 FRIIMEESRZZ D) . Brik
HATRIBVEBHEZ R L, SHREIZOMAE L &
WCARY 7 =) YRR L 2@ T oA HiFd

5. HiE

AR EHED LD FRETIHEEH Y I L
A FH I NAR AR A B IR L B0 & 0 L L
FEd,

6. BEWX

[1] S. Cho, A. J. Heeger et al, Adv. Mater. 2010, 22,
1253.

[2] S. H. Park, K. Lee, A. J. Heeger et al, Nat. Photon.
2009, 3, 297.

(3]

(4]

(5]

(6]

(1]

(2]

(3]

(4]

T. Michinobu, H. Osako, K. Shigehara,
Macromolecules 2009, 42, 8172.

S. Habuchi, H. Fujita, T. Michinobu, M. Vacha, /.
Phys. Chem. B 2011, 115, 14404.

T. Michinobu, H. Kumazawa, K. Shigehara, Chem.
Lett. 2007, 36, 620.

T. Michinobu, H. Kumazawa, E. Otsuki, H. Usui, K.
Shigehara, /. Polym. Sct., Part A: Polym. Chem.
2009, 47, 3880.

. BIERX

H. Fujita, T. Michinobu, Heterocycles 2014, 89,
2346-2355. Stepwise Syntheses of 3,6-Carbazole-
Based Conjugated Oligomers.

Y. Wang, T. Kadoya, L. Wang, T. Hayakawa, M.
Tokita, T. Mori, T. Michinobu, /. Mater. Chem.
C 2015, 3, 1196-1207. Benzobisthiadiazole-Based
Conjugated Donor-Acceptor Polymers for Organic
Thin Film Transistors: Effects of 7 -Conjugated
Bridges on Ambipolar Transport.

T. Michinobu, Macromol. Chem. Phys. 2015,
216, 1387-1395. Click Functionalization of
Aromatic Polymers for Organic Electronic Device
Applications.

T. Michinobu, N. Yamada, Y. Washino, K.
Nakayama, /. Nanosci. Nanotechnol. in press.
Novel Design of Carbazole-Basesd Donor-Acceptor
Molecules for Fullerene-Free Organic Photovoltaic

Devices.



wiE WA Hb —&

BIFXEEELTA A7 LA %iERILT
EREFEREREAAMR ORR

AR KR LR
M —&

Boron Diiminate with Aggregation-Induced Emission
and Crystallization-Induced Emission Enhancement
Characteristics

Ryousuke Yoshii, Amane Hirose, Kazuo Tanaka, and Yoshiki Chujo

Abstract

Boron diiminates exhibit not only aggregation-induced emission property but also crystallization-induced emission

enhancement property resulting from molecular motions of the boron-chelating rings and the phase transition from

crystalline state to amorphous state. Furthermore, the optical properties can be repeatedly controlled by simple

external stimuli such as fuming-heating or heating-cooling cycles.

Solid-state fluorescent organic dyes have attracted
a great deal of attention because of their fundamental
importance and applicability in various modern
technologies such as organic light-emitting diodes,'
photodynamic therapy” and fluorescent sensors.’
While the emission of fluorescent organic dyes is
usually quenched in solid states by aggregation-caused
quenching (ACQ) effect owing to the formation of
delocalized excitons or excimers,' several molecules
which exhibit aggregation-induced emission (AIE)
property were first reported by Tang et al. in 2001.°
In addition, Tang et «/. have also presented some
fluorescent organic dyes with crystallization-induced
emission enhancement (CIEE) characteristics:® The
strong emission of m-conjugated system can be
induced efficiently only in the crystal states. This
behavior is exactly opposite to the common ACQ effect

of usual chromophores. Thus, CIEE-active molecules

Chart 1. Boron diketonate derivatives.

are promised to be multi stimuli-responsive materials
such as thermal and vapor sensors. However, only a
limited number of CIEE-active organic compounds
have been discovered yet. Therefore, an exploration in
new CIEE chromophores is still of great interest.
Boron diketonate derivatives are an important
class of organoboron dyes due to their prominent
photoproperties.” Fraser et al. have found prominent
fluorescence and room temperature phosphorescence

from boron diketonates®™ ®

and further intriguing
reversible mechanochromic fluorescence from boron

avobenzone between solid and melt states® Previously,



we have also embarked on a keynote aimed at
preparing high luminescent materials based on boron
diketonate derivatives.” However, in the solid state, the
emissions of those boron diketonate moieties usually
decreased via the ACQ effect caused by intermolecular
7 -7 stacking interaction. On the other hand, we have
reported that boron ketoiminates were AlE-active
materials, and their AIE properties were strongly
affected by the boron-chelating ring including a boron-
nitrogen (B-N) bond."

In this research, we focus on boron diiminate
derivatives, which are an analogue to boron diketonate,
as a new class of AIE- and CIEE-active organoboron
complexes because boron diiminates have a boron-
chelating ring containing two B-N bonds (Chart 1).
Furthermore, comparing to boron diketonates and
boron ketoiminates, there is room in boron diiminates
for functionalization deriving from their two nitrogen
atoms which can bond various substituents. Since the
regulation of intermolecular interactions in solid state
iIs very important to develop a CIEE property, boron
diiminates with high functionality have a high potential
as CIEE-active materials, although the synthesis and
the optical property of boron diiminate have been only
a few reported.

We describe herein the efficient synthesis, the
photoproperties of boron diiminate derivatives and the
verification of their AIE properties. They exhibited not
only AIE characteristics but also CIEE characteristics
(in THF: Quantum yield of photoluminescence
@p. < 0.01, in the crystal states: @p; = 0.11~0.23, in
the amorphous states: @, = 0.02), resulting from
suppression of molecular motions involving boron-
chelating rings and difference of the packing structure
in the solid states. In addition, we demonstrate the
reversible regulations of optical properties by simple
external stimuli such as fuming-heating or heating-
cooling cycles.

To synthesize 1,3-diaryldiimine derivatives, the
reaction of N-phenylimine 1 and imidoyl chloride 2

(Scheme 1) was employed. As a result, the diimine

Scheme 1. Synthetic route of boron diiminate 4.

derivatives were successfully obtained. Finally, the
desired boron diiminates (4a and 4b) were prepared
by boron-complexation using BF;OEt,. It is proposed
that this synthetic strategy should be valid for the
preparation of boron diiminates with bulky groups at
the nitrogen atoms.

The optical properties of 4a and 4b were
investigated by UV-vis absorption spectroscopy in
acetonitrile (Concentration ¢ = 1x10° M, Figure S4).
Compound 4a showed strong absorption corresponding
to m— n* transition in the longer wavelength region
(Aps = 376 nm in THF and 368 nm in acetonitrile) than
that of 4b. The absorption behavior implies 4a has a
higher degree of 7 -conjugation than that of 4b owing
to the substituted four phenyl units on 4a. The AIE
properties of the boron diiminates were evaluated by
the measurements of the dependence of the optical
properties on solvent compositions with acetonitrile/
H,0 mixture system (¢ = 5x10° M). Slight changes
in the UV-vis absorption spectra of 4a and 4b were
observed upon addition of H,O up to 80 vol%. In the
spectra, level-off tail gradually appeared in the visible
region, and the decrease in the absorbance was
obtained as increasing the content of H,O above 80 vol%.
In addition, the white turbidity appeared in the sample
(the content of H,O > 80 vol%). These data suggest
that the aggregation should occur up to 80 vol% of the
water content. The peak shifts to the long-wavelength
region were observed from both samples by increasing
water contents. The strong electronic interaction via

7 -stacking in the aggregates should be responsible for



Figure 1. Dependence of a) PL spectra and b) emission
intensity ratio of 4a on solvent compositions of
the acetonitrile / H,0 mixture (c = 5% 10 M)
upon excitation at the peak position in the
absorption spectra.

these alterations.

The PL spectra of 4a and 4b exhibited drastic
increases in the emission intensities as the formation
of aggregates (H,O > 80 vol%, Figure la). Figure 1b
shows the dependency of the emission intensity ratio (I/
I,) of 4a on solvent compositions with the acetonitrile/
H,O mixture system (c = 5% 10 M). The 1/1, values in
the low proportion of H,O (< 80 vol%) were suppressed
at the low level (I/I, = 1). The 1/], values significantly
increased by much increasing the water content over
80 vol% (4a: 1o,/I, = 152, 4b: 1o/I, = 52). The optical
properties of 4a and 4b are summarized in Table 1.
The peak positions of the PL maxima (4p) showed
good correlations with the order of their absorption
maxima. That is, the PL maxima of 4a exhibited larger
bathochromic shifts than that of 4b. These data indicate
efficient extension of 7 -conjugation in 4a. The boron
diiminate derivatives showed much higher quantum
yields in the crystal states (4a: @p, = 0.23, 4b: @, =
0.11) than those in THF (@, < 0.01). These results

Table 1. Optical properties of 4a and 4b *°

AabsTHF  ApL ApL d .
[m  [nml [ame PP PR

4a 376 473 547 023 0.02
4b 355 448 478 0.11 0.02
[a] Excited at Au,. [b] Determined using integrated sphere
method. [¢] Measured in THF (¢ = 1 X 105 M) [d] Measured in

crystalline states. [e] Measured in amorphous states.

strongly indicate that the boron diiminate derivatives
are apparent AlE-active materials. Peak shifts to the
long-wavelength region were also observed by adding
water similarly as shown in the absorption spectra.
Strong 7 -stacking should induce these alterations.

To ensure the contribution of the boron diiminate
rings to the AIE properties, the PL properties of
4a were compared with 1,24 5-tetraphenylbenzene
which has similar structure to 4a. While the PL
intensity of 4a increased 152-fold as the formation
of aggregates (H,O > 99 vol%), the PL intensity of
1,24 5-tetraphenylbenzene was hardly changed by the
formation of aggregates (H,O > 99 vol%, I,/I, = 1). It
is implied that the boron-chelating ring in the boron
diiminate plays an important role in the AIE property.

Next, the dependencies of the optical properties
of the boron diiminates on solvent viscosity and
temperature were examined. The PL intensities of
boron diiminates dramatically increased in the highly-
viscous solvent (ethanol/glycerol = 1/4 (v/v)) than that
in the lower-viscous solvent (ethanol). Moreover, in
2-methyltetrahydrofuran (2Me-THF), the PL intensities
was much higher at low temperature (77 K) than that
at room temperature (298 K). These data suggest that
the enhanced emission should be less influenced by the
environmental changes such as polarity in aggregation
states and formation of excimer. Since high viscosity or
low temperature environments can suppress molecular

5¢.5f

motions such as torsion and vibration,”” the emission
enhancement in the solid states would be caused by
the prevention of the molecular motions especially in
the boron-chelating ring.

During the sample preparation, it was found that the
solid sample of 4a exhibited uneven emission pattern
under the UV irradiation. To explore this behavior,
the relationship between their morphologies and the
emission properties in the solid state were investigated.
Thereby, two types of solid samples were prepared;
crystal sample and amorphous sample. The crystal

sample was grown from MeOH, and the amorphous

sample was prepared by rapidly quenching its melt in



Figure 2. a) XRD patterns and b) DSC curves of the
boron diiminates in the amorphous states
and the crystalline states. PL spectra of ¢) 4a
and d) 4b in the amorphous states and the
crystalline states.

a refrigerator at — 20 *% Initially, the powder X-ray
diffraction (XRD) and differential scanning calorimetry
(DSC) with both samples were performed. The XRD
results of the crystal samples of 4a and 4b exhibited
sharp and intense reflection patterns (Figure 2a).
These data indicate these samples involve regulation
structures. In contrast, less significant reflections
were observed in the amorphous samples. Hence,
these samples should be amorphous. Furthermore,
from the DSC measurements (Figure 2b), the crystal
samples of 4a and 4b showed a strong endothermic
peaks corresponding to melting points (4a: T, = 214C,
4b: T, = 173TC). The amorphous samples showed
glass transition points and strong endothermic peaks
as melting points (4a: T, = 68C, 4b: T, = 38C) and
exothermic peaks assigned to a crystallization point (4a:
T.=103T, 4b: T. = 103C), respectively. These results
represent that the crystal and amorphous samples
determinably form crystal and amorphous states,
respectively.

Their PL properties of each sample were examined
(Figure 2c and Figure 2d). In the PL spectra, a strong
emission was observed from the crystal samples of 4a

and 4b (4a: Ay, = 473 nm, @y, = 0.23, 4b: Ay, = 448 nm,

@p. = 0.11). On the other hand, the amorphous samples
showed weaker emission in longer wavelength regions
(4a: Apy = 547 nm, @p = 0.02, 4b: Ay, = 478 nm, Op, =
0.02) than those from the crystal samples. From these
results, it is clearly indicated that the boron diiminates
are not only AlE-active but also CIEE-active. These
data suggest that the amorphous samples could form
excimers via 7 -7 stacking of phenyl units, which often
cause red-shifts of PL spectra and quenching.

To explain the difference of the PL behaviors
between crystal and amorphous states, the molecular
conformations in the single crystals were investigated
by X-ray analysis (Figures S9-S10 and Tables S1-
S2, CCDC-991936 (4a), CCDC-991937 (4b) contain the
supplementary crystallographic data for this paper.
These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.
ccdc.cam.ac.uk/data_request/cif.). In the packing
structures of 4a and 4b, less 7 -7 interactions were
observed between their phenyl rings. The molecular
conformation in the crystal is stabilized and locked
by the multiple CH+~F hydrogen bonds, leading to the
larger quantum yields of the crystal samples.

The results of the time-resolved fluorescence
measurement also support the speculation. While
the fluorescence decay of the crystal sample of 4a
at 470 nm was found as a single exponential decay
(fluorescence lifetime 7 = 1.9 ns), the amorphous sample
exhibited a double-exponential fluorescence decay at
538 nm: 7, = 1.2 ns (31%) and 7, = 3.2 ns (69%). It is
implied that the excited state of amorphous sample
decays through two pathways. The fast pathway
should be identical to the intrinsic decay in the crystal
ones including intermolecular energy transfer. The
slow dominant pathway could be assigned to the decay
involved excimers states.” Compound 4b also showed
similar trend to 4a. That is, the slow pathway becomes
dominant in the amorphous sample. These results
propose that the weaker and red-shifted emission of
the amorphous samples is strongly affected by the

formation of excimers.



The repeated switching of their PL properties was
performed via fuming-heating and heating-cooling cycles
because these processes have a potential to change
morphologies of organic dyes. At the fuming-heating
cycle, the amorphous samples of 4a and 4b coated on
quartz cell were placed in a small container saturated
with CH,Cl, vapors for 0.5 h. The fumed samples of
4b showed blue-shifted and stronger emissions than
those of the parent samples. It was confirmed by the
XRD measurements that morphologies were changed
from amorphous states to crystalline states by the
vapor fuming process. The fumed samples were heated
above the melting points and then quickly cooled in
the freezer (—20C) to prepare the amorphous sample
again. The PL properties of the heated samples thus
exhibited almost same PL properties to the parent
amorphous samples.

Finally, a reversible control of the PL properties
was executed using a heating-cooling process. After
the amorphous sample was heated above their
crystallization points, the heated samples showed
blue-shifted and stronger emission in comparison
with the parent samples resulting in crystallization.
Furthermore, the crystallized samples were converted
into the amorphous samples according to the same
method in the fuming-heating cycle. The PL properties
were also returned to those of the parent sample after
the cooling process. These switching of 4b via fuming-
heating and heating-cooling cycles can be repeated

many times (Figure 3).

Figure 3. Repeated switching of the emission of 4b
between amorphous and crystalline states
by a) fuming-heating and b) heating-cooling
cycles upon.

In summary, we have designed the boron diiminate
derivatives and revealed that they possess not only
AIE property but also CIEE property. The behaviors
can be explained by the molecular motions of the
boron-chelating rings and the phase transition from
crystalline state to amorphous states. Furthermore,
the optical properties can be repeatedly controlled
by simple external stimuli such as fuming-heating or
heating-cooling cycles. To the best of our knowledge,
this is the first example to offer both AIE- and CIEE-
active organoboron complexes. The boron diiminate
derivatives with prominent AIE and CIEE properties
have a large potential to be multi stimuli-responsive

materials such as thermal and vapor sensors.
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Abstract

A large m-electron conjugated system consisting of bridging three palladium metals and two n-expanded tetracene
derivatives was synthesized to have a narrow HOMO-LUMO gap for long-wavelength light absorption. The product,
Pdy(TIDS),(PPhs), (TIDS = narrow HOMO-LUMO gap tetracene ligand) showed far long-wavelength light absorption
reaching the infrared region (absorption maximum = 1,982 nm, ¢ = 4.0 x 10* M ¢cm™ in CH,Cl, solution; 2,500 nm in
solid state). X-ray crystallography revealed the tri-metallic structure composed of three square-planar Pd coordination
planes. The total oxidation number of the three Pd atoms is +4. Quantum chemical calculation was used to elucidate
wholly delocalized m-conjugation in the non-coplanar structure and HOMO-LUMO transition for this unique
absorption band. Time-resolved flash photolysis exhibited the excited state dynamics characterized with a triplet

excited state (lifetime = 400 ps, 4.« = 1,280 nm). A mononuclear Pd complex, Pd(TIDS)(PPh,), was also synthesized as

a reference compound, and characterized with spectroscopic and X-ray crystallographic analyses.

Introduction

Long-wavelength light absorption and large molar
absorption coefficient—unique characteristics of
expanded m-electron conjugated compounds have
attracted chemists to develop various photo-functional
materials. This has led to producing numerous 7«
-expanded compounds such as functionalized
porphyrinoids,' perylene dyes’ acene analogues,” and
so on, toward organic electronic devices," bio-imaging
labels,” and chemosensors® applications. In addition,
chemists have tried a different approach to realize
long-wavelength light absorption, that is, the use of
transition metal atoms utilizing interaction between
metallic dz and organic pr orbitals. One example is
a metal bis(dithiolene) complex, in which a transition
metal atom bridges laterally two organic zm-conjugated

units to have a narrow HOMO-LUMO gap.” Another

example is a multiple-decker phthalocyanine that
has longitudinally alternative stacking of metals
and phthalocyanines.® These studies suggest that
the metal-bridging method have great potential to
create functional light-absorbing materials. Such kind
of researches on m-extended metal complexes have,
however, been less explored, compared with a fevered
research for m-expended organic compounds.’

In our recent work, we synthesized a m-expanded
tetracene derivative, tetracene imide disulfide (TIDS)
bearing electron-withdrawing and -donating groups
for lowering LUMO and raising HOMO levels,
respectively, to have narrow HOMO-LUMO gap
for long-wavelength light absorption (up to 850 nm,
offset).” We then examined complexation of an N-(7-
hexyl)-substituted TIDS (HexylTIDS) ligand through

oxidative addition'' with a platinum atom to obtain
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Scheme 1. Synthesis of the trinuclear (1) and mononuclear
palladium complexes (2).

a mononuclear platinum complex, Pt(HexylTIDS)
(PPhs),, which showed long-wavelength light absorption
extended to 950 nm."”” Herein, we report the synthesis,
characterization, computational investigation, and time-
resolved photophysical study of a trinuclear palladium
complex as well as a prototype mononuclear palladium
complex. The isolated palladium trinuclear complex
electronically absorbed long-wavelength light extended
to the infrared region with absorption peaks at 1,982
nm in solution and 2,500 nm in solid state. This unique
absorption band is due to HOMO-LUMO transition

with a wholly delocalized n-conjugated system.

Results and discussion
Synthesis and characterization of the tri-palladium
bis(HexylITIDS) m-conjugated system.

The reaction of HexylTIDS with 1.5 equiv.
of Pd(PPh,), in THF at room temperature for
3 h produced a trinuclear palladium complex
Pdy(HexylTIDS),(PPhs), (1) as black crystals (Scheme
1). The appearance of the reaction mixture changed
from blue suspension to dark-red solution. Trinuclear
complex 1 was purified by recrystallization in CH,Cl,/
n-hexane in 77% yield. The single crystal X-ray analysis
unambiguously revealed its trimetallic structure (Fig.
1). Additionally, complex 1 was characterized by
spectroscopic measurements, elemental analysis, and
electrochemical studies. In the cyclic voltammetry, we

observed three reversible reduction waves at E,, =

Fig. 1 X-ray crystallographic structure of 1. The phenyl
and hexyl groups are drawn with thin sticks. Solvent
molecules (CH,CL,) are omitted for clarity.

-050 V, =076 V, -1.12 V vs. Fc/Fc' in CH,Cl, (Fig. 2).
These reduction potentials of 1 were much positively
shifted compared with those of the TIDS ligand (£,
= -121 V)" and the mononuclear Pt-TIDS complex (E,,
= _145 V)."” Oxidation peak was not detected, even
after considerable cyclic voltammetric measurements
with different conditions using various solvents and
working electrodes.

By modifying the synthetic method, a mononuclear
complex Pd(HexylTIDS)(PPh,), (2) was synthesized as
a reference compound. Separately prepared CH,Cl,
solutions of HexylTIDS and Pd(PPh,), were slowly
mixed at room temperature instead of using THF
suspension of HexylTIDS. The blue HexylTIDS solution
and the yellow Pd(PPh;), solution reacted to give

black solution of 2. Characterization and X-ray crystal

Fig. 2 Electrochemical properties of 1. Conditions of cyclic
voltammetry: solvent, CH,Cl,; concentration, 5.0 x 10+
M; scan rate, 100 mV/s; working electrode, glassy
carbon.



structure of 2 was noted in the latter section.
According to the X-ray crystal structural analysis of
1, two square planar mononuclear Pd(Hexyl TIDS)(PPhs),
units are connected by a central palladium atom,
and the three palladium atoms are linearly aligned
in this structure (Fig. 1). Distances between the two
palladium atoms are 2.8818(5) and 2.9241(5) A, which
are longer than the Pd-Pd metallic bond distance (2.76

°

A) but shorter than the sum of the two Van der Waals
radii of palladium (3.26 A), suggesting there are weak
Pd--Pd interactions (see natural bond orbital analysis
in the latter section). In comparison with linearly
aligned trinuclear palladium complexes reported in the
literatures,” the observed Pd-Pd distances in complex
1 are close to those in a dithiadiazolyl palladium
complex (Pd~Pd = 2.86 A).!* Each HexylTIDS ligand
in 1 bridges two palladium atoms like the reported
naphthalene-dithiolate dinuclear complexes.”” The
trinuclear structure of 1 is formally isoelectronic to
the reported multimetallic Pt(II)~Ag(I)~Pt(II) complex
having two naphthalene dithiolate ligands.'® A major
difference between 1 and the silver(I) complex is
the distance between metal atoms. Compound 1 has
ca. 0.3-A shorter Pd~Pd distance than the distance
between Ag(I) and Pt(II) of the reported compound
(3.0739(13), 3.2044(13) A). Though the literature did not
discuss about light absorption properties, the difference
of metal-to-metal distances would afford a critical
effect on the n-conjugated structure and photophysical
properties.

The NMR signals of 1 were observed and there
was no signal in ESR measurement, indicating this
complex does not contain paramagnetic Pd(I) species.
The central palladium atom can be considered as Pd(0)
with an 18-electron configuration, sandwiched between
two mononuclear complexes 2 that have a 16-electron
configuration at the Pd(II) center.

In the UV-vis-NIR absorption spectrum of 1, two
intense absorption bands were observed around at 922

nm (¢ = 21 x 10* M cm™) and 1,982 nm (0.626 eV) with
large absorption coefficient (¢ = 4.0 x 10" M ¢cm™) (Fig.

3a), while the absorption peak of HexylTIDS in the
longest wavelength is at 784 nm. In the IR absorption
spectrum measured in the solid state, a broad
absorption peak was observed in the infrared region
with a maximum at 2,500 nm (0.496 eV, 4,000 cm™) (Fig.
3b). Because we usually do not observed such a broad
peak in this region in the IR spectra, we assigned this
peak to the same electronic transition observed in
the solution. Observed 0.13 eV shift to small energy
is attributable to electronic interaction between the
molecules in the solid state. The extended absorption
range and enhanced absorption coefficient indicate the
existence of a massively extended n-conjugated system
(vide infra). The highest absorption coefficient of 1 is
almost twice of that of Pt(HexylTIDS)(PPhs), at 843 nm
(e =22 x 10* M em™).** This is reasonable because 1

contains two mono-metallic 2 moieties.

Fig.3 Absorption spectra of 1. (a) UV-vis-NIR spectrum
and simulated absorption bands calculated at the
B3LYP/SDD/6-31G(d) level. The spectrum was
measured in CH,CL,. (b) IR spectrum. A broad
electronic absorption maximum was observed at
4,000 cm™ (2,500 nm)



Fig. 4 Optimized structures and molecular orbitals of 3.
(a) HOMO. (b) LUMO. (c and d) HOMO and LUMO
from different viewpoints. The calculations were
performed at the B3LYP/SDD/6-31G(d) level.

Theoretical calculations for the tri-palladium
bis(HexyITIDS) m-conjugated system.

To gain further insight into the light absorption
properties of 1, we performed DFT calculation of
a simplified methyl-substituted model analogue
(Pds(MeTIDS),(PPhs,),) (3). The optimized structures are
almost identical to the structure of 1 obtained by X-ray
crystallography. As shown in the Fig. 1, the n-orbitals
of the TIDS ligands are bound in parallel but lie in
different planes. Nevertheless, the theoretical calculation
showed that the HOMO and LUMO of the model
complex 3 are delocalized on the two TIDS ligands
(Fig. 4), thus providing a narrow HOMO-LUMO gap
(068 eV). The TD-DFT calculation for light absorption
simulation revealed that the strong absorption band
observed at 1,982 nm mainly corresponds to a HOMO-
LUMO transition, while the absorption band at 922 nm
was assigned to charge-transfer (CT) band between
the palladium atoms and the TIDS ligand. The parallel
coordination of the ligands would be a key to bring the
fully delocalized HOMO and LUMO even in the non-
coplanar structure. Accordingly, thorough investigation

of electronic structures in the HOMO and the LUMO

is essential to cultivate a deep understanding of the
photophysical properties of 1.

The structures of HOMO and LUMO in 1 were
successfully explained by molecular orbital interaction
analysis, which described how to construct the
quite narrow HOMO-LUMO gap. For the analysis,
Pdy(MeTIDS),(PPh,), molecule was divided into three
subunits: two mononuclear palladium complex subunits
Pd(MeTIDS)(PPhs), like compound 2 and one central Pd.
According to this analysis, we propose that the HOMO
of 1 is composed of orbital interaction of HOMO of the
central Pd (dxy orbital) with LUMOs of Pd(MeTIDS)
(PPhs), (as seen in Fig. 4c); LUMO of 1 is derived from
another LUMOs of Pd(MeTIDS)(PPhs),, giving narrow
HOMO-LUMO gap (as seen in Fig. 4d).

The interactions between the central palladium atom
and its peripheral atoms were further investigated by
natural bond orbital (NBO) analysis. The Wiberg bond
indexes of Pd+Pd were 0.133 and 0.144 suggesting
the presence of weak Pd+Pd interactions. In addition,
the central palladium is regarded as being more
electron-rich than other palladium atoms. This is good
agreement with our consideration for the oxidation

numbers of palladium atoms in 1 as Pd(IT)-Pd(0)-Pd(II).

Characterization of the mono-palladium HexylTIDS
complex (2).

Different from 1, complex 2 was not able to be
purified because of the instability of 2 without free
PPh;. A UV-vis-NIR absorption spectrum of 2 in
the presence of PPh; showed that absorption of 2
was almost consistent with that of the mononuclear
platinum complex we previously reported (Fig. 5).
Complex 2 showed no infrared light absorption.
TD-DFT calculation supported this experimental
observation.

In addition, after many attempts to recrystallize
complex 2, we obtained a crystal which was suitable for
X-ray structural analysis (Fig. 6). The crystal structure
of 2 showed a bending structure caused by the large

radius of sulfur atoms and a square planar coordination



Fig.5 Normalized UV-vis-NIR absorption spectra of
HexylTIDS (blue dot), mononuclear complex
2 with triphenylphosphine (black solid line),
trinuclear complex 1 (red dot) and
Pt(Hexyl TIDS)(PPh,), (green solid line).

Fig. 6 Crystal structures of the mononuclear 2.

mode of the palladium atom. The dihedral angle is ca.
46°, which is similar to those of Pd(HexylTIDS)(PPh,),
moiety in 1 (55° 47°). This bending structure provides
a coordination site at the disulfide moiety to form
trinuclear complex 1.

DFT calculations for Pd(MeTIDS)(PPhs), revealed a
delocalized m-orbital over the entirety of the molecule
(Fig. 7). Here, mononuclear complex 2 did not show
intense infrared absorption. The calculation represents
that full 7-conjugation over mono-metallic moiety is not
enough to show infrared absorption. Consequently, the
two mono-metallic subunit Pd(HexylTIDS)(PPh;), in 1
should be m-conjugated through the central palladium
atom to extend the light absorption range up to the
infrared region. In other words, the narrow HOMO-
LUMO gap and electronic infrared light absorption of

1 are concluded to arise from the m-orbitals of the two

Fig. 7 Optimized structures and of the mononuclear
Pd(MeTIDS)(PPh,), calculated at the BSLYP/
LANL2DZ/6-31G(d) level. (a) HOMO and (b)
LUMO.

HexylTIDS units being linked through three palladium

atoms.

Time-resolved photophysical characterization for
the tri-palladium bis(TIDS) m-conjugated system.
Finally, we characterized the photoexcited state
of the tri-palladium complex 1. To investigate
excited state of 1 in the photoinduced processes,
we conducted femtosecond time-resolved transient
absorption measurements of 1 in the vis-NIR region by
photoexcitation at 800 nm (Fig. 8). This wavelength is
in the shoulder of the CT absorption band (4,,, = 922

Fig. 8 Transient absorption spectra of 1 in THF after
femtosecond laser excitation (A[_]= 800 nm) at 1,
10, 50, and 3000 ps.
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Fig.9 Time-depending profile of an absorption peak at
1280 nm in the transient absorption spectra
shown in Fig. 8.

nm); laser instrument for excitation at ca. 2,000 nm was
unavailable. The spectra measured in THF displayed
prompt increases in absorption bands at 480, 580 and
1,080 nm with ground-state bleaching band at 970 nm
(black line in Fig. 8). Then, the absorption band at 1,080
nm decreased quickly, accompanied by the appearance
of a new near-infrared absorption at 1,280 nm with an
1sosbestic point at 1,200 nm with a rate constant of 1.1
x 10" s (Fig. 9). These characteristics strongly suggest
that the singlet CT state corresponding to the peak
at 1,080 nm was converted by intersystem crossing to
form the triplet CT state corresponding to the peak
at 1,280 nm. The lifetime of the singlet CT state was
determined to be 9 ps. The triplet CT lifetime was
determined from the decay of the absorption band at
1,280 nm to be 400 ps [= (25 x 10° s In contrast,
HexylTIDS does not show any transient absorption
peak corresponding to a triplet state.® Moreover, the
lifetime of the triplet state in 1 is relatively short,
indicating that the forbidden relaxation process S,
<-T, is also accelerated by the heavy atom effect.
The transient absorption was measured in toluene as

well. The kinetic constants calculated from the time-

depended changes of the singlet and triplet peaks (1.2
x 10" s, 37 x 10° s are slightly larger than those in
THF. The small dependence of the rate constants on
solvent polarity implies that the excited states have
small polarities because of the symmetric molecular

structure and the symmetrically delocalized m-orbitals.

Conclusions

In summary, we have demonstrated the construction
of a large dn/pm-conjugated systems by tri-palladation
of the TIDS ligands. The obtained tri-palladium
complex showed electronic infrared light absorption at
1,982 nm with a high absorption coefficient (A= 4.0 x
10* M em™) in CH,Cl, solution as well as at 2500 nm
in the solid state. In contrast, mono-metallic palladium
complex with one HexylTIDS ligand mainly absorbs
visible and near-IR region. With quantum chemical
calculation, we found that the origin of the intense
infrared light absorption is HOMO-LUMO transition at
entirely delocalized HOMO and LUMO. The d-orbitals
of palladium atoms connect two HexylTIDS ligands
in a non-coplanar parallel fashion to form a large =«
-conjugated system. In addition, the triplet excited state
(lifetime = 400 ps, 4, = 1,280 nm) of the trinuclear
palladium complex was characterized by femtosecond
laser flash photolysis. The present work suggests
the applicability of trimetallic connection for bridging
organic m-conjugated systems to construct narrow
HOMO-LUMO gap materials for long-wavelength
light absorption. This achievement would provide a
new design concept of functional organic dyes used in

various applications.

Experimental section
General

All NMR spectra were taken at 500 MHz (JEOL
ECA-500 spectrometer). NMR spectra were recorded
in parts per million (ppm, O scale) from residual
protons of the CD,Cl, for '"H NMR (6 5.32 ppm for
dichloromethane) and from an external standard for

P NMR (6 2941 ppm of OPPh, for all solvents). The



CD,Cl, was distillated with CaH, prior to use and
stored under argon with molecular sieves (4 A). The
data were presented as following space: chemical
shift, multiplicity (s = singlet, d = doublet, t = triplet,
m = multiplet and/or multiplet resonances, br =
broad), coupling constant in hertz (Hz), and signal area
integration in natural numbers, assignment (italic).
Elemental analysis was performed at the University of
Tokyo, Department of Chemistry, Organic Elemental
Analysis Laboratory. IR absorption was measured
on JASCO FT/IR-6100 equipped with an attenuated
total reflection (ATR) with ZnSe, and was reported as

. -1
wavenumber in cm’ .

Synthesis of Pd;(HexyITIDS),(PPh;), (1).

A mixture of HexylTIDS (100 mg, 0.225 mmol) and
Pd(PPh,), (391 mg, 0.338 mmol, 1.50 equiv.) was stirred
in THF (6.6 mL) at room temperature for 3 h. The
n-hexane was added to precipitate the crude product,
which was purified by crystallization from CH,Cl,/
n-hexane to give dark-red crystals in 77% yield (196
mg, 0.0869 mmol). '"H NMR (400 MHz, CD,Cl,): 6 =
9.37 (br, tetracene), 741 (br, tetracene), 6.99 (t, / = 7.3
Hz, 4H, p-Ph), 6.81-6.73 (m, 16H, o-Ph, m-Ph), 6.11 (br,
tetracene), 4.26 (t, / = 6.9 Hz, 4H, CH, in hexyl), 1.99-1.92
(m, 4H, CH, in hexyl), 1.62-1.54 (m, 4H, CH, in hexyl),
1.38-1.51 (m, 8H, CH,CH, in hexyl), 0.95 (t, / = 7.1 Hz,
6H, Me in hexyl). Anal. calcd for C,,,H,,N,0,P,Pd,S,: C,
66.03; H, 4.56; N, 1.24. Found: C, 66.13; H, 4.71; N, 1.14.

'"H NMR peaks corresponding to tetracene moiety
were broadened at room temperature. This would
be resulted from the thermal dynamic behavior.
According to the same reason, neither *P nor *C NMR
were clearly recorded. Low temperature '"H NMR

measurement even at -30 °C exhibited broaden peaks.

Synthesis of Pd(HexyITIDS) (PPh,), (2).

Pd(PPhj), (127 mg, 0.110 mmol, 1.1 equiv.) in
CH,Cl, (6.5 mL) was added dropwise to a solution of
HexylTIDS (44.5 mg, 0.100 mmol) in CH,Cl, (20 mL)

for 25 min. The appearance of the solution changed

from blue suspension to black solution. It was stirred
at room temperature for 1 h. This solution was used
for each analysis. 'H NMR (500 MHz, CD,CL): 6 = 9.81
(d, / = 9.2 Hz, 2H, tetracene), 845 (d, / = 9.2 Hz, 2H,
tetracene), 7.57-7.54 (m, 2H, tetracene), 743 (t, / = 75
Hz, 6H, p-Ph), 727-7.24 (m, 12H, o-Ph, m-Ph), 7.12-7.08
(m, 2H, tetracene), 4.28 (t, / = 7.7 Hz, 2H, CH, in hexyl),
1.80-1.74 (m, 2H, CH,CH, in hexyl), 1.48-1.44 (m, 2H,
CH, in hexyl), 1.40-1.31 (m, 4H, CH,CH, in hexyl), 0.90
(t, /] = 72 Hz, 3H, Me in hexyl). P NMR (2024 MHz,
CD,Cly): B = 27.66 (s, 2P, PPh,).

Electrochemical analysis.

Cyclic voltammetry (CV) and differential pulse
voltammetry (DPV) were performed using HOKUTO
DENKO HZ-5000 voltammetric analyzer. All CV
measurements were carried out in a one-compartment
cell under argon gas, equipped with a glassy-carbon
working electrode, a platinum wire counter electrode,
and an Ag/Ag’ reference electrode. The supporting
electrolyte was a 0.1 mol/L dichloromethane solution of
tetrabutylammonium hexafluorophosphate (TBAPF).
Only for the CV measurements of tri-palladium
complex 1, platinum and gold working electrode were
additionally used to result in the identical CV charts
to that obtained with glassy-carbon electrode. The
electrochemical data equipped with a grassy-carbon

working electrode are presented in this report.

X-ray crystallographic analysis.

X-ray crystallographic analyses for complexes 1 and
2 were performed using a RIGAKU R-AXIS RAPID
IT (imaging plate detector) with monochromic CuKa
(A = 1.5406 A) radiation. The positional and thermal
parameters were refined by a full-matrix least-
squares method using the SHELXL97 program on the
Yadokari-software. The CCDC numbers of complexes 1
and 2 were 881159 and 978047, respectively.

Computational Studies.

All calculations were carried out by Gaussian09



package at the B3LYP level. Palladium atoms were
represented by the LANL2DZ or SDD basis set and
a 6-31G(d) basis set was used for other atoms (C, H,
N, O, S, and P). The calculation levels are described
as “B3LYP/LANL2DZ/6-31G(d)” and “B3LYP/SDD/6-
31G(d)".

Time-resolved Transient Absorption Measurements.

Femtosecond transient absorption spectroscopy
experiments were conducted using an ultrafast
Integra-C (Quantronix Corp.), a TOPAS optical
parametric amplifier (Light Conversion Ltd.), and a
commercially available Helios optical detection system

provided by Ultrafast Systems LLC.
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Figure 1. Synthesis of end-functional polymer by
termination method: (a) conventional
protocol (stepwise addition of reagents)
and (b) Atropos polymerization.
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Scheme 1. Synthesis of end-functional s-PMMA via
termination of stereospecific living anionic
polymerization and the subsequent click
reaction.
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Scheme 2. Terminating reaction of syndiotactic-specific
living anionic polymerization of MMA.
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Table 1. Termination efficiency of syndiotactic-specific
living Aanionic polymerization of MMA initiated
by Li-PrIB / EtAI(ODBP), in toluene at —78C.

Terminator ~ Conditions and content of end-functionality

-78°C, 1)-78°C,24h 1)-78°C,24 h
24h 2)0°C,1h 2)0°C,24h
T2 7% 89% -
T3 33% 65% -
T4 1% 30% 66%

O'H NMRANRZ MV ERT, F#HAF L Y OEFD
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Figure 2. 'H NMR spectrum (500 MHz, CDCl,, 55 C)
of PMMA terminated with T2. Labels for
signals correspond to those in Scheme 2. »
and : terminal diad.

Table 2. Atropos polymerization of MMA initiated by
Li-PrIB / EtAl(ODBP), in toluene at —78 T
for 24 h and then at 0 C for 24 h=?

Run T Conv’/ % M,° My/M,° P/ %
1 - 95 4100 113 -
2 T2 12 700 1.48 89
3 T3 95 6500 1.45 65
4 T4 98 6500 1.15 69

a) Toluene 5.0 mL, MMA 5.0 mmol, [T]o / [MMA]o / [EtAIODBP)o / [Li<PriBlo / = 3/
25/5/1.

b) Determined by "H NMR (500 MHz, CDCl, 55 °C)

c) Determined by SEC (THF, 40 °C, PMMA standards).

d) MMA 3.0 mmol, [Tlo/ [MMAJo / [EtAIODBP)o / [Li-PriBlo/=3/30/5/ 1.

2.2 HRBEZBRLET7FARERES

Li4PrIB / EtAl(ODBP),% B###IZ vy, LiZPrIBIC
xt L C3BmDT2-TADAFAE T T —78 T C24HEH, &5
120 CIZHR L T2/, MMAD 7 =% Y EA%1To
7z (Table 2), &1E#I7% L OIS (Run 1) TiZi3iZ
LR E ) < — AL (95%) Lo TR (M, /
M, = 113) M6 N7k L. T2HFEET OEA (Run
2) TIEE/ v —LFRIZ12%I 2B E$, +1) T~ — (M,
= 700) B’ 5Nz DO AT, BEBAER T 5 A
WESUSPEFE L 72 2 EARIE S 7z, T3(Run 3) TlXE
I =oAL R IR E A E TREC 2D (95%) . K
IR=DHEOENIb OO, GFESMIIMKE LTILL
(M, = 6500, M, / M, = 145), {EHEIEAHEE T
BAEL TWo—h T, BRuERED» S & IERIGA R Z 5
T2 EDIRIEENT, TN ORFRIE, A PR
0~ k277 4 (SEC) OG- FRMICT— ) v AL
b IFSNS, —T, T4 V724 (Run
DiF. FHEFEER(Run 1) &L THOBOLWE ) ~—ix
L= (98%) & ko3 F-8 504 (M, / M, = 1.15) H3E &
. SHICKEEARD BN E P o722 805 (F =
69%). TAHT PURAEEIHKHETHL I LD bho
72

2.3 BE—EXHTTO7 FOKRREAR

T4 -78 TTIHIT L A LHEBEL 22272 (Table 3.
Run 5). JEOEBRTIIEA DK TO CILART 2 0%
BdHolze TOL) RAMBRERET, EEFEIHE
ILEFCREZ BB ZIRETT PuRAELG)E
By, BIEL ML NBENTHL, €2 T,
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Table 3. Effects of temperature in the Atropos
polymerization of MMA 2

Run Temp/°C  Conv.’/% M,e M, /M,E Fl%

5° -78 76 5900 1.14 1
6 -40 100 5700 113 64
7 0 99 5700 128 76
8 30 98 6400 1.34 59

a) Toluene 5.0 mL, MMA 5.0 mmol, [Tlo / [MMAJo / [EtAIODBP)o / [Li-PrIBlo / = 3/
25/5/1,48h.

b) Determined by SEC (THF, 40 °C, PMMA standards).

¢) Determined by 'H NMR (500 MHz, CDCl, 55 °C)

b) 25h.

Table 4. Atropos polymerization of MMA with various
feed ratio?

Run MWk  Temp Conv.® M,° MM F® %

/°C 1%

99 30 40 100 2600 113 64
10 30 0 99 2800 1.28 76
11 100 40 99 30000 119 30
12 100 0 100 32200 1.1 57
13 200 40 100 64200 1.17 2
14 200 0 99 106000 1.23 18

@ MMA 3.0 mmol, toluene 5.0 mL, [Li-PriBJo / [EtA(ODBP))o / [T4lo=1/5/3, 70 h.
b Determined from 'H NMR spectra (500 MHz, CDCs, 55 °C).

¢ Determined from SEC (THF, 40 °C, PMMA standards).
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Scheme 3. Reactions between T4 and EtAI(ODBP), under the conditions of Atropos polymerization with/without MMA.
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Scheme 4. End-functionalization of stPMMA via thiol-ene
click reaction catalyzed by base.

Figure 3. 'H NMR spectra (500 MHz, CDCl, 55 C) of
PMMA terminated with T4 before and after
thiol-ene click reaction with benzyl mercaptan.
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Scheme 5. Atropos polymerization of BA in the presence
of EtAI(ODBP),.

Table 5. Anionic polymerization with BA initiated with
Li-PrIB/ EtAl(ODBP), in toluene at -60 C for

1 ha
Run T Conv. /%° My° MJM° Pl %
15 - 100 3500 122 -
16 ™ 100 4400 1.49 93
17 T5 21 9400 1.99 94
18¢ T 100 12100 1.12 80

a) Toluene 5.0 mL, BA 3.0 mmoal, [Li-PriB]o / [EtA(ODBP)o / [BAo / [T =1/5/30/
3.

b) Determined by 'H NMR.

c) Determined by SEC (40 °C, THF, PMMA standards).

d) [Li-PriBlo / [BAlo =1/50, T2 was added stepwise after propagation for 1 h (Not
Aftropos polymerization).
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Figure 4. 'H NMR spectrum (500 MHz, CDCl,, 55 C)
of PBA by Atropos polymerization with T1.
Labels corresponds to those in Scheme 5.
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Scheme 6. Atropos polymerization of EA with
TBAMA and T1, and the subsequent
double end-functionalization via thiol-ene
click reaction catalyzed by base.

DWWz, TBAMAIZLi-PrIBIZ TR 2 RS
PRSI D6, FBRIGICBIT 2 EREOLEICH
MThrbreEZ2ZONL, 22T, FIHEHAIZTBAMA%
HWT, 505EOEALEENTIZMA T, VT v
Hi. EtAI(ODBP),OfFfE T, —60 TTT b HRAES
%475 72 (Scheme 6), 307D € / ¥ —#{bF13292%

SR ZO5MIEM, = 7800, M, / M, = 1.07T
otz FEIERIFITEA SN T Aah o7z, KISk
B2 2B R RIS &, /< — B LRIF100%12E L,
M, = 9600, M, / M, = 106, K& AKIZF = 90%
Thotze ZORRIL, BRI ZHGEROMHIZEY . H
JERUEB BT 2B IRWEAN I B L FEF IS T A
DR)Y—=DPHEOENLILERL TS, $72. 3052
L2 B O KIE A O S 6 8 1R BOS A EI AR
DICEAGORBBTHELLZEPHLRIC R 72, &
B, TLEAY 7 ) VEET AT VIR L TELKIGE
FHITZEDPHSNIZ R > T 5D, S RIOEETL B
IRHIHRD A F 7 ) a4 WEREREOF AL, W
KilZ7 7B A VEER T LK) =607, &
512, Michaelff il F+— V-1 - 7 1) v 7 FIGIZ
& % T A i 0 5 B 19 2R AB 1S b BT L 7o

4., PhrORREADIGH
4.1 Ximkgeib7 0y o HESEDone-shot& R

CHy CH, CH,CI

CHy—C + CH;=CH  + CH,=C * CHyvCH=C
c-oi c=0 ¢=0 c=o
OiPr OC4Hy OCH, OCH,

Li-iPriB BA MMA T4
CHy CHy CH; CH,
CHy— CJVCH2 CHf CHy~C - CH-C
c=0 ¢=0  ¢=0
OPr  OCHy  OCH;  OCHs

Scheme 7. Monomer-selective Atropos copolymerization
of BA and MMA with Li<PrIB and T5 to
afford end-functional block copolymer.
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Scheme 8. Monomer-selective Atropos copolymerization
of BA and MMA with Li<PrIB and T6
(methacrylate-bearing terminator) to afford
graft copolymer.
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