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Abstract :

This work consists of two parallel studies, both of which are associated with the synthesis and
application of acetylenic compounds. In the first project, we focus on the preparation of thermal and
chemical sensor based on colorimetric transition of acetylenic polymers, polydiacetylene (PDA). Blue-
to-red color change that takes place in response to environmental perturbations make PDAs an
excellent choice for label-free sensor systems. In our lab, we designed and prepared a panel of
diacetylene monomers specifically for each sensor application. For example, PDA-based the thermal
sensor was prepared from mono amido and diamido diacetylene monomers showing that
thermochromic reversibility are varied and can be controlled by the number of methylene liker
between the amido. For the chemical sensor, colorimetric PDAs for volatile organic compounds
(VOCs) and anionic surfactants detection were also demonstrated. Exposure of the PDAs-tested
paper array to VOCs vapor results in the color change possessing the unique colorimetric pattern of
each polymer. The color change pattern are measured by RGB values and statistically analyzed by
principal component analysis (PCA) leading to distinguish 18 distinct VOCs in the vapor phase. For
the anionic surfactants sensor, The blue to pink colorimetric transition of polymerized diacetylenes in
the presence of anionic surfactants are observed by the naked eye at the micromolar concentration
level while there is no change with cationic surfactants and little response with nonionic
surfactants.The second part of this proposal focuses on the development a new methodology for
synthesising acetylenic compounds from calcium carbide via Sonogashira coupling reaction. We
demonstrated the direct use of calcium carbide, which is a low price primary feedstock from heavy
chemical industry for the synthesis of diaryl ethynes. The reaction proceeds in the room temperature
in undried solvent to give the diarylethynes in high yields. Also we extends the reaction for the
preparation poly-phenyleneethylene (PPEs) from the coupling reaction between calcium carbide and
aryl diiodide. PPEs can be prepared in high yields (71-93%) with the degree of polymerization

between 36 and 128, offering fluorescence quantum efficiencies in the range of 0.34-0.71.

Keywords : Polydiacetylene, chemical sensor, colorimetric, calcium carbide, diaryl ethynes
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2 Unless otherwise noted, a mixture of 4-iodotoluene (1 equiv), CaC; (3 equiv), Pd
catalyst (2.5%), PPh; (5%), Cu catalyst (5%), and base (3 equiv) was stirred at room
temperature for 10 h.

b Isolated yield.

¢ 4-lodotoluene (90%) was recovered.

4 Heated at 60 °C.

¢ Reaction was carried out under air.

f Pd(OAc), (5%), 10% Cul, and 10% of PPh; were used.
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* General conditions: a mixture of ary! iodides (1 equiv), CaC; (3 equiv), Pd(OAc); (5%), PPh4 (10%), Cul (10%), and TEA (3 equiv) was stirred for 12 h, and purified by filtration
through a short plug of silica gel.

b 1solated yield.

© Purified by column chromatography.
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3 General conditions: a mixture of aryl iodides (1 equiv), CaC; (3 equiv), Pd(OAc),
(5%), PPh3 (10%), Cul (10%), and TEA (3 equiv) was stirred for 10 h.
b Isolated yield.
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a o = Aaaa A & a & = v o ! .
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OBu OBu
/ P >
il i il -y o [
=c Cul, PPhy n
base/solvent
BuO n/Ny/20h BuO
1a 2a
Pd(OAc),
Entry (mol%) Base/solvent Yield? (%) M, (x 107) DP,° M,IM,°
1 1 TEA/THF N.A. o s —
2 5 TEA/THF 84 11.7 20 23
3 5 TEA/MeCN 90 6.8 13 21
41 5 TEA/DMF N.A. o = s
5 5 DBU/THF 71 20.2 36 2.3
6 5 K,CO4/THF NA. = = —
7 5 Cs,CO3/THF NA. — —_ —_
8¢ 5 DBU/MeCN/ 100 9.6 17 2.3

THF

4@ Unless noted, CaC, (6 equiv.), Pd(OAc),, PPh; (10 mol%), Cul (10 mol%) for 20 h. ® Precipitation in CH,OH from CH,Cl,. ¢ Determined with GPC
using universal calibration with standard polystyrene. ¢ TMS-acetylene were used instead of CaC,.
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Tugnsdi-mden ludvinasansasalswasy ondu 2f Aazansls DMSO CAVIG LTSI (KT HE gl
PINBANBTTINTNAINMIQANAULEIFIFA  AINIIAUURIZIRA molar absorptivity Uz fluorescence
quantum efficiency gﬂ@i”]mmmu,a:ﬁmmwalumﬁaﬁ 4 ladnfud PPE udazpfinazlifianiige
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71 quantum efficiency §9 (0.34-0.71)
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Ry R
Pd(OAc); (5 mol%),
I | + CdCf —mM8M8M —
Cul/PPh; (10 mol%), f
DBU/THF
Ry ,20h R>
1af 2a-f
Entry Substituents vield® (%) M,°(x 10°) DP,’ M J/M,” Apgdnm Jen/nm  Loge @fF
1 X: R; = R, = O(CH,);CHj;: 1a 71 20.2 36 2.3 447 476 432  0.65
2 X: R; = R, = O(CH,),CHj;: 1b 78 40.9 48 2.4 448 476 430 0.66
3 X: R; = R, = OCH,CH(CH,CH3;)((CH,);CH3): 1¢ 83 91.3 12 2.0 48 479 441 071
4 X: R; = OMe, R, = OCH,CH(CH,CH;,)((CH,);CH;): 1d 93 26.9 47 2.2 450 478 4.02 0.67
5 X: R; = R, = O(CH,),0(CH,),OCHj: 1e 87 26.9 51 1.5 430 470 4.02  0.67
6 X: R; = R, = O(CH,);OH: 1f 93 N.A. N.AA.  NA. 445 481 411 0.34¢

“ Isolated yield by reprecipitation from CH;OH/CH,Cl,. * Determined by GPC using PS as reference. ° Dissolved in CH,Cl, and used quinine sulfate
as reference standard. ¢ Performed in DMSO.
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A convenient and cost-effective synthetic method for symmetrical diarylethynes from inexpensive cal-
cium carbide and aryl iodide has been developed. The reaction not only proceeds with high yield and
selectivity but also tolerates a wide range of functional groups. Application of this reaction has enabled
the synthesis of highly functionalized oligo (phenyleneethynylenes) to be accomplished.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Over the past two decades, Pd-catalyzed cross-coupling re-
actions, such as Heck, Suzuki, Nigishi, Stille, and Sonogashira re-
actions have been the most powerful tools for C—C bond
construction.!”” Among these, the Sonogashira cross-coupling re-
action is the most efficient method to connect sp-C to sp-C in the
synthesis of diarylalkynes and areneethynylene polymers due to
the simplicity of the reaction process.>~!® These compounds have
caught much attention recently in the fields of bioactive com-
pounds and functional materials.'® 22 Historically, the Sonogashira
reaction utilized terminal acetylene, usually obtained from pro-
tected acetylene, as an sp-C source, and later, acetylene gas has also
been used (Scheme 1).371823725 Acetylene gas is appreciably more
economical than the terminal acetylenes for the synthesis of
symmetrical diarylethyne that can be accomplished within one
step. Due to complicated handling and close attention required for
an application of highly flammable acetylene gas, the three-step
synthesis of diarylethynes from terminal acetylene is currently
a more favorable route. Recently, a number of reports demonstrated
the use of inexpensive and readily available calcium carbide, as the
acetylene surrogate in the preparation of carbon nanotubes,?® poly-
ynes,?” and aryltriazoles.?® The utilization of calcium carbide for

* Corresponding author. Tel.: +662 218 7634; fax: +662 218 7598; e-mail ad-
dress: sumrit.w@chula.ac.th (S. Wacharasindhu).

0040-4020/$ — see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2011.08.042

Pd-catalyzed coupling reaction was pioneered by Zhang®® using
aryl bromides for preparation of symmetrical diarylethynes. Even
though it was the first report on the use of calcium carbide for the
synthesis of diarylalkynes, a non-commercially available amino
phosphine ligand and elevated reaction temperature were required
to obtain reasonable yields of the desired products. We found that
this inspiring work worth further exploring as a general and eco-
nomical synthetic approach for symmetrical diarylethynes. Herein,
we report a convenient synthetic method for symmetrical diary-
lethynes from calcium carbide and aryl iodides at room tempera-
ture using commercially available and inexpensive reagents
including the catalyst and base. The reaction also displayed a wide
range of functional group compatibility.!

H——H
acetylene gas
( Y gas)_ Ar———Ar
Sonogashira
ArX ———
1) H——R
> Ar———Ar
2) Deprotect
3) ArX
X=Br,1,Cl,OTf R= —SiMeg/—<OH or —COOH

Scheme 1. Typical methods for the synthesis of diarlyethynes.
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2. Results and discussion
2.1. Initial observation

Our initial attempts involved the treatment of calcium carbide with
halobenzene (Br, I) or sulfonate esters (OTs, OTf), in acetonitrile at
room temperature in the presence of Pd(OAc); (2.5 mol %), triphe-
nylphosphine (PPhs, 5 mol %), Cul (5 mol %), and triethylamine (TEA).
The reaction of bromobenzene or triflate gave no desired product and
only a small amount of starting material could be recovered along with
unidentified complex mixtures. In the case of the tosylate, only a trace
amount of the target compound diphenylethyne was isolated along
with an almost quantitative recovery of starting material. It was as-
sumed that aryl iodides would enhance the formation of the desired
product under these conditions. To our delight, switching from bro-
mide to iodide analogues, diphenylethyne 2a was obtained in 68%
yield along with recovery of iodobenzene (15%) (Scheme 2).

Pd(OAc),, Cul, PPh,

+ CaC, Ph———~Ph

TEA, MeCN, rt, N,

1a 2a 68%

Scheme 2. Initial observation. All reactions were carried out with phenyl derivatives
(1 equiv), CaC, (3 equiv), Pd(OAc), (2.5%), Cul (5%), PPhs (5%), and triethylamine
(3 equiv) at rt for 10 h.

2.2. Reaction condition screening

Following this initial observation, 4-iodotoluene (1b) was se-
lected, due to a clear difference between the methyl group '"H NMR
signal of the starting material 1b and that of its product 2b, for re-
action optimization, including palladium and copper sources, bases,
temperature, and catalyst amount (Table 1). Pd(OAc), was found to
be the most effective palladium source for this reaction in compar-
ison with bis(triphenylphosphine)-palladium(Il) dichloride and
palladium tetrakis (entries 1—3). Cleary, Cul is needed in the re-
action, and its absence resulted in a lower yield (22%, entry 4).

Table 1
Optimization of reaction condition®

Pd(OAc),, Cul, PPhg
O—O
TEA, MeCN, rt, N,
1b 2b
Entry Pd/Cu source Base Solvent Yield® (%)
1 Pd(OAc),/Cul TEA MeCN 50
2 PdCly(PPhs),/Cul TEA MeCN 24
3 Pd(PPhs)4/Cul TEA MeCN 24
4 Pd(OAc),/— TEA MeCN 22
5 Pd(OAc),/CuOAc TEA MeCN 50
6 Pd(OAc),/(CuOAc), TEA MeCN 50
7 Pd(OAc),/Cul DIPEA MeCN 41
8 Pd(OAc),/Cul K»CO3 THF 0¢
9 Pd(OAc),/Cul K»CO3 MeOH 16
10 Pd(OAc),/Cul TEA MeCN 401
11 Pd(OAc),/Cul TEA MeCN 30°¢
12 Pd(OAc),/Cul TEA MeCN 99f

2 Unless otherwise noted, a mixture of 4-iodotoluene (1 equiv), CaC; (3 equiv), Pd
catalyst (2.5%), PPhs (5%), Cu catalyst (5%), and base (3 equiv) was stirred at room
temperature for 10 h.

b Isolated yield.

¢ 4-lodotoluene (90%) was recovered.

4 Heated at 60 °C.

€ Reaction was carried out under air.

f Pd(OAC), (5%), 10% Cul, and 10% of PPh; were used.

However, alternative copper sources, such as CuOAc and Cu(OAc),,
could be used in this transformation (entries 5 and 6). Base screening
indicated that TEA was the most effective base in comparison with
others, although diisopropylethylamine gave satisfactory results
(entry 7). When the reaction was carried out at 60 °C, 40% of 1,2-di-p-
tolylethyne was isolated without the recovery of any starting ma-
terial (entry 10). Under atmospheric condition, a lower yield of the
desired product was isolated (30%, entry 11) in comparison with that
under inert nitrogen environment. We were pleased to realize that
the reactions went to completion with an increased amount of cat-
alyst. Most interestingly, reaction proceeded smoothly at room
temperature (Table 1, entry 12). Thus, the optimized conditions in-
volved treatment of 4-iodotoluene 1b (1 equiv), CaC, (3 equiv),
Pd(OAc); (5%), PPh3 (10%), Cul (10%), and triethylamine (3 equiv) in
MeCN at room temperature under a nitrogen atmosphere. Under
these optimized conditions, the coupling product 2b was isolated in
99% yield (Table 1, entry 12). It must be noted that under these
conditions, complete conversion to 2b was observed by NMR spec-
troscopic analysis and TLC. To the best of our knowledge, formation
of diarylethynes under these efficient and mild conditions has not
been reported in the literature,1216-18.2529-31,38

2.3. Substrate scope

The new method has allowed variety functional groups to be
tested. Therefore, a series of aryl iodides either commercially available
or prepared according to literature procedures were subjected to the
coupling reaction with CaC, under the optimized reaction conditions
(Table 1, entry 12) and the results were summarized in Table 2. The aryl
iodides bearing an electron donating group, such as methyl, naphthyl,
and, methoxy (entries 2—4) yielded the desired bisarylacetylenes in
good to excellent yields. Notably, the substituent position effect was
found to be minimal in our study, as seen in the case of three isomers of
iodotoluenes (1b, 1¢, and 1d), providing the coupling products 2b, 2c,
and 2d in 99%, 99%, and 96% yields, respectively (entry 2). However, 4-
iodobenzyl alcohol (1i) and 4-iodo aniline (1j) were not suitable for
this transformation as they afforded the target compounds, 2i in only
41% yield, while complex mixtures were obtained in the case of 1j.
These results may be due to the chelation of the palladium catalyst
with the high electron density oxygen or nitrogen atoms. The yield
was significantly increased when the hydroxyl moiety in 1i was
methylated. The product 2h was isolated in much higher yield. In-
terestingly, the presence of a sulfur atom had no effect in this reaction,
as shown in the coupling reaction of 2-iodothiophene (1Kk). The
product 2k was produced in 99% yield. The substrates bearing
electron-withdrawing groups, such as the aldehyde, ketone, amido,
ester, and nitro moieties reacted efficiently to obtain the coupled
products in good to high yields (entries 8—11). In contrast to previous
report, our experiment resulted in good yields of product 2m and 2p.2°
This outcome suggests that the rate determining step of this reaction
may not be the same as the reactions investigated by Zhang?®
Moreover, other leaving groups, such as bromo and tosyl as well as
trimethylsilyl protecting groups well tolerated the reaction conditions
and iodo group were reacted selectively, giving the desired products in
excellent yields (entries 12—14). We attributed the wide range of
functional group tolerance to the heterogeneous nature of calcium
carbide and proper concentration of gradually generated acetylene gas
under the reaction condition. These high functional group selectivity
and compatibility should expand the scope of this reaction in the
synthesis of more complex m-conjugated molecules with further
modification at the remaining reactive groups.

2.4. Synthesis of oligo (phenyleneethynylenes)

The success of this Pd-catalyzed reaction turned our attention to
the synthesis of oligo-(aryleneethynylenes). Such compounds
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Table 2
Substrate compatibility®

Pd(OAc),, Cul, PPhy

Arl + CaC, Ar———Ar
1 TEA, MeCN, rt, Ny 2
Entry Aryl iodide Product Yield® Entry Aryl iodide Product Yield®
R
| 0/
1 @I 2a 96% 8 o : ;:n gg;
la R=Me; 1 °
R=H;1m
I
\_ | 2b 99%
2 Me X7 2c 99% 9 HN 2n 94%
p;1b, mic, o;1d 2d 96% 0
in
' MeO
3 2e 96% 10 />—©7| 20 74%
1e O 1o

Ro©-| !
4 2f 96%

R=Me; 1f 2 80%¢
R=H;1g
RO

5 < > ! 2h 99%

R=Me 1h 2i 1%

R=H;1i

|

6 2j Complex mixture

| S
7 l)—| 2k 99%
/ 1k

11 02N4©7| 2p 96%
1p
12 Br@l 2q 97%
1q

13 TMS%@| 2r 97%
1r
14 TSOOI 2s 99%
1s

2 General conditions: a mixture of aryl iodides (1 equiv), CaC; (3 equiv), Pd(OAc), (5%), PPhs (10%), Cul (10%), and TEA (3 equiv) was stirred for 12 h, and purified by filtration

through a short plug of silica gel.
b Isolated yield.
¢ Purified by column chromatography.

attracted considerable interest due to their electronic and photonic
properties, which have been applied widely in chemo- and bio-
sensors and electronic devices.>—> Compounds 2t and 2u bearing
three phenyleneethynylene units were prepared from the corre-
sponding iodo-phenyleneethynylenes1t and 1u with calcium car-
bide under the optimized conditions in 87 and 51% yields,
respectively (Scheme 3).

l COOMe
=

RO Pd(OAc),, Cul, PPhg

O +  caG -

| OR TEA, MeCN, rt, 10 h, N,
R =n-Bu; 1t

R = -(CHy)30Ac; 1u

RO RO

2t; 87% OR OR
2u; 51%

Scheme 3. Synthesis of 2t and 2u.

2.5. Effect of water on the reaction

As mentioned above, the reactions were carried out using
undried acetonitrile as solvent, we therefore decided to investigate
the effect of water on the reaction. The coupling reaction of 4-
iodotoluene (1b) and calcium carbide were conducted in freshly
distilled acetonitrile and the targeted product 2b was isolated in
52% yield (Table 3, entry 1). Upon the addition of 1.2 or 3.6 equiv of
H,0, the reaction went completely and the coupling product was
obtained in quantitative yield (Table 3, entries 2 and 3). On the basis
of these data, water is clearly necessary for the reaction. Thus, we
hypothesized that the reaction is initiated by the hydrolysis of
calcium carbide with H0 to produce acetylene gas, which is then

Table 3
Effect of water on coupling reaction between 4-iodotoluene and calcium carbide?

Entry H,0 added to freshly distilled CH3CN (equiv) Yield of 2b® (%)
1 0 52
2 1.2 99
3 3.6 99

2 General conditions: a mixture of aryl iodides (1 equiv), CaC; (3 equiv), Pd(OAc),
(5%), PPh3 (10%), Cul (10%), and TEA (3 equiv) was stirred for 10 h.
b Isolated yield.
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driven through Sonogashira coupling process to yield the diary-
lethyne and HI (Scheme 4). The use of freshly distilled acetonitrile
gave coupling product in moderate yield (52%) suggesting that H,O
may not be the only proton source for hydrolysis of calcium carbide.
In addition, HI can react with calcium carbide to generate more
acetylene gas in the coupling reaction.

Sonogashira

H,O coupling
CaC;, — » H—H —» Ar——Ar + 2HI
2Arl
CaC,

Scheme 4. Proposed role of H,0 and HIL

3. Conclusion

In conclusion, we have demonstrated an efficient method for
synthesizing symmetrical diarylethynes directly from basic chem-
ical feedstock, calcium carbide, via a Pd-catalyzed coupling re-
action. The reactions were carried out under mild conditions in
undried solvent, and the product can be purified by a simple fil-
tration on a bed of silica gel. Also, inexpensive and commercially
available reagents were used in the reaction. Thus, this trans-
formation is proven to be an efficient process for the preparation of
symmetrical diarylethynes. Further studies to extend the scope of
this reaction toward the synthesis of poly-phenyleneethynelenes
and related oligomers are currently under investigation and will
be reported in due course.

4. Experimental section
4.1. General information

Unless otherwise indicated, all starting materials were
obtained from commercial suppliers, and were used without fur-
ther purification. All solvents were used directly without drying.
Calcium carbide was grinded before use. Analytical thin-layer
chromatography (TLC) was performed on Kieselgel F,54 pre-
coated plastic TLC plates from EM Science. Visualization was
performed with a 254 nm ultraviolet lamp. Silica gel column
chromatography was carried out with silica gel (60,
230—400 mesh) from ICN Silitech. The 'H and *C NMR spectra
were recorded on a Varian or Bruker (400 MHz for 'H and
100 MHz for 3C) in CDCl3, (CD3),SO or (CD3),CO. 'H and >C NMR
chemical shifts were referenced to CDCl3 (6§ 7.26 for 'H, ¢ 77.00 for
130), (CD3)2S0 (6 39.43 for 13C) or (CD3),CO (6 2.09 for 'H, 6 30.60
for 13C). Coupling constants (J) are reported in Hertz (Hz). Splitting
patterns are designated as s (singlet), d (doublet), t (triple), q
(quartet), br s (broad singlet), m (multiplet).

4.2. General procedure for Pd-catalyzed coupling reaction of
calcium carbide with aryl iodides

A 100 mL round bottom flask with a magnetic stir bar was
charged with copper iodide (0.1 equiv), palladium acetate
(0.05 equiv), and triphenylphosphine (0.1 equiv) in acetonitrile. The
solution was degassed with nitrogen for 20 min. Then, triethyl-
amine (3 equiv), aryl iodides (1 equiv), and calcium carbide
(3 equiv) were added. The mixture was stirred at room temperature
overnight under nitrogen atmosphere. The reaction mixture was
then filtrated through a short plug of silica gel and washed with
hexane. The filtrate was evaporated under vacuum to give the de-
sired compound.

4.2.1. 1,2-Diphenylethyne (2a)15'29'37. Synthesized according to
general procedure from iodobenzene (200 mg, 0.98 mmol), calcium
carbide (188.5 mg, 2.94 mmol), copper iodide (18.67 mg,
0.098 mmol), palladium(Il)acetate (11.0 mg, 0.049 mmol), triphe-
nylphosphine (25.7 mg, 0.098 mmol), and triethylamine (297.6 mg,
2.94 mmol) to afford 83.9 mg (0.47 mmol, 96%) of 2a as a white
solid: '"H NMR (400 MHz, CDCl3): 6 ppm 7.63—7.56 (4H, m),
7.43—7.35 (6H, m); 13C NMR (100 MHz, CDCl3): 6 131.6,128.3,128.2,
123.2, 89.4; IR (neat, cm’l) 3065, 3027.

4.2.2. 1,2-Di-p-tolylethyne (2b)'®?°. Synthesized according to gen-
eral procedure from 4-iodotoluene (200 mg, 0.917 mmol), calcium
carbide (176.4 mg, 2.75 mmol), copper iodide (17.52 mg,
0.092 mmol), palladium(Il)acetate (10.3 mg, 0.046 mol), triphe-
nylphosphine (24.0 mg, 0.092 mmol), and triethylamine (278.4 mg,
2.752 mmol) to afford 94.2 mg (0.456 mmol, 99%) of 2b as a white
solid: "TH NMR (400 MHz, CDCl3): 6 ppm 7.42 (4H, d, J=7.8 Hz), 7.15
( 4H, d, J=7.8 Hz), 2.37 (6H, s); 13C NMR (100 MHz, CDCl3): 6 138.1,
131.4, 129.1, 120.4, 88.9, 21.5; IR (neat, cm ') 3018, 2917, 2843.

4.2.3. 1,2-Di-m-tolylethyne (2c)'®. Synthesized according to general
procedure from 3-iodotoluene (200 mg, 0.917 mmol), calcium
carbide (176.4 mg, 2.75 mmol), copper iodide (17.52 mg,
0.092 mmol), palladium(Il)acetate (10.3 mg, 0.046 mmol), triphe-
nylphosphine (24.0 mg, 0.092 mmol), and triethylamine (278.4 mg,
2.752 mmol) to afford 93.7 mg (0.454 mmol, 99%) of 2c as a white
solid: TH NMR (400 MHz, CDCl3): ¢ ppm 7.36—7.33 (4H, m), 7.23
( 2H, d, J=7.6 Hz), 7.15 ( 2H, d, J=7.6 Hz), 2.36 (6H, s); 3C NMR
(100 MHz, CDCl3): 6 138.0, 132.2, 129.1, 128.7, 128.2, 123.2, 89.2,
21.3; IR (neat, cm~') 3050, 2917.

4.2.4. 1,2-Di-o-tolylethyne (2d)'®. Synthesized according to general
procedure from 2-iodotoluene (200 mg, 0.917 mmol), calcium car-
bide (176.4 mg, 2.75 mmol), copper iodide (17.52 mg, 0.092 mmol),
palladium(Il)acetate (10.3 mg, 0.046 mmol), triphenylphosphine
(24.0 mg, 0.092 mmol), and triethylamine (278.4 mg, 2.752 mmol) to
afford 91.2 mg (0.442 mmol, 97%) of 2d as a white solid: 'H NMR
(400 MHz, CDCl3): 6 ppm 7.54—7.52 (2H, m), 7.27—7.19 (6H, m), 2.55
(6H, s); '*C NMR (100 MHz, CDCl3): 6 140.0,131.9,129.5,128.2,125.6,
123.3, 92.3, 21.0; IR (neat, cm ™~ ')3056, 3009.

4.2.5. 1,2-Di(naphthalen-1-yl)ethyne (2e)'®3%. Synthesized accord-
ing to general procedure from 1-iodonaphthalene (200 mg,
0.787 mmol), calcium carbide (151.4 mg, 2.36 mmol), copper iodide
(15.0 mg, 0.079 mmol), palladium(Il)acetate (8.8 mg, 0.039 mmol),
triphenylphosphine (20.6 mg, 0.079 mmol), and triethylamine
(278.5 mg, 2.752 mmol) to afford 104.5 mg (0.376 mmol, 97%) of 2e
as a white solid: 'TH NMR (400 MHz, CDCl3): 6 ppm 8.62 ( 2H, d,
J=8.0 Hz), 7.92 (6H, m), 7.68 ( 2H, t, ]=7.6 Hz), 7.59 (2H, t, ]J=7.4 Hz),
7.54 (2H, t, J=7.4 Hz); 3C NMR (100 MHz, CDCl3): é 133.2, 130.6,
128.9, 128.4126.9, 126.5, 126.3, 125.3, 121.0, 92.4; IR (neat, cm’l)
3056, 3009.

4.2.6. 1,2-Bis(4-methoxyphenyl)ethyne (2f)'®?°. Synthesized accord-
ing to general procedure from 4-iodoanisole (200 mg, 0.855 mmol),
calcium carbide (164.4 mg, 2.56 mmol), copper iodide (16.3 mg,
0.086 mmol), palladium(Il)acetate (9.6 mg, 0.043 mmol), triphe-
nylphosphine (22.4 mg, 0.086 mmol), and triethylamine (278.3 mg,
2.56 mmol) to afford 98.1 mg (0.412 mmol, 97%) of 2f as a white
solid: 'TH NMR (400 MHz, CDCI3): 6 ppm 7.45 ( 4H, d, J=8.8 Hz), 6.87
( 4H, d, J=8.8 Hz), 3.83 (6H, s); '3C NMR (100 MHz, CDCls): 6 159.4,
132.9, 115.7, 114.0, 87.9, 55.3; IR (neat, cm™1)3000, 2968, 2832.

4.2.7. 4,4'-(Ethyne-12-diyl)diphenol (2g)*®. Synthesized according
to general procedure from 4-iodophenol (200 mg, 0.91 mmol),
calcium carbide (174.8 mg, 2.73 mmol), copper iodide (17.3 mg,
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0.091 mmol), palladium(Il)acetate (10.2 mg, 0.045 mmol), triphe-
nylphosphine (23.0 mg, 0.091 mmol), and triethylamine (275.9 mg,
2.73 mmol) to afford 76.4 mg (0.364 mmol, 81%) of 2g as a brown
solid: "H NMR (400 MHz, (CD3),CO): 6 ppm 8.76 (2H, s), 7.31 ( 4H, d,
J=8.4 Hz), 6.81 ( 4H, d, J=8.4 Hz); 13C NMR (100 MHz, (CD3),CO):
0 1594, 134.6, 117.4, 116.5, 89.4.

4.2.8. 1,2-Bis(4-(methoxymethyl)phenyl)ethyne (2h)*°. Synthesized
according to general procedure from 1-iodo-4-(methoxymethyl)
benzene (200 mg, 0.86 mmol), calcium carbide (165.0 mg,
2.57 mmol), copper iodide (16.4 mg, 0.086 mmol), palladium(II)
acetate (9.6 mg, 0.043 mmol), triphenylphosphine (22.5 mg,
0.086 mmol), and triethylamine (260.6 mg, 2.57 mmol) to afford
101.1 mg (0.428 mmol, 99%) of 2h as a white solid: 'H NMR
(400 MHz, CDCl3): 6 ppm 7.52 ( 4H, d, J=7.7 Hz), 7.32 ( 4H, d,
J=7.7 Hz), 447 (4H, s), 3.40 (6H, s); >C NMR (100 MHz, CDCl5):
6 138.4, 132.5, 131.6, 127.5, 122.4, 89.2, 74.2, 58.1; IR (neat, cm™!)
3003, 2923, 2864.

4.2.9. (4,4'-(Ethyne-1,2-diyl)bis(4,1-phenylene))dimethanol
(2i)*8. Synthesized according to general procedure from (4-
iodophenyl)methanol (200 mg, 0.855 mmol), calcium carbide
(164.4 mg, 2.56 mmol), copper iodide (16.3 mg, 0.086 mmol), pal-
ladium(Il)acetate (9.6 mg, 0.043 mmol), triphenylphosphine
(22.4 mg, 0.086 mmol), and triethylamine (259.5 mg, 2.56 mmol)
and purified by flash chromatography to afford 41.6 mg
(0.175 mmol, 41%) of 2i as a brown solid: "H NMR (400 MHz, CDCl3):
6 ppm 7.53 ( 4H, d, J=8.4 Hz), 7.35 ( 4H, d, J=8.4 Hz), 4.72 (4H, s),
3.41 (1H, s); 3C NMR (100 MHz, (CD3),S0): ¢ 143.4, 132.6, 131.5,
127.1,127.1,120.9, 89.4, 62.9.

4.2.10. 1,2-Di(thiophen-2-yl)ethyne (2k)'6. Synthesized according
to general procedure from 2-iodothiophene (200 mg, 0.952 mmol),
calcium carbide (183 mg, 2.86 mmol), copper iodide (18.2 mg,
0.095 mmol), palladium(Il)acetate (10.7 mg, 0.048 mmol), triphe-
nylphosphine (25.0 mg, 0.095 mmol), and triethylamine (289.1 mg,
2.86 mmol) to afford 89.6 mg (0.472 mmol, 99%) of 2k as a white
solid: '"H NMR (400 MHz, CDCls): 6 ppm 7.33—7.26 (4H, m),
7.05—6.99 (2H, m); >C NMR (100 MHz, CDCl3): 6 132.1,127.6, 1271,
122.9, 86.2; IR (neat, cm~1)3101, 3080.

4.2.11. 1,1'-(4,4'-(Ethyne-1,2-diyl)bis(4,1-phenylene))diethanone
(21)'540. Synthesized according to general procedure from 1-(4-
iodophenyl)ethanone (200 mg, 0.813 mmol), calcium carbide
(156.3 mg, 2.44 mmol), copper iodide (11.6 mg, 0.081 mmol), pal-
ladium(Il)acetate (9.1 mg, 0.041 mmol), triphenylphosphine
(23.3 mg, 0.081 mmol), and triethylamine (246.8 mg, 2.44 mmol) to
afford 105 mg (0.400 mmol, 99%) of 21 as a white solid: H NMR
(400 MHz, CDCl3): 6 ppm 7.96 (4H, d, J=8.3 Hz), 7.63 ( 4H, d,
J=8.3 Hz), 2.62 (6H, s); 3C NMR (100 MHz, CDCl3): 6 197.2, 136.6,
131.9,128.3, 127.5, 91.6, 26.6.

4.2.12. 4,4'-(Ethyne-1,2-diyl)dibenzaldehyde  (2m)*. Synthesized
according to general procedure from 4-iodobenzaldehyde (200 mg,
0.858 mmol), calcium carbide (165.1 mg, 2.57 mmol), copper iodide
(16.4 mg, 0.086 mmol), palladium(Il)acetate (9.6 mg, 0.043 mmol),
triphenylphosphine (22.5 mg, 0.086 mmol), and triethylamine
(261.4 mg, 2.57 mmol) to afford 87.7 mg (0.372 mmol, 87%) of 2m as
a yellow solid: "H NMR (400 MHz, CDCl3): 6 ppm 10.04 (1H, s), 7.90
( 2H, d, J=8.4 Hz), 7.71 ( 2H, d, J=8.4 Hz); 3C NMR (100 MHz,
CDCl3): 6 191.3,135.9, 132.3,129.6, 128.7, 92.1; IR (neat, cm~!)3080,
1687.

4.2.13. N,N'-(4,4'-(Ethyne-1,2-diyl)bis(4,1-phenylene))diacetamide
(2n). Synthesized according to general procedure from N-(2-
iodophenyl)acetamide (200 mg, 0.766 mmol), calcium carbide

(147.3 mg, 2.36 mmol), copper iodide (14.6 mg, 0.077 mmol), pal-
ladium(Il)acetate (8.6 mg, 0.034 mmol), triphenylphosphine
(20.1 mg, 0.077 mmol), and triethylamine (232.6 mg, 2.36 mmol) to
afford 105.7 mg (0.362 mmol, 94%) of 2n as a brown solid: '"H NMR
(400 MHz, CDCl3): 6 ppm 8.31 ( 2H, d, J=8.2 Hz), 7.90 (2H, s), 7.50 (
2H, d, J=7.5 Hz), 741 ( 2H, t, J=7.9 Hz), 713 ( 2H, t, J=7.5 Hz), 2.25
(6H, s); 3¢ NMR (100 MHz, CDCl3): ¢ 168.5, 139.0, 132.0, 130.4,
123.9, 120.5, 91.1, 24.8; IR (neat, cm~1)3293, 2959, 2920, 1729;
HRMS (ESI) calcd for C1gH16N202Na, 315.1104; found, 315.1107.

4.2.14. Dimethyl 4,4'-(ethyne-12-diyl)dibenzoate (20)'. Synthe-
sized according to general procedure from 4-iodobenzoate
(200 mg, 0.76 mmol), calcium carbide (146.8 mg, 2.29 mmol),
copper iodide (14.5 mg, 0.076 mmol), palladium(Il)acetate (8.6 mg,
0.038 mmol), triphenylphosphine (20.0 mg, 0.076 mmol), and
triethylamine (2309 mg, 2.29 mmol) to afford 83.2 mg
(0.278 mmol, 74%) of 20 as a brown solid: '"H NMR (400 MHz,
CDCls3): 6 ppm 8.03 ( 4H, d, J=8.2 Hz), 7.60 ( 4H, d, J=8.2 Hz), 3.93
(6H, s); °C NMR (100 MHz, CDCls): 6 166.4, 131.6, 130.0, 129.6,
127.4, 91.4, 52.3; IR (neat, cm~1)3012, 2959, 1711.

4.2.15. 1,2-Bis(4-nitrophenyl)ethyne (2p)*. Synthesized according
to general procedure from 4-iodonitrobenzene (200 mg,
0.80 mmol), calcium carbide (154.5 mg, 2.41 mmol), copper iodide
(15.3 mg, 0.080 mmol), palladium(Il)acetate (9.0 mg, 0.040 mmol),
triphenylphosphine (21.0 mg, 0.080 mmol), and triethylamine
(243.8 mg, 2.4 mmol) to afford 102.7 mg (0.400 mmol, 95%) of 2p as
a yellow solid: 'TH NMR (400 MHz, CDCls): 6 ppm 8.26 ( 4H, d,
J=8.7Hz),7.72 (4H, d, J=8.7 Hz); '>*C NMR (100 MHz, CDCl3): 6 147.7,
132.6,128.9,127.7, 92.0; IR (neat, cm™1)3104, 3071, 2926, 1593.

4.2.16. 1,2-Bis(4-bromophenyl)ethyne (2q)'6. Synthesized according
to general procedure from 1-bromo-4-iodobenzene (200 mg,
0.71 mmol), calcium carbide (136 mg, 2.12 mmol), copper iodide
(13.5 mg, 0.071 mmol), palladium(Il)acetate (7.9 mg, 0.035 mmol),
triphenylphosphine (18.5 mg, 0.071 mmol), and triethylamine
(214.6 mg, 2.12 mmol) to afford 115.3 mg (0.34 mmol, 97%) of 2q as
a white solid: 'H NMR (400 MHz, CDCl3): 6 ppm 7.49 (4H, d,
J=8.5Hz), 7.38 ( 4H, d, J=8.5 Hz); 13C NMR (100 MHz, CDCl3): 6 133.0,
131.7,122.8, 121.8, 89.4; IR (neat, cm™ 1)3074, 3071, 2926, 1593.

4.2.17. 1,2-Bis(4-((trimethylsilyl)ethynyl)phenyl)ethyne (2r)*. Syn-
thesized according to general procedure from ((4-iodophenyl)ethy-
nyl)trimethylsilane (200 mg, 0.667 mmol), calcium carbide
(128.2 mg, 2.00 mmol), copper iodide (12.7 mg, 0.067 mmol), palla-
dium(Ilacetate (7.5 mg, 0.033 mmol), triphenylphosphine (17.5 mg,
0.067 mmol), and triethylamine (202.4 mg, 2.00 mmol) to afford
118.8 mg (0.321 mmol, 96.6%) of 2r as a yellow solid: 'H NMR
(400 MHz, CDCl3): 6 ppm 7.46 (4H, s), 7.44 (4H, s), 0.26 (18H, s); 13C
NMR (100 MHz, CDCl3): ¢ 131.9, 1314, 123.0, 104.5, 96.5, 91.0, —0.1.

4.2.18. 4,4'-(Ethyne-1,2-diyl)bis(4,1-phenylene) bis(4-methylbenze-
nesulfonate) (2s). Synthesized according to general procedure
from 4-iodophenyl 4-methylbenzenesulfonate (200 mg,
0.536 mmol), calcium carbide (103 mg, 1.63 mmol), copper iodide
(10.2 mg, 0.05 mmol), palladium(Il)acetate (6.0 mg, 0.027 mmol),
triphenylphosphine (14.0 mg, 0.05 mmol), and triethylamine
(162.2 mg, 1.63 mmol) to afford 137.7 mg (0.266 mmol, 99.4%) of 2s as
a brown solid: '"H NMR (400 MHz, CDCl3): 6 ppm 7.70 ( 4H, d,
J=75Hz),7.41 (4H, d, J=7.7 Hz), 7.32 ( 4H, d, J=7.5 Hz), 6.97 ( 4H, d,
J=7.7 Hz), 2.45 (6H, s); >C NMR (100 MHz, CDCl3): 6 149.4, 145.6,
132.9,129.8,128.5,122.6,121.9,90.0, 21.7; IR (neat, cm™~1)3039, 2920,
1590; HRMS (ESI) calcd for CogH2206S2Na, 541.0750; found, 541.0756.

4.2.19. Dimethyl 4,4'-(4,4'-(ethyne-1,2-diyl)bis(2,5-dibutoxy-4,1-
phenylene))bis(ethyne-2,1-diyl)dibenzoate (2t). Synthesized according
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to general procedure from methyl 4-((2,5-dibutoxy-4-iodophenyl)
ethynyl)benzoate 1t (200 mg, 0.407 mmol), calcium carbide (78.3 mg,
1.22 mmol), copper iodide (7.8 mg, 0.041 mmol), palladium(Il)acetate
(4.6 mg, 0.020 mmol), triphenylphosphine (10.7 mg, 0.041 mmol), and
triethylamine (123 mg, 1.22 mmol) and purified by flash chromatog-
raphy to afford 133.4 mg (0.171 mmol, 87.1%) of 2t as a yellow solid: 'H
NMR (400 MHz, CDCls): 6 ppm 8.03 ( 4H, d, J=8.2 Hz), 7.58 ( 4H, d,
J=8.2 Hz), 7.02 (4H, s), 4.05 ( 8H, dd, J=14.8, 6.6 Hz), 3.93 (6H, s),
1.89—1.78 (8H, m), 1.62—1.53 (9H, m), 1.05—0.95 (12H, m); >C NMR
(100 MHz, CDCl3): 6 166.6,153.8,153.5,131.4,131.4,129.5,129.4,128.2,
1171, 1171, 114.9, 1134, 94.1, 91.7, 89.1, 69.5, 69.3, 52.2, 314, 314, 19.3,
13.9, 13.9; IR (neat, cm™1)2956, 2864, 2205; HRMS (ESI) calcd for
Cs0H5408Na, 805.3711; found, 805.3713.

4.2.20. Dimethyl 4,4'-(4,4'-(ethyne-1,2-diyl)bis(2,5-dibutoxy-4,1-
phenylene))bis(ethyne-2,1-diyl)dibenzoate (2u). Synthesized accord-
ing to general procedure from 3,3’-(2-iodo-5-((4-(methoxycarbonyl)
phenyl)ethynyl)-1,4-phenylene)bis(oxy)bis(propane-3,1-diyl)diac-
etate 1u (100 mg, 0166 mmol), calcium carbide (324 mg,
0.50 mmol), copper iodide (3.2 mg, 0.017 mmol), palladium(Il)ace-
tate (1.9 mg, 0.009 mmol), triphenylphosphine (4.4 mg, 0.017 mmol),
and triethylamine (50.1 mg, 0.5 mmol) and purified by flash chro-
matography to afford 17.8 mg (0.019 mmol, 50.8%) of 2u as a yellow
solid: "H NMR (400 MHz, CDCl5): 6 ppm 8.03 ( 4H, d, J=8.2 Hz), 7.60
( 4H, d, J=8.2 Hz), 7.04 ( 4H, d, J=6.9 Hz), 4.38—4.31 (8H, m),
418—4.11 (8H, m), 3.93 (6H, s), 2.23—2.14 (8H, m), 2.07—2.03 (12H,
m); ®C NMR (100 MHz, CDCls): 6 171.0, 170.9, 166.5, 153.6, 153.2,
131.5,131.5,129.6, 127.9, 117.2, 117.1, 114.7, 113.7, 94.5, 91.5, 88.5, 66.1,
66.0,61.3,61.2,61.2, 611, 52.2, 28.75, 28.7, 20.9, 20.9; IR (neat, cm ™)
3059, 2205, 1702; HRMS (ESI) calcd for CsgHs4016Na, 981.3304;
found, 981.3308.

Acknowledgements

This study is financially supported by the Thailand Research
Fund (TRF-RSA5480004) and National Nanotechnology Center
(NANOTEC), NSTDA (NN-B-22-FN9-10-52-06). This work is part of
the Project for Establishment of Comprehensive Center for In-
novative Food, Health Products and Agriculture supported by the
Thai Government Stimulus Package 2 (TKK2555, SP2), The Asahi
Glass Foundation, and also the National Research University Project
of CHE (AM1006A).

Supplementary data

Images of 'H and C NMR spectrum of compounds 2a—u are
available in the Supplementary data. Supplementary data associ-
ated with this article can be found in the online version, at
doi:10.1016/j.tet.2011.08.042. These data include MOL files and

InChiKeys of the most important compounds described in this
article.

References and notes

1. King, A. O.; Okukado, N.; Negishi, E. ]| Chem. Soc, Chem. Commun. 1977,
683—684.

. Heck, R. . J. Am. Chem. Soc. 1968, 90, 5518—5526.

. Miyaura, N.; Suzuki, A. J. Chem. Soc., Chem. Commun. 1979, 866—867.

. Milstein, D.; Stille, J. K. J. Am. Chem. Soc. 1978, 100, 3636—3638.

. Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett. 1975, 16, 4467—4470.

Nicolaou, K. C.; Bulger, P. G.; Sarla, D. Angew. Chem., Int. Ed. 2005, 44,

4442—-4489.

. Torborga, C.; Bellera, M. Adv. Synth. Catal. 2009, 351, 3027—3043.

. Chinchilla, R.; Najera, C. Chem. Rev. 2007, 107, 874—922.

. Eckhardt, M.; Fu, G. C. J. Am. Chem. Soc. 2003, 125, 13642—13643.

. Yasuhara, A.; Kanamori, Y.; Kaneko, M.; Numata, A.; Kondo, Y.; Sakamoto, T. J.

Chem. Soc., Perkin Trans. 11999, 529—534.

11. Fiandanese, V.; Bottalico, D.; Marchese, G.; Punzi, A. Tetrahedron 2008, 64,
53—60.

12. Novak, Z.; Nemes, P.; Kotschy, A. Org. Lett. 2004, 6, 4917—4920.

13. Siemsen, P.; Livingston, R. C.; Diederich, F. Angew. Chem., Int. Ed. 2000, 39,
2632-2657.

14. Fusano, A.; Fukuyama, T.; Nishitani, S.; Inouye, T.; Ryu, L. Org. Lett. 2010, 12,
2410-2413.

15. Liy, J.; Lam, J. Y.; Tang, B. Z. Chem. Rev. 2009, 109, 5799—5867.

16. Mio, M. J.; Kopel, L. C.; Braun, J. B.; Gadzikwa, T. L.; Hull, K. L.; Brisbois, R. G.;
Markworth, C. J.; Grieco, P. A. Org. Lett. 2002, 4, 3199—3202.

17. Liang, Y.; Xie, Y. X.; Li, J. H. J. Org. Chem. 2006, 71, 379—381.

18. Severin, R.; Reimer, |.; Doye, S. J. Org. Chem. 2010, 75, 3518—3521.

19. Yamashita, M.; Horiguchi, H.; Hirano, K. J. Org. Chem. 2009, 74, 7481—7488.

20. Li, C; Salaven, W.; John, V. Chem. Commun. 1997, 1569—1570.

21. Iyoda, M.; Vorasingha, A.; Kuwatani, Y. Tetrahedron Lett. 1998, 39, 4701—4704.

22. Bunz, U. Macromol. Rapid Commun. 2009, 30, 772—805.

23. Li, C; Li, D.; Costello, C. Org. Process Res. Dev. 1997, 1, 325—327.

24. Pal, M.; Kundu, N. J. Chem. Soc., Perkin Trans. 1 1996, 449—451.

25. Moon, ]; Jeong, M.; Nam, H.; Ju, J.; Moon, J. H.; Jung, H. M.; Lee, S. Org. Lett.
2008, 10, 945—948.

26. Pang, L.L.; Bi,]. Q; Bai, Y.].; Zhu, H. L;; Qi, Y. Z;; Wang, C. G.; Han, E. D.; Li, S. ]. J.
Phys. Chem. C 2008, 112, 12134—12137.

27. Cataldo, F. Carbon 2005, 43, 2792—2800.

28. Jiang, Y.; Kuang, C.; Yang, Q. Synlett 2009, 3163—3166.

29. Zhang, W.; Wu, H,; Liu, Z;; Zhong, P.; Zhang, L.; Huang, X.; Cheng, ]J. Chem.
Commun. 2006, 4826—4828.

30. Shirakawa, E.; Kitabata, T.; Otsuka, H.; Tsuchimoto, T. Tetrahedron 2005, 61,
9878—9885.

31. Novak, Z.; Szabo, A.; Repasi, ].; Kotschy, A. J. Org. Chem. 2003, 68, 3327—3329.

32. Wackerly, J. M.; Moore, J. S. Macromolecules 2006, 39, 7269—7276.

33. Tour, J. M. Acc. Chem. Res. 2000, 33, 791—-804.

34. Martin, R. E.; Diederich, F. Angew. Chem., Int. Ed. 1999, 38, 1350—1377.

35. Bunz, U. H. F. Chem. Rev. 2000, 100, 1605—1644.

36. Weder, C. Chem. Commun. 2005, 5378—-5389.

37. Li, ]J. H.; Zhang, X. D.; Xie, Y. X. Eur. J. Org. Chem. 2005, 20, 4256—4259.

38. Yum, E. K; Son, . W.; Kim, S. K.; Kim, S. N.; Kim, K. M.; Lee, C. W. Bull. Korean
Chem. Soc. 2010, 31, 2097—2099.

39. Rudenko, A. P.; Vasil'ev, A. V. Russ. J. Org. Chem. 1995, 31, 1360—1379.

40. Chebny, V. ].; Gwengo, C.; Gardinier, ]. R.; Rathore, R. Tetrahedron Lett. 2008, 49,
4869—-4872.

41. Ravera, M.; Amato, D.; Guerri, A. J. Organomet. Chem. 2005, 690, 2376—2380.

42. Simpson, C. D.; Brand, J. D.; Berresheim, A. J.; Przybilla, L.; Joachim Rader, H.;
Mullen, K. Chem.—Eur. J. 2002, 8, 1424—1429.

DU WN

_
O W N



Macromolecules

Odd—Even and Hydrophobicity Effects of Diacetylene Alkyl Chains
on Thermochromic Reversibility of Symmetrical and Unsymmetrical
Diyndiamide Polydiacetylenes

Sasikarn Ampornpun,T Suriyakamon Montha,* Gamolwan Tumcharern,* Viwat Vchirawongkwin,§
Mongkol Sukwattanasinitt,® and Sumrit Wacharasindhu**

TProgram of Petrochemistry and Polymer Science, Faculty of Science, Chulalongkorn University, Bangkok 10330, Thailand
*Thailand National Nanotechnology Center, National Science and Technology Development Agency, Patumthanee 12120, Thailand

$Nanotec-CU Center of Excellence on Food and Agriculture, Department of Chemistry, Faculty of Science, Chulalongkorn
University, Bangkok 10330, Thailand

1National Metals and Materials Technology Center, National Science and Technology Development Agency, Patumthanee 12120,
Thailand

© Supporting Information

ABSTRACT: Two series of symmetrical (Sx) and unsymmetrical (Uy) HEar o 5
diacetylene monomers containing diamide groups with different methylene units . . VN iR
are successfully prepared. Photopolymerization of their nanovesicles dispersed in ‘ Ve . &
water is carried out by irradiation at 254 nm affording blue sols of the |.l. . C{_m lil Lo B
corresponding PDAs. The degree of thermochromic reversibility (%DR) of the | - .I o B n '
PDA sols are determined using UV—vis spectroscopy in order to probe effects of [ a "

|

the number of the methylene units, x and y, within the linker and hydrophobic tail, | s~~~ ~_"
respectively. The complete color reversibility (%DR > 89%) is observed only when |

« is an even number while partially reversible or irreversible thermochromism (% | ..
DR < 65%) is displayed in the case of odd x number. For the Uy series, the color

recovering ability within the heating and cooling process increases along with the y
number; %DR = 3, 62, and 90% for y = 0, 4, and 16, respectively. This work is the
first direct demonstration of the roles of number of methylene units within the diacetylene monomers on the thermochromic
reversibility of their PDAs that provide additional dimensions for rational molecular design in the development of PDA thermal
Sensors.

3N 1

- \ ¥y

HEAT i LI S

K" CIDDK Low
e Irreversible

P olydiacetylenes (PDAs) are a class of ene—yne conjugated odd/even number of methylene units in the alkyl side chain
polymers typically obtained from the 1,4-addition plays a pronounced effect on the polymerizability of the

polymerization of self-assembled diacetylene monomers. The diacetylene monomers.”

interesting features of PDAs are their chromism properties To understand the effects of hydrophobic alkyl side chains
taking place in response to a variety of environmental on the thermochromic reversibility, we decided to modify our
stimulation such as mechanical stress,’ solvent,” temperature,3 previously reported diamidodiacetylene monomers, which gave
pH,* and ligand—receptor interaction,” making the compound fully reversible PDAs, by variation of the alkyl chain length.
valuable as a signaling element in colorimetric sensor.’ Two series of monomers (Figure 1), symmetrical diyndiamide
Thermochromism or color change in response to variation in monomers (Sx) and unsymmetrical diyndiamide monomers
temperature, which mostly appear as blue to red color (Uy), were prepared and investigated. The outcomes of this
transition, has been one of the most intriguing properties for investigation provide new insight into understanding of
both fundamental studies and applications. Specifically, the relationships between structures and thermochromic reversi-
abilities to control the thermochromic reversibility and color bility of PDAs.

transition temperature of PDAs are important for obtaining
materials useful as universal temperature indicators.” To gain B RESULTS AND DISCUSSION

the thermochromic reversibility, most strategies deal with

structural modification of diacetylene monomers by either 1. Synthg5|s of Dlace‘tylen‘e Mon.omers (Sx and Uy)'
increasing the number of hydrogen bonds or incorporating The synthesis of symmetrical diyndiamides (Sx) started with
aromatic moieties at the polar side chain.® However, the effects

of hydrophobic alkyl side chains of diacetylene monomers on Received: September 20, 2012

thermochromic reversibility of PDAs have not been inves- Revised: ~ October 26, 2012

tigated, although a few research groups have described that the Published: November 12, 2012
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‘ B3

J

Symmetrical diyndiamides

Uy:y=0,1,4,8,12,16

Unsymmetrical diyndiamides

Figure 1. Structure of investigated diacetylene monomers: symmetrical diyndiamides (Sx) and unsymetrical diyndiamide monomers (Uy).

the coupling reaction of 10,12-pentacosadiynoic acid (PCDA)
with various diamines in the presence of N-(3-
(dimethylamino)propyl)-N’-ethylcarbodiimide hydrochloride
(EDCI) as an amide coupling agent as shown in Scheme 1.

Scheme 1. Synthesis of Symmetrical (Sx) and
Unsymmetrical Diacetylene Monomers (Uy)

= o = o)
% Ethylenediamine, EDCI, NHS AN NH
pepa Vg OH N
CHaCla, Nz, 93%yleld 8 H  Acpcoa
HaNT 7 NH, T 9 o
' ¥ o el
EDCI TEA, DMAP TEA, CH,Cly, Ny
CHZClz, Nz, 12 hr CHoClp, Na, 4 hr | r 4 hr = 2 ¢
Sx:x=234,56

Uy y=0,1,4.812,16
72-79% yields

80-78% yields

The desired products (S2—S6) were isolated as a white solid by
recrystallization of crudes with MeOH (72—79% yields). For
the unsymmetrical monomers (Uy), the synthesis was involved
two coupling steps. First, PCDA was coupled with ethylenedi-
amine in the presence of EDCI to provide N-(2-aminoethyl)-
pentacosa-10,12-diynamide (AEPCDA) in 93% yield. Acylation
of AEPCDA with the appropriate anhydrides under basic
conditions generated the desired monomers U0, Ul, U4, and
U8 in good to fair yields (66—85%). On the other hand, the
synthesis of U12 and U16 was achieved by the condensation of
AEPCDA with the corresponding acid chlorides in the presence
of triethylamine (80%).

2. Preparation and Thermochromic Study of PDAs
Derived from Symmetrical Diacetylene Monomers (Sx).
Five symmetrical diacetylene monomers (S2—S6) were trans-
formed into aqueous polydiacetylene (PDA) sols by sonication
of the monomers in Milli-Q water followed by UV irradiation at
254 nm (500 pW/cm?). The appearance of polymerized
diacetylene sols is presented in Table 1 showing blue or purple
color. UV—vis spectra of the prepared PDAs typically showed
major absorption peak around 635 nm and another sideband at
585 nm.** The major absorption indicates the long 7-
conjugation of blue PDAs and the difference between two
peaks falling in the range of 1300—1400 cm™', suggesting the
double bond vibronic coupling of the ene—yne conjugated
backbones. Interestingly, PDAs of S3 showed another
absorption maximum near 698 nm, of which the original
absorption peak was also observed at 633 nm. The separation
between these two absorption maxima is 1471 cm™, which
again well corresponds to the double bond vibronic coupling.
For $4 and $6, the longest absorption maximum appeared at
685 nm along with the absorption peak at 637 and 639 nm,
respectively. The separation between the peaks at 685 and 637
nm (or 639 nm) suggests a possible vibronic coupling with a
wavenumber of 1100 cm™ (or 1050 cm™"). These wavenumber

9039

Table 1. Color Appearance and the Maximum Absorption
Wavelength (4,,,,) of the PDA Sols Derived from
Symmetrical Diynamides $2—S6

Monomers  Linker
(Sx) (%) Color Ams(nM)
s2 2 - 640, 590
53 3 - 698, 633, 586
4 4 - 685, 637, 585
55 5 620
S6 6 - 683, 639, 586

values are significantly lower than that of the double bond
stretching commonly found as the vibronic coupling in
common PDAs.' We assume that this unusually long
wavelength absorption belongs to a new electronic transition
of the PDAs. Therefore, a vibronic species associated with the
685 nm peak would be at about 625 nm, which is buried under
the 635 nm absorption.

The thermochromic properties of PDA sols derived from
symmetrical diacetylene monomers (Sx) sols were first
recorded by a digital camera upon heating the sols from 25
to 85 °C and cooled back to 25 °C, and the UV—vis absorption
spectra were recorded from temperature variable spectrometer
equipped with a heating Peltier. During the heating from 25 to
85 °C of all PDA sols, the absorption peak around 540 nm
increased at the expense of the absorption peak around 630 nm,
corresponding to the blue to red color transition (Figure 2a).
However, when the sols were cooled back to 25 °C, only the
PDA sols from S2, S4, and S6 returned to the original spectra
corresponding to the blue appearance of the sols. On the other
hand, the spectra of poly(S3) and poly(S5) did not return to
their initial position upon cooling, and their color did not turn
back to the original blue color. To investigate the
thermochromic reversibility robustness, all PDA sols were
subjected to 10 cycles of heating (85 °C)/cooling (25 °C)
process. The absorbance of the PDA sols at their initial 4,,,, of
the blue phase (Ay,.) was plotted versus the heating/cooling
cycle as depicted in Figure 2b. Typically, the plots showed the
drop and rise zigzag pattern of the Ay, for the heating and
cooling courses, respectively. The degree of reversibility (%DR)
of PDAs calculated from the ratio of the averaged value of
(Ablue(ss °c) — Ablue(as °c)) in the 27—10" cycle to its initial
value in the first cycle was used to quantitatively justify the
reversibility robustness of the PDA sols.”* PDAs from S2, S4,
and S6, which contain even methylene units between the amide
groups, gave high %DR of 88—93%, indicating very robust

dx.doi.org/10.1021/ma3019798 | Macromolecules 2012, 45, 9038—9045
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Figure 2. (a) Photographs and visible spectrum and (b) normalized absorbance at the initial 4,,,, at 25 and 85 °C in the heating—cooling cycles of

symmetrical diacetylene sols (Sx).

Poly (S2)

Figure 3. Plausible orientation of PDAs derived from symmetrical dia

cetylene monomers S2 (left) and S3 (right).

thermochromic reversibility. It is also worth noting that the
thermochromic reversibility of these PDAs retained far beyond
10 heating/cooling cycles, without apparent reduction in color
recovery. On the other hand, PDA prepared from 83 and S5
bearing odd number of methylene spacer showed lower %DR
of 65 and 20, respectively. The results suggest that the number
of methylene units between two amide groups has the odd—
even effect on thermochromic reversibility of this symmetrical
PDA series.

As shown in Figure 3, the proposed structures of poly(S2)
and poly(S3) have different hydrogen bonding orientations
between the amide head groups. The PDA backbones of
poly(S2) readily accommodate the formation of straight
hydrogen bonding among the amide head groups while such

a hydrogen bonding orientation is not possible to be developed
from poly(S3) backbone.'' The straight line orientation is
known to provide stronger hydrogen bonding than the angled
orientation that lead to the full thermochromic reversibility of
the PDAs with even methylene spacer such as poly(S2),
poly(S4), and poly(S6). For the PDAs with odd methylene
spacer (S3 and S5), we believed that not only the weaker
hydrogen bonding but also the higher backbone strain (Figure
3 right) prevent the full recovery of the original blue PDAs. The
distorted hydrogen bond depicted in Figure 3 also suggests the
possibility of higher degree of gauche conformation in the PDA
side chains, causing more conformational strains that will
further deter the color recovery after the thermal disturbance.

9040 dx.doi.org/10.1021/ma3019798 | Macromolecules 2012, 45, 9038—9045
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3. Preparation and Thermochromic Study of PDAs
Derived from Unsymmetrical Diacetylene Monomers
(Uy). To investigate the thermochromic behavior of unsym-
metrical PDA series (Uy), six unsymmetrical diacetylene
monomers UQ, U1, U4, U8, U12, and U16 were first converted
to PDA sols by photopolymerization according to the method
described previously. The color and absorption A, maximum
of PDAs are presented in Table 2. The typical blue color was

Table 2. Color Appearance and the Maximum Absorption
Wavelength (4,,,,) of the PDA Sols Derived from
Unsymmetrical Diacetylene Monomers

Monomers  Linker

(Uy) (v) Color Amax(nm)
801} 0 382, 634, 695
Ul 1 586,635,685
U4 4 589, 638, 691
us 8 589, 638, 696
ul2 12 583, 633
U16 16 581, 632

observed in all cases along with typical absorbance peak at ca.
630 nm, confirming the formation of ene—yne conjugated
backbone of PDA. For this unsymmetrical PDA series, the long
wavelength absorption near 700 nm was the strongest peak in
poly(U0) but appeared as a shoulder in PDAs of U1, U4, and
US8. Again this peak is unique for some PDAs with diamide
groups.

The study of thermochromic reversibility of PDAs derived
from unsymmetrical diacetylene monomers (Uy) showed an
interesting trend. When the temperature was raised from 25 to
85 °C, the absorption maxima of the blue PDA vesicle sols
underwent a gradual shift to shorter wavelengths corresponding
to the blue to red or orange color transition (Figure 4). Upon
cooling back to 25 °C, the UV—vis spectra of poly(U0) did not
return to the original position and the color remained red. As
the number of methylene units in the alkyl tail increased, the
recovery ability of the blue color and original absorption spectra
of the unsymmetrical PDAs derived from Ul, U4, U8, U12,
and Ul6 became better. The results clearly displayed the
relationship between the color recovery ability and the number
of methylene units (y) in the alkyl tail that were also confirmed
by %DR as shown in Figure 4b. The greater the y value, the
higher the %DR was obtained that poly(U16) displayed
remarkable colorimetric reversibility with %DR of 90% for the
10 cycles of heating/cooling experiment.

Unlike the symmetrical series (Sx), the thermochromic
reversibility of the PDAs from the unsymmetrical monomers
(Uy) increases with the number of methylene units without any
observable odd—even effect. This straightforward trend
demonstrated for the first time that variation of the
hydrophobic interaction between the alkyl chains is a capable
tool for tuning thermochromic reversibility. Moreover, the
results indicate that only one diacetylene unit is necessary for
full thermochromic reversibility of the PDAs containing

9041

diamide given that the other amide group is substituted with
alkyl chain of satisfactory length. In this case, at least 16
methylene units were required for complete reversibility. This
long alkyl chain provides associative hydrophobic interaction in
combination with the hydrogen bonding of the amide groups
resulting in tight packing of the PDA side chains as proposed in
Figure S.

The difference in packing ability of the unsymmetrical
diacetylene lipids should lead to the difference in their self-
assembling morphology. Therefore, the PDA particles in the
sols were investigated by dynamic light scattering (DLS)
measurement and atomic force microscopy (AFM) as depicted
in Figure 6. The DLS size distribution revealed that average
hydrodynamic diameters of the PDA particles obtained from
U0, U4, U8, and U16 were in the range 181—345 nm (Figure
6). The sols from poly(U0) showed the largest average
diameter around 345 nm while those of poly(U4), poly(US),
and poly(U16) were found in the range 181—196 nm. The
AFM results revealed that PDAs sols derived from poly(U0)
formed long rods with a diameter around 100 nm and length
above 1500 nm while poly(U4) and poly(U8) contained
mixtures of mainly rod-like structures with shorter lengths
around 800 and 400 nm, respectively. In case of the poly(U16),
the particles appeared as aggregated spherical structures. These
results are in good agreement with the DLS data which showed
a decrease in particle sizes with the increasing length of
hydrophobic alkyl chain. For self-assembly of lipid molecules
with tail volume v, tail length ], and cross-sectional area of the
headigroup a, the packing parameter (P) is determined by P =
v/al.'? According to the structural guideline, the rod structure
of poly(U0) indicated that 0.33 < P < 0.50 while the spherical
vesicle structure of poly(U16) indicated that 0.50 < P < 1.0.
Since the a and [ values of this lipid series are essentially the
same, the changes of this packing parameter thus result from
the increase of v value along with the number of methylene
units in the alkyl chain (Figure 6c).

H CONCLUSION

New PDAs from two series of symmetrical (Sx) and
unsymmetrical (Uy) diacetylene monomers containing diamide
groups with different methylene units were investigated. The
number of methyelene unit (x) in the Sx series showed a clear
odd—even effect on thermochromic reversibility of the PDAs.
Full blue—red color transition reversibility is observed only for
the even x numbers (2, 4, and 6) but not for the odd x numbers
(3 and 5).

On the other hand, the degree of thermochromic reversibility
of the PDAs derived from Uy ascended along with the number
of methylene unit (y) in their hydrophobic. This novel finding
indicates that the number of methylene units (x and y) plays
important roles in controlling the thermochromic reversibility
of the diamide PDAs via their hydrophobic packing ability
which should be seriously taken into consideration in the
development of PDAs as universal thermal indicators.

B EXPERIMENTAL SECTION

Materials. General Procedure for Synthesis of Symmetrical
Diyndiamides (Sx). N-(3-(Dimethylamino)propyl)-N'-ethylcarbodii-
mide hydrochloride (EDCI) (101.6 g, 0.53 mmol) in dichloromethane
(3 mL) was added dropwise into a solution of 10,12-pentacosadiynoic
acid (PCDA) (0.200 g, 0.53 mmol) in dichloromethane (3 mL). The
mixture was stirred for 1 h at 0 °C and warmed up to room
temperature. Then 1,2-ethylenediamine (14.2 L, 0.21 mmol) was

dx.doi.org/10.1021/ma3019798 | Macromolecules 2012, 45, 9038—9045
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and kept stirred for 12 h at room
was evaporated and purified by
recrystallization in methanol to afford N,N’-ethylenebispentacosa-
10,12-diyndiamide (S2) as white solid (0.117 g, 72% yield); mp =
125—127 °C. 'H NMR (400 MHz, CDCL;): § = 0.88 (t, ] = 6.8 Hz,
6H; —CHS,), 1.38—1.25 (m, 64H; —CH,—), 2.17 (t, ] = 7.6 Hz, 4H;
C=O0CH,), 2.24 (t, J = 7.0 Hz, 8H; C=CCH,), 3.88 (t, J = 2.4 Hz,
4H; NH—CH,), 6.16 (brs, 2H; NHC=0).”
N,N’-Propylenebispentacosa-10,12-diyndiamide (S3). Synthe-
sized according to above general procedure from 1,3-diaminopropane
(17.6 uL, 0.21 mmol), EDCI (101.6 g, 0.53 mmol), and PCDA (0.200
g, 0.53 mmol). Purified by recrystallization in methanol to afford 83 as
white solid (0.129 g, 78% yield); mp = 115—117 °C. 'H NMR (400

added dropwise into the mixture
temperature. After that solvent
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MHz, CDCL): 6 = 0.88 (t, ] = 6.6 Hz, 6H; —CH,), 1.52—1.25 (m,
64H; —CH,—), 225-2.17 (m, 14H; C=0CH,, C=CCH,), 3.30—
325 (q, 4H; —CH,—NH,), 6.18 (t, J = 5.8 Hz, 2H; NH=CO).
HMRS caled for Cg3HgoN,O,Na [M + Na]*: 809.6900. Found:
809.8360.

N,N’-Butylenebispentacosa-10,12-diyndiamide (54).7° Synthe-
sized according to above general procedure from 1,4-diaminobutane
(210 4L, 0.21 mmol), EDCI (1016 g, 0.53 mmol), and PCDA (0.200
g, 0.53 mmol). Purified by recrystallization in methanol to afford $4 as
white solid (0.128 g, 76% yield); mp = 135—136 °C. '"H NMR (400
MHz, CDCL): 6 = 0.88 (t, J = 7.0 Hz, 6H; —CH,), 1.54—1.26 (m,
68H; —CH,—), 2.17 (t, ] = 7.6 Hz, 4H; C=OCH,), 2.24 (t, ] = 7.0
Hz, 8H; C=CCH,), 328 (t, ] = 5.6 Hz, 4H; NH—CH,), 5.77 (brs,
2H; NHC=O0).

N,N’-Pentylenebispentacosa-10,12-diyndiamide (55). Synthesized
according to above general procedure from cadaverine (1,5-
diaminopentane) (24.7 uL, 021 mmol), EDCI (101.6 g, 0.53
mmol), and PCDA (0.200 g, 0.53 mmol). Purified by recrystallization
in methanol to afford S5 as white solid (0.128 g, 75% yield); mp =
121-123 °C. 'H NMR (400 MHz, CDCL): 5 = 0.88 (t, ] = 6.6 Hz,
6H; —CHS), 1.54—125 (m, 70H; —CH,—), 2.16 (t, ] = 7.4 Hz, 4H;
C=O0CH,), 224 (t, ] = 7.0 Hz, 8H; C=CCH,), 3.27—3.22 (q, 4H;
NH-CH,), 5.61 (t, J] = 5.0 Hz, 2H; NHC=0). HMRS calcd for
CssHosN,0, [M + H]*: 815.7315. Found: 815.1518.

N,N’-Hexamethylenebispentacosa-10,12-diyndiamide (56).7°
Synthesized according to above general procedure from hexamethy-
lenediamine (24.4 mg, 0.21 mmol), EDCI (101.6 g, 0.53 mmol), and
PCDA (0.200 g, 0.53 mmol). Purified by recrystallization in methanol
to afford 6 as white solid (0.138 g, 79% yield); mp = 135137 °C. 'H
NMR (400 MHz, CDCL,): § = 0.88 (t, ] = 6.8 Hz, 6H; —CHj,), 1.52—
1.26 (m, 72H; —CH,—), 2.16 (t, ] = 7.6 Hz, 4H; C=0CH,), 2.24 (t, ]
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Figure 6. (a) DLS particle size distribution of PDA of U0, U4, U8, and U16 sols and their AFM images (inset) from dry samples on mica substrate.
(b) Proposed structures of U0 and U16 and their packing variables (a, v, and [) critical in lipid self-assembly morphology.

= 7.0 Hz, 8H; C=CCH,), 3.27—3.22 (q, 4H; NH-CH,), 5.57 (t, ] =
4.6 Hz, 2H; NHC=0).

N-(2-Aminoethyl)pentacosa-10,12-diyndiamide (AEPCDA).”® N-
(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDCI) (132.3 g, 0.69 mmol) and N-hydroxysuccinimide (NHS)
(73.7 g, 0.64 mmol) in dichloromethane (3 mL) were added dropwise
into a solutionof 10,12-pentacosadiynoic acid (PCDA) (0.200 g, 0.53
mmol) in dichloromethane (3 mL). The mixture was stirred for 12 h
at 0 °C and warmed up to room temperature. After that, the reaction
mixture was poured into dichloromethane (20 mL) and extracted with
distilled water (4 X 10 mL). The organic extract was then dried over
anhydrous Na,SO,, the solvent was removed by rotary evaporator to
yield white solid. Subsequently, the solution of the crude product
(0.264 g, 0.56 mmol) in dichloromethane (5 mL) was added dropwise
into a solution of ethylenediamine (0.19 mL, 2.80 mmol) in
dichloromethane (1 mL). The mixture was stirred for 4 h at room
temperature, and then the reaction mixture was poured into
dichloromethane (20 mL) and was extracted with saturated sodium
carbonate solution (20 mL) followed by distilled water (4 X 10 mL).
The organic extract was then dried over anhydrous Na,SO, and
purified by column chromatography with ethyl acetate:methanol
(70:30 v/v) as an eluent to afford AEPCDA as white solid (0.388 g,
93% yield); mp = 111-114 °C. '"H NMR (400 MHz, CDCl;) §
(ppm): 0.88 (t, J = 6.7 Hz, 3H; —CH,), 1.42 (m, 32H, —CH,—), 2.18
(t, J = 7.6 Hz, 2H; C=O0CH,), 2.23 (t, ] = 6.8 Hz, 4H; C=CCH,),
2.84 (t,J = 5.7 Hz, 2H; NH—CH,—), 3.31 (q, J = 5.7 Hz, 2H; —CH,—
NH,), 5.95 (brs, C=ONH, 1H).

General Procedure for Synthesis of Unsymmetrical Diyndia-
mide Monomers (Uy). To a stirred solution of AEPCDA (0.100 g,
0.24 mmol) in dichloromethane (S mL), TEA (100.4 L, 0.72 mmol),
DMAP (2—3 crystals), and acetic anhydride (113.4 L, 1.20 mmol)

9043

were added and stirred for 4 h. Then the reaction mixtures were
extracted with dichloromethane (20 mL) followed by addition of
distilled water (4 X 10 mL). The organic extract was dried over
anhydrous Na,SO, and purified by column chromatography with ethyl
acetate:methanol (95:5 v/v) as an eluent to afford N-(2-
acetamidoethyl)pentacosa-10,12-diyndiamide (U0) as white solid
(0.081 g, 74% yield); mp = 115—116 °C. 'H NMR (400 MHz,
CDCL,) 6 (ppm): 0.88 (t, J = 6.4 Hz, 3H; —CH,), 1.60—1.24 (m,
32H; —CH,—), 1.98 (s, 3H; C=O0CH;), 2.17 (t, ] = 7.6 Hz, 2H; C=
OCH,), 224 (t, ] = 7.0 Hz, 4H; C=CCH,), 3.38 (s, 4H; NH-CH,),
6.17 (brs, IH; C=0NH), 6.28 (brs, IH; C=ONH). HMRS calcd for
CoHgoN,O,Na [M + Na]*: 481.3770. Found: 481.3789.
N-(2-Propionamidoethyl)pentacosa-10,12-diyndiamide (U1).
Synthesized according to the above general procedure from propionic
anhydride (254.1 uL, 1.20 mmol), AEPCDA (0.100 g, 0.24 mmol),
TEA (1004 uL, 0.72 mmol), and DMAP (2—3 crystals) in
dichloromethane (S mL) for 4 h, purified by column chromatography
with ethyl acetate (100% v/v) as an eluent to afford U1 as white solid
(0.074 g, 66% yield); mp = 116—117 °C. 'H NMR (400 MHz,
CDCl,) 6 (ppm): 0.88 (t, ] = 6.8 Hz, 6H; —CH,), 1.52—1.25 (m,
32H; —CH,-), 2.22-2.15 (m, 4H; C=0CH,), 224 (t, J = 5.8 Hz,
4H; C=CCH,), 340 (t, ] = 2.2 Hz, 4H; NH-CH,), 6.19-6.14 (d,
2H; C=ONH). HMRS caled for C;H;,N,O,Na [M + Na]":
495.3926. Found: 495.3923.
N-(2-Hexanamidoethyl)pentacosa-10,12-diyndiamide (U4). Syn-
thesized according to above general procedure from hexanoic
anhydride (277.1 pL, 1.20 mmol), AEPCDA (0.100 g, 0.24 mmol),
TEA (1004 uL, 072 mmol), and DMAP (2-3 crystals) in
dichloromethane (S mL) for 4 h, purified by column chromatography
with ethyl acetate (100% v/v) as an eluent to afford U4 as white solid
(0.098 g, 80% yield); mp = 118—120 °C. 'H NMR (400 MHz,
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CDCL,) 5 (ppm): 0.89 (t, J = 5.8 Hz, 6H; —CH,), 1.63—1.24 (m,
38H; —CH,—), 2.16 (t, ] = 7.4 Hz, 4H; C=0CH,), 2.23 (t, ] = 7.0
Hz, 4H; C=CCH,), 3.38 (s, 4H; NH-CH,), 6.28 (brs, 2H; C=
ONH). HMRS caled for Cy3HgN,O,Na [M + Na]*: 537.4396.
Found: 537.4399.
N-(2-Decanamidoethyl)pentacosa-10,12-diyndiamide (U8). Syn-
thesized according to above general procedure from decanoic
anhydride (442.2 yL, 1.20 mmol), AEPCDA (0.100 g, 0.24 mmol),
TEA (1004 uL, 0.72 mmol), and DMAP (2—3 crystals) in
dichloromethane (S mL) for 4 h, purified by column chromatography
with ethyl acetate (100% v/v) as an eluent to afford U8 as white solid
(0.079 g, 58% yield); mp = 122—124 °C. 'H NMR (400 MHz,
CDCL,) 6 (ppm): 0.87 (t, J = 6.6 Hz, 6H; —CH,), 1.63—1.25 (m,
46H; —CH,—), 2.16 (t, ] = 7.6 Hz, 4H; C=0CH,), 2.23 (t, ] = 7.0
Hz, 4H; C=CCH,), 338 (s, 4H; NH—CH,), 6.38 (brs, 2H; C=
ONH). HMRS caled for C;;HgN,O,Na [M + Na]™: 593.5017.
Found: 593.4970.
N-(2-Myristamidoethyl)pentacosa-10,12-diyndiamide (U12).
Synthesized according to above general procedure from myristoyl
chloride (488.1 L, 1.20 mmol), AEPCDA (0.100 g, 0.24 mmol), TEA
(1004 puL, 0.72 mmol), and DMAP (2—3 crystals) in dichloromethane
(S mL) for 4 h, purified by column chromatography with ethyl acetate
(100% v/v) as an eluent to afford U12 (mp = 124—125 °C) as white
solid (0.064 g, 60% yield); mp = 124—125 °C. 'H NMR (400 MHz,
CDCL,) 5 (ppm): 0.88 (t, J = 7.4 Hz, 6H; —CH,), 1.50-1.25 (m,
S4H; —CH,-), 2.16 (t, ] = 7.6 Hz, 4H; C=0CH,), 2.23 (t, ] = 6.8
Hz, 4H; C=CCH,), 3.38 (s, 4H; NH—CH,), 6.18 (brs, 2H; C=
ONH). HMRS caled for C,H,N,O,Na [M + Na]: 649.5648.
Found: 649.5646.
N-(2-Stearamidoethyl)pentacosa-10,12-diyndiamide (U16). Syn-
thesized according to above general procedure from stearoyl chloride
(403.9 uL, 1.20 mmol), AEPCDA (0.100 g, 0.24 mmol), and TEA
(100.4 uL, 0.72 mmol) in dichloromethane (S mL) for 4 h, purified by
recrystallization with methanol to afford U16 as white solid (0.121 g,
74% vyield); mp = 124—126 °C. 'H NMR (400 MHz, CDCl;) §
(ppm): 088 (t, J = 6.6 Hz, 6H; —CH,), 1.61-124 (m, 62H;
—CH,-), 2.17 (t, ] = 7.8 Hz, 4H; C=0CH,), 2.23 (t, ] = 6.8 Hz, 4H;
C=CCH,), 3.38 (s, 4H; NH-CH,), 6.19 (brs, 2H; C=ONH).
Typical Method for Preparation of Polydiacetylene Vesicles.
A diacetylene monomer was dissolved in chloroform (0.5 mL) in a test
tube, and the solvent was removed under reduced pressure. A volume
of Milli-Q water was added to provide the lipid concentration of 0.25
mM. The suspension was heated to 75—85 °C and sonicated in an
ultrasonicating bath until a translucent vesicle sol was obtained,
typically required 30—40 min. The vesicle sol was kept at 4 °C
overnight and was then irradiated with a UV lamp (254 nm, 500 pW/
cm?) for S min at room temperature, unless specified otherwise, and
filtered through a filter paper (No. 1) to give a clear intense blue
vesicle sol.
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Detection and identification of VOCs in their vapor phase is essential for safety and quality assessment.
In this work, a novel platform of a paper-based polydiacetylene (PDA) colorimetric sensor array is
prepared from eight diacetylene monomers, six of which are amphiphilic and the other two are
bolaamphiphilic. To fabricate the sensors, monomers are coated onto a filter paper surface using the
drop-casting technique and converted to PDAs by UV irradiation. The PDA sensors show solvent
induced irreversible color transition upon exposure to VOC vapors. When combined into a sensing
array, the color change pattern as measured by RGB values and statistically analyzed by principal
component analysis (PCA) is capable of distinguishing 18 distinct VOCs in the vapor phase. The PCA
score and loading plots also allow the reduction of the sensing elements in the array from eight to three
PDAs that are capable of classifying 18 VOCs. Utilizing an array containing only two PDAs, various
types of automotive fuels including gasoline, gasohol and diesel are successfully classified.

Introduction

During the last decade, monitoring of volatile organic
compounds (VOCs) has gained enormous interest due to envi-
ronmental and public safety concerns posed by exposure to these
substances. Therefore, many researchers have been focusing on
the development of VOC sensors.!* Changes of electrochemical
properties,>® fluorescence'®** and color'®?® of those sensing
materials after exposure to VOCs provide signals for the detec-
tion and identification of the analytes. Among output signals, the
colorimetric mode is considered as the most convenient sensing
platform for developing a simple naked-eye VOC detector
because it minimizes the need for extensive signal transduction
hardware. Such an advantage will lead to practical on-site
analysis that can be delivered to non-technicians or end-users.
Reported colorimetric sensing materials for VOC sensors include
small organic compounds,?*** metal complexes**=° and conju-
gated polymers.’’¢ Among these sensing materials, poly-
diacetylenes (PDAs) are one of the most promising due to their
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unique chromism properties. PDAs are a class of conjugated
polymers which can undergo distinct color changes from blue to
red under various external stimuli such as heat (thermochrom-
ism),*”*? mechanical stress (mechanochromism),*** ligand—
receptor interactions (affinochromism)*=! and solvents (sol-
vatochromism)**5-5* that make them invaluable transducers for
many optical sensing systems.>>>° The latter property has
recently drawn attention for the development of PDAs in sensors
for VOCs. Those reports share the same strategy in the prepa-
ration of a PDA library embedded in a polymer matrix in various
forms such as polyethyleneoxide or polystyrene electrospun
fibers as well as polydimethylsiloxane or poly(4-vinylpyridine)
spin-coating films.*'*¢ Moreover, PDAs have also been incor-
porated into arrays generating color change patterns to each
VOC analyte leading to the detection and qualitative recognition
of VOCs. The sensing systems reported so far have been tested
successfully only with the liquid form of VOCs but not their
vapor phase. Some of these fabrication techniques are rather
time-consuming and require complicated instrument set up.
Furthermore, all the VOC discrimination was based only on the
visual observation of the color change without any statistical
analysis. Therefore, there remains a great challenge to improve
the fabrication and analysis method of these PDA sensing
systems. More diacetylene monomers should also be investigated
for an optimal array, which can efficiently detect and identify the
vapor of VOCs.

As a continuation of our previous works on PDA sensors,*¢*
we would like to report herein the preparation of a VOC sensor
array from eight PDAs coated on filter paper. Filter paper is
selected as a sensing platform due to its many advantageous
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features ie. (i) it is widely available, easy to use, store and
transport; (ii) it is thin and lightweight; (iii) it is biodegradable
and biocompatible; (iv) its white surface provides strong contrast
with colored substrates, making it a good medium for colori-
metric tests. The fabrication technique is fast and scalable giving
a stable and sensitive paper based sensor array, which can be
used for the detection and identification of 18 different VOC
vapors using a statistical pattern recognition method. Numerical
data of colorimetric responses to VOCs were conveniently
obtained from a flatbed scanner and an image processing
program. Principal component analysis (PCA) was used for the
multivariate statistical analysis. This paper based PDA sensor
array and the analysis method can also be applied successfully to
distinguish vapors of various automotive fuels such as gasoline,
gasohol and diesel.

Results and discussion
Synthesis of diacetylene monomers 1-8

In this work, eight diacetylene monomers (DA) such as amphi-
philic (1-6) and bolaamphiphilic (7-8) compounds were utilized
as precursors for preparation of PDA sensing elements in the
paper based array sensor for VOCs (Fig. 1). The monomers 1
(PCDA) and 2 (TCDA) are well known and commercially
available while the others were prepared according to reported
procedures. Briefly, diacetylene lipid 3 was synthesized through
the Cadiot—Chodkiewicz coupling reaction between the corre-
sponding alkynoic acid with terminal alkyne in the presence of
copper iodide.*® Diacetylene monomers 4 and 5 were prepared
from the condensation reaction between PCDA (1) with appro-
priate diamines.®® The addition of HBr to secondary amine 5
gave ammonium salt 6 in reasonable yield.** Finally, bolaam-
phiphilic monomers 7 and 8 were synthesized from a copper
catalyzed Glasser homocoupling reaction between the corre-
sponding terminal alkynoic acids.®*®> Detail synthetic proce-
dures and characterization data of compounds 3-8 are available
in the ESL.{

Preparation of PDA coated paper

With the panel of diacetylene monomers (DA) in hand, we next
focused on their fabrication onto filter paper sheets. The
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Fig. 1 Structures of diacetylene monomers (1-8).

fabrication was started by dropping a solution of the DA
monomer in an appropriate solvent on filter paper (Fig. 2a) and
allowing it to dry in the dark at room temperature. The size of the
DA dot can be easily controlled by the solution volume using an
auto pipette and the desired numbers of DA dots are created
simply by repeating the drop casting process at different loca-
tions on the filter paper. The resulting filter paper coated with
multiple dots of the DA monomer was irradiated with UV light
(254 nm, 500 uW cm~2) for 1 min to produce the replicated PDA
sensing dots (Fig. 2a). All DA monomers except 7 gave the
typical blue color of ene-yne w-conjugated PDAs indicating good
packing of the DA molecules. The color of PDA derived from 7
appeared as red, which is perhaps due to its unusual packing in
the molecular self-assembly.®® Pleasingly, the PDA prepared by
this method was very stable in that their color did not change
upon storage in a refrigerator over several months. It is thus
important to emphasize that this preparation technique is very
convenient and economical to construct a robust solid-state PDA
sensor array as shown in Fig. 2b. The microscopic images
obtained from an optical microscope also revealed that most of
the PDA pigments are deposited on the surface of the cellulose
fibers with little or no fiber penetration (Fig. 2c). This surface
coating behavior is desirable for colorimetric detection because it
requires less sensing material and provides better sensitivity.

Colorimetric detection of VOC vapors

Although the solvent dependent color transition of PDAs has
been well-investigated in many literature works,*' ¢ the sensing
application of PDAs for VOCs in the vapor phase have never
been reported. Therefore, the PDA coated filter papers were
tested for this application by attaching them on the inner surface
of a lid of a chamber saturated with a wide range of VOC vapors
i.e. pentane, hexane, cyclohexane, toluene, o-xylene, benzene,
diethyl  ether, dichloromethane (DCM), 2-propanol,

a)
photo
polymerization

—_—

Fig. 2 (a) Preparation of paper-based PDA sensor and (b) scanned
images of sensor array constructed from 1-8 exposed with UV light
(1 min, 500 pW cm~2). (c) Microscopic images of a paper based PDA
sensor from 8 before (left) and after exposure to THF vapor (right).
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tetrahydrofuran (THF), chloroform (CHCls), ethanol (EtOH),
ethyl acetate (EtOAc), acetone, methanol (MeOH), acetonitrile
(MeCN), dimethylformamide (DMF) and dimethylsulfoxide
(DMSO). To monitor the color changes of the PDA sensor array,
fa latbed scanner was chosen as the optical recorder as the images
are always in focus and not affected by lighting conditions.®”®
Upon exposure to vapors for 1 h, the PDA dots displayed
various degrees of color transition as shown in Fig. 3. Due to its
high solvent sensitivity, poly(PCDA) was used for mixing with
less sensitive PDAS to generate solvent sensor arrays with a wide
range of solvent responses.® However, in this work, poly(PCDA)
coated paper was colorimetrically insensitive toward most VOC
vapors except THF (Fig. 3, row 1). The results strongly suggested
that PDAs with higher sensitivity are required for construction of
an effective vapor-sensing array. Among the diacetylene mono-
mers tested in this work, 3 gave blue PDA coated paper with the
highest sensitivity, as it turned red upon the exposure to vapors
of most VOC:s (Fig. 3, row 3). We believe that the high sensitivity
of this PDA is derived from weaker hydrophobic interaction
between its shorter side chains.*®*%° The PDAs obtained from
other monomers gave lower but variable sensitivities toward
various VOC vapors that provided an array of different color
patterns. These variable sensitivities of PDAs are governed by
the interactions among PDA side chains. The combination of
different alkyl chain lengths with various functional groups i.e.
carboxylic, dicarboxylic, amido, amino and ammonium groups
was proven to be effective for tuning the VOC sensitivity.
Notably, the color transition of this PDA array is irreversible so
that the color record by a flatbed scanner can be conveniently
conducted after the removal of the VOCs.

Evaluation of colorimetric response patterns

To evaluate 144 colorimetric responses of 8 PDA sensors against
18 VOC vapors, we converted the scanned images (TIF format)
into the RGB values (R = red, G = green and B = blue) using

a conventional image-processing program. A three-dimensional
vector (AR, AG, AB) of each PDA sensor was determined from
the RGB values before and after exposure to the VOC vapors.
The histogram plot of these vectors against the VOC vapors
generated a color change profile of the array (Fig. 4), which
illustrated distinguishable color change patterns of the VOC
vapors. To highlight the discrimination efficiency of our PDA
array, the responses of VOCs with similar structures and polarity
are mentioned here. For example, hydrocarbon VOCs (pentane,
hexane, cyclohexane, toluene, o-xylene and benzene) induced
different response patterns on PDAs 2 and 3. PDA 2 is also
effective for discriminating between two chlorinated VOCs such
as chloroform and dichloromethane. Due to their significant
difference in solvating power nature, the ethereal solvents such as
ether and THF are readily distinguished by several PDAs
including 1, 5, 6 and 8. For solvents containing carbonyl groups
such as ethyl acetate, acetone and DMF, PDA 8 seemed to be the
most efficient sensing element for differentiating these VOCs.
For vapors of alcohols such as 2-propanol, ethanol and meth-
anol, PDAs 2 and 6 gave diverse responses. Notably, the quan-
titative color change profile (Fig. 4) is in good agreement with the
photographic images (Fig. 3). Importantly, the standard devia-
tion as depicted by the error bars in Fig. 4, calculated from 12
measurements (4 dots of PDA x 3 scans), was very small which
demonstrates the high precision of this method of measurement.
We attribute the high reproducibility of this method to the fact
that the PDA sensing spots are not in direct contact with the
liquid solvents, which can cause PDA detachment from the paper
surface.

Since the colorimetric response patterns were based on 24
dimensions (8 polymers x 3 values of RGB), effective pattern
recognition and comparison require a statistical multivariate
analysis. In this work, we utilize principal component analysis
(PCA), a non-supervised method, to generate coordinates (PC
scores) recognizable within the lowest dimension represented by
the principal component (PCs) from the set of 5184 colorimetric
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Fig. 3 Scanned images of the paper-based PDA sensor array prepared from 1-8 exposed to various saturated vapors of volatile organic solvents.

5972 | J. Mater. Chem., 2012, 22, 5970-5977

This journal is © The Royal Society of Chemistry 2012



120

90

60 4
°
]
s
g 30 1 LT
a oq

o L 1-3
.30 s EtOAc
eyclohsuane L ehlorol acetones MeCN pMF DMSO zlﬂu
pentane 2-propai
toluene Y7 benzens dichloromethane -

60
128 1728 1™ »8 1728 1728 178 1728 1728 1728 1728 1728 178 128 18 128 128 128 1->8

Fig. 4 RGB color change profile of a paper-based PDA sensor array prepared from 1-8 after exposure to saturated vapors of VOCs.

data set (18 VOCs x 12 repeats x 8 polymers x 3 values of
RGB). The PC score plot showed that the first and second
components (PC1 and PC2) accounted for 47.33% and 14.62% of
the data variance, respectively (Fig. 5). Within this 2D plot, 18
discrete clusters corresponding to all VOCs tested were clearly
observed. The results indicated high discriminating ability of this
paper based PDA sensor array. To evaluate the classification
accuracy, factorial discriminant analysis (FDA), a supervised
method, was applied on the PC scores to cross validate the
discriminating ability using a leave-one-out technique.”” The
FDA cross validation gave 100% classification accuracy con-
firming the high efficiency of this sensor array.

For a sensor array, if the numbers of sensing elements can be
reduced without deterioration of the discriminating perfor-
mance, its application will be more user friendly. In order to
reduce the redundant and negative sensing elements in the
studied array, the plots of loading factors associated with PCl
and PC2 for each individual PDA sensor were evaluated
(see ESIt Fig. S19). The plots showed that sensors 2, 3 and 8 had

A0

higher influence in the PC scores than sensors 1, 4, 5, 6 and 7 of
which the loading factors appear close to the origin point.
Therefore, three PC score plots of the data from each pair of
sensing elements selected from sensors 2, 3 and 8 were generated.
Again, FDA was used to cross validate the classification accu-
racy of the PCA score plots. Interestingly, both 2/8 and 3/8
sensor pairs provided the classification accuracy of 100% while
the 2/3 sensor pair gave a lower accuracy of 88% (see ESIt
Fig. S20-22). These outcomes imply that the combination of the
sensors from amphiphilic (2 or 3) and bolaamphiphilic mono-
mers (8) provides greater sensitivity variance toward the VOCs
compared with the sensor pair from only amphiphilic monomers
(2/3 pair). The high sensitivity variance in turn benefits the
discriminating efficiency of the sensor array.

Application in classification of automotive fuels

Due to the current price hike of petroleum fuels, several bio-fuels
such as ethanol and fatty acid esters have been added to create
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Fig. 5 PCA score plot of RGB color changes obtained from the paper-based PDA sensor array upon exposure to 18 VOC vapors (8 PDAs x 4

replicates x 18 VOCs x 3 measurements).
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a variety of alternative fuels. In Thailand, for example, many
types of automotive fuel have been commercialized such as
gasoline octane 91 (G91), 10% ethanol blended gasoline widely
known as gasohol octane 91 and 95 (H91 and 95), 20% ethanol
blended gasoline (E20), diesel (D) and biodiesel (B5). Authenti-
cation and identification of these fuels are of commercial and
legal importance. Presently, the authentication and identification
of different types of gasoline are performed by direct observation
of the color generated by different additives (see the their
appearance in ESIt Fig. S23). However, this easy and simple
method does not prevent misuse and intentionally fake gasoline
because the color of the additive does not reflect the chemical
component within the fuel. Therefore, there remains a need for
an inexpensive on-site method for automotive fuel testing. Along
this line, we extended the scope of our paper based PDA sensor
array to identify these commercial automotive fuels.

Having identified that PDAs 2, 3 and 8 are the most infor-
mative sensing elements for the identification of VOC vapors, ten
automotive fuel samples (G91, H91, H95, E20, D and BYS) from
two leading oil companies in Thailand (A and B) were tested with
selected PDA sensors by the same procedure as those performed
with the solvent vapors described above. Clearly, the PDA from
2 showed blue to red color transition upon the exposure to
vapors of fuels containing ethanol (H95(A), H95(B), H91(A),
H91(B) and E20) and the PDA from 3 gave the response to both
gasohol and gasoline while the PDA from 8 was insensitive to all
type of fuels (Fig. 6(top)). None of these PDAs showed any
colorimetric response to diesel (D) and biodiesel (BS). The fuel
dependent color transitions described above are the results of the
difference in solvating power and vapor pressure of the fuels.
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Fig. 6 (Top) Scanned images of the paper-based PDA sensor array
prepared from 2, 3 and 8 before (blank) and after exposure to 10 auto-
motive fuel vapors. (Bottom) PCA score plot of RGB color changes
obtained from the paper-based PDA sensor array derived from 2 and 3
upon exposure to automotive fuels (2 PDAs x 3 replicates x 10 auto-
motive fuels x 3 measurements of each RGB).

From Fig. 6(top), the classification of fuels into gasohol
(including E20), gasoline and diesel (including biodiesel) is
possible by the color pattern of sensors 2 and 3. To ensure the
robustness of this sensor array, the reproducibility and discrim-
inating ability were evaluated using the PCA technique. The
RGB color-change values (see ESIT Fig. S24) were again con-
verted into a PCA score plot (Fig. 6(bottom)). From the plot,
a total variance of 97.54% can be obtained from the first two PCs
in which PC1 and PC2 contributed 84.52% and 13.02%, respec-
tively. The plot also showed well-separated clusters of diesel (D),
biodiesel (B5), E20, gasohol (H), gasoline (G) confirming the
high fuel discrimination ability of sensors 2 and 3.

It is also important to note that all the data points in each
cluster are very tight indicating a high reproducibility of this
sensing platform. In fact, the data points were so reproducible
that even the same type of fuels obtained from different
companies could be differentiated. These dissimilarities may be
attributed to different additives used by the oil companies.

Conclusions

Paper-based PDA sensors were prepared by drop casting of
diacetylene monomers followed by UV photopolymerization,
a very simple and economical method. An array constructed from
8 different diacetylene monomers was capable of distinguishing 18
VOCs in the vapor phase when utilized in combination with
principle component analysis. In its optimal form, an array con-
taining 3 chosen PDAs was capable of classifying 18 VOCs with
high reproducibility and discriminating ability. In addition,
a sensor array containing two PDAs was effective at dis-
tinguishing various types of automotive fuels. Thus, this is the first
platform truly proven to be effective for detection and identifi-
cation of a large numbers of VOCs in their vapor phase.

Experimental section
General information

10,12-Pentacosadiynoic acid (PCDA) and 10,12-tricosadiynoic
acid (TCDA) were purchased from GFS Chemical and other
reagents were obtained from Sigma-Aldrich and Fluka. All
organic solvents for monomer synthesis and purification were
purchased from TSL chemicals (Thailand) and were used
without further purification. For VOCs tested, all solvents are
high purity grade (HPLC grade). 'H and '"*C spectra were
collected on a 400 MHz NMR spectrometer (Mercury 400,
Varian). Photographic images were recorded using a Can-
oScanner LiDE 200.

Preparation of diacetylene monomers (3-8)

6,8-Nonadecadiynoic acid (3). To a stirred solution of 6-hep-
tynoic acid (3.0 mmol) and 1-iodo-1-dodecyne (3.6 mmol) in
pyrrolidine (15.0 mmol) was added copper(1) iodide (0.05 mmol).
Then the reaction mixture was stirred at room temperature for 3 h.
The reaction mixture was then added to an saturated aqueous
solution of ammonium chloride (50 mL) and extracted with
diethyl ether (3 x S0 mL). The combined organic layers were dried
over anhydrous Na,SO,4 and filtered, and the solvent was removed
by arotary evaporator. The crude product was purified by column
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chromatography with hexane and ethyl acetate (90:10) as an
eluent to give 6,8-nonadecadiynoic acid (3) (650.00 mg, 75% yield)
as a white powder: mp 57-59 °C; '"H NMR (400 MHz, CDCl,):
6 (ppm) = 2.31 (t, J = 7.4 Hz, 2H), 2.22 (1, J = 6.9 Hz, 2H), 2.17
(t,J=17.1),1.68 (m, 2H), 1.52 (m, 2H), 1.43 (m, 2H), 1.30-1.28 (m,
14H), 0.81 (t, J = 6.8 Hz, 3H); ESIMS m/z = 289.26 [M — H]
(caled for Ci9H300;, 290.44). Anal. Found: C, 78.71; H, 10.53
(caled for C9H300,: C, 78.57; H, 10.41).

N-(2-Aminoethyl)pentacosa-10,12-diynamide (4). A solution of
1-ethyl-3-(3’-dimethylamino) carbodiimide HCI salt (EDC)
(246.14 mg, 1.28 mmol) in methylene chloride (2 mL) was added
dropwise into a solution of 10,12-pentacosadiynoic acid (PCDA)
(400.00 mg, 1.07 mmol) in methylene chloride (5 mL). The
mixture was stirred for 1 h at room temperature and was then
added dropwise into a solution of N-hydroxysuccinimide (NHS)
(147.77 mg, 1.28 mmol) in methylene chloride (2 mL) at room
temperature. After the reaction mixture was stirred at room
temperature overnight, water (20 mL) was added and extracted
with methylene chloride (25 x 3 mL). The organic phase was
dried with sodium sulfate and rotary evaporated to yield the
crude product as a white powder. Then the crude product was
dissolved in methylene chloride (10 mL) and added dropwise into
a solution of ethylenediamine in methylene chloride (2 mL). The
mixture was then kept stirring for 4 h at room temperature. The
mixture was extracted with methylene chloride (25 x 3 mL) and
the organic phase was dried with sodium sulfate and rotary
evaporated to yield the crude product as a white powder. The
crude product was purified by column chromatography on silica
gel eluted with a mixture of ethyl acetate and methanol (70:30) to
give N-(2-aminoethyl)pentacosa-10,12-diynamide (4, 325.00 mg,
92% yield) as a white powder: mp 111-114 °C. 'H NMR (400
MHz, CDCl3): 6 (ppm) = 0.87 (t, / = 6.8 Hz, 3H), 1.42 (m, 32H),
2.18 (t, J =17.6 Hz, 2H), 2.23 (t, J = 6.8 Hz, 4H), 2.84 (t, J = 5.7
Hz, 2H), 3.31 (q, J = 5.8 Hz, 2H), 5.94 (brs, 1H); *C NMR (400
MHz, CDCl;): 6 (ppm) = 173.6, 77.6, 77.5, 65.3, 65.3, 41.6, 41.6,
41.3, 36.8, 31.9, 29.6, 29.6, 29.5, 29.3, 29.2, 29.2, 29.1, 28.9, 28.9,
28.7,28.3,25.7,22.7,19.2, 19.2, 14.1; ESIMS m/z = 416.50 [M]",
438.47 [M — H + Na]* and 439.34 [M + Na]*.

N-(2-(Ethylamino)ethyl)pentacosa-10,12-diynamide (5). N,N'-
Dicyclohexylcarbodiimide (DCC) (264.18 mg, 1.28 mmol) in
methylene chloride (4 mL) was added dropwise into a solution of
10,12-pentacosadiynoic acid (PCDA) (400.00 mg, 1.07 mmol) in
methylene chloride (7 mL). The mixture was stirred at 0 °C for 1
h. N-Ethylethylenediamine (146 pL, 1.38 mmol) was added
dropwise into the reaction mixture at room temperature. The
reaction mixture was stirred at room temperature overnight. The
mixture was extracted with methylene chloride (25 x 3 mL). The
organic phase was dried with sodium sulfate and evaporated to
yield the crude product as a white powder. The crude product
was purified by column chromatography on silica gel eluted with
a mixture of ethyl acetate and methanol (70:30) to give N-(2-
(ethylamino)ethyl)pentacosa-10,12-diynamide (5, (417.00 mg,
88% yield) as a white powder: mp 64-66 °C;'H NMR (400 MHz,
CDCl3): 6 (ppm) = 0.86 (t, J = 6.8 Hz, 3H; CH3), 1.09 (t, J = 7.1
Hz, 3H; CH3), 1.33 (m, 16H, 32H; CH,), 2.15 (t, / = 7.6 Hz, 2H:
CH,), 2.21 (t, J = 6.9 Hz, 4H; CH»), 2.64 (q, J = 7.2 Hz, 2H;
CH,), 2.74 (t, J = 7.6 Hz, 2H; CH,), 3.33 (q, J = 5.7 Hz, 2H;

CH,), 4.75 (brs, 1H, NH), 6.11, (brs, 1H; NH); *C NMR (400
MHz,CDCly): 6 (ppm) = 173.5, 77.6, 77.5, 65.3, 65.2, 48.4, 43.7,
38.7, 31.9, 29.6, 29.6, 29.6, 29.5, 29.5, 29.3, 29.3, 29.1, 29.2, 29.1,
28.9,28.9, 28.8, 28.4, 28.3, 25.7, 22.7, 19.2. ESIMS m/z = 444.58
[M]* and 445.48 [M + HJ".

N-Ethyl-2-pentacosa-10,12-diynamidoethanaminium  bromide
(6). N-(2-(Ethylamino)ethyl)pentacosa-10,12-diynamide (400.00
mg, 0.90 mmol) was dissolved in chloroform and hydrobromic
acid (HBr) (97.00 pL, 1.80 mmol). The mixture was stirred at
room temperature for 1 h. Water (20 mL) was added and the
mixture was extracted with chloroform. The organic phase was
dried with sodium sulfate and rotary evaporated to yield the
crude product as a white powder. The crude product was
recrystallized by chloroform to give N-ethyl-2-pentacosa-10,12-
diynamidoethanaminium bromide (6, 307.00 mg, 65% yield) as
a white powder: mp 115-118 °C; '"H NMR (400 MHz,CDCl3):
0 (ppm) = 0.88 (t, J = 6.8 Hz, 3H; CH3), 1.40, (m, 32H; CH,),
1.62 (t, J = 7.2 Hz, 3H; CH3), 2.25 (m, H3; CH>), 3.12 (m, 4H;
CH,), 3.68 (q, J = 4.4 Hz, 2H; CH,), 7.65 (brs, 1H; NHC=0);
BC NMR (400 MHz,CDCl,): 6 (ppm) = 175.5, 77.7, 77.4, 65.3,
65.2,47.9,43.5, 36.5, 36.3, 31.9, 29.7, 29.6, 29.7, 29.5, 29.4, 29.2,
29.2,29.1,28.9, 28.9, 28.9, 28.3, 28.4, 25.6, 22.7, 19.2, 19.2, 14.1,
11.3. ESIMS m/z = 444.62 [M]" and 445.50 [M + H]".

5,7-Dodecadiynedioic acid (7). A solution of 5-hexynoic acid
(400 pL, 3.60 mmol) in DI water (15 mL) in a three-neck round
bottom flask was bubbled with oxygen gas at room temperature.
Then copper(1) chloride (1790 mg, 18.10 mmol) and ammonium
chloride (1930 mg, 36.00 mmol) were successfully added. After
the reaction mixture was vigorously stirred for overnight, 10 mL
of 1 M hydrochloric acid cold solution was poured into the
mixture and the precipitate was collected and dried under
vacuum oven at room temperature to give 5,7-dodecadiynedioic
acid (7, 393.00 mg, 98% yield) as a white powder: mp 137-139 °C;
"H NMR (400 MHz, CDCl,;): 6 (ppm) = 1.79 (m, 4H; CH,), 2.32
(t, J = 2.33 Hz, 4H; CH,), 2.43 (t, J = 2.43 Hz, 4H; CH,); "*C
NMR (400 MHz, CDCl;): 6 (ppm) = 19.4, 25.0, 33.8, 51.7, 51.9,
67.1, 77.4, 175.5. ESIMS m/z = 220.46 [M]".

10,12-Docosadiynedioic acid (8). A solution of 10-undecynoic
acid (200 mg, 1.1 mmol) in tetrahydrofuran (15 mL) in a three-neck
round bottom flask was bubbled with oxygen gas at room temper-
ature. Then copper(1) chloride (545 mg, 5.50 mmol) and ammonium
chloride (590 mg, 11.00 mmol) were successfully added. After the
reaction mixture was vigorously stirred overnight, 10 mL of 1 M
hydrochloric acid cold solution was poured into the mixture and the
precipitate was collected and dried under vacuum oven at room
temperature to give 10,12-docosadiynedioic acid (8, 179.00 mg, 90%
yield) as a white powder: mp 100-103 °C. '"H NMR (400 MHz,
CDCl,): 6 (ppm) = 1.51 (m, 12H; CH,), 2.42 (t, J = 2.24 Hz, 4H;
CH,), 2.28 (m, J = 2.28 Hz; 4H; CH,). *C NMR (400 MHz,
CDCly): 6 (ppm) = 19.5, 25.8, 29.3, 29.6, 29.8, 29.9, 30.0, 34.6, 66.2,
77.7,175.9. ESIMS m/z = 360.51 [M]".

Fabrication of PDA coated paper

A diacetylene solution (2 puL) in 2-propanol or THF (1% w/v) was
dropped on a piece of filter paper (Whatman No.l
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chromatography paper). The paper was allowed to dry in the air
at room temperature for 60 min. A hand-held UV lamp has
500 pW cm~2 at 254 nm, hung 10 cm above the dotted white filter
paper, and was used for UV-polymerization for 1 min to provide
PDA coated papers.

Detection of VOCs and colorimetric measurements

The organic solvents (10 mL) were poured into chambers and
kept for 60 minutes before placing the dotted blue filter paper
within the chamber. The chambers were then placed in a fume
hood. Filter papers containing the blue PDA dots were attached
on the inside surface of a cover of a chamber containing the VOC
being tested. The cover was then used to close the chamber
tightly for 60 min at room temperature. The cover was removed
from the chamber and the photographic images of the PDA dots
were recorded using a scanner. Each image of PDA dots was
saved in TIF format and cropped into 0.5 x 0.5 cm? areas. The
RGB values of the cropped images were obtained from Adobe
Photoshop®. The AR, AG and AB values were determined from
the RGB values before and after exposure to VOC saturated
vapors and were used for the histogram plot.

Data analysis for vapors of VOC discrimination

The set data of 5184 RGB numerical data (3 RGB values x 18
solvents x 8 PDAs x 4 pieces of paper x 3 scans) were then
tabulated and analyzed by principal component analysis (PCA;
Unscrambler 9.7 software version) to generate clusters of data in
the PCA score plot.
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A series of diacetylene lipids carrying primary amine, secondary amine or ammonium head groups are
prepared and converted to blue polydiacetylene (PDA) sols by UV irradiation. The blue to pink
colorimetric transition of polymerized diacetylenes in the presence of anionic surfactants such as
sodium dodecanoate (SDC), sodium docecyl sulphate (SDS), and sodium dodecyl benzene sulphate
(SDBS) are observed by the naked eye at the micromolar concentration level while there is no change
with cationic surfactants and little response with nonionic surfactants. An identification of common
anionic surfactants can be accomplished based on a combination of the colorimetric pattern of
structurally diverse PDAs using the principal component analysis technique. Moreover, PDA was
successfully fabricated on filter paper and the colorimetric response of PDA embedded on the paper
was investigated which allowed the direct colorimetric detection of anionic surfactants.

Introduction

Anionic surfactants are extensively used in many household
products and industrial applications such as cleaning agents and
emulsifiers in cosmetics, pharmaceutical products and chemical
reaction processes. Detection and monitoring of these
compounds in environmental aquatic systems is necessary
because they are classified as water pollutants by EU-EPA.
Contamination causes disturbance and damage to fresh water
living organisms." Furthermore, the ability to quickly identify the
type of surfactants should prevent the industry from the use of
incorrect or ingenuine emulsifying agents. Reported chemical
and biological detection platforms for anionic surfactant moni-
toring include two phase volumetric titration,” potentiometry,?
capillary electrophoresis,* fiber optic biosensors and optode
membranes.” These multi-step assays are difficult to apply and
require expensive instruments. Consequently, there exists a need
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PDA derived from 1, 2, and 3/PCDA with cationic and nonionic
surfactants (50 pM). See DOI: 10.1039/c1jm12795k

for a fast and inexpensive method with a simple mode of detec-
tion such as by the naked eye.

Polydiacetylenes (PDAs) are conjugated polymers that spur
immense interests in the field of chemical and biological sensors.®
They can be conveniently prepared from polymerization of self-
assembled diacetylene monomers by UV-irradiation to generate
ene-yne conjugated polymers. Various forms of momomeric
assemblies such as bulk crystals, self-assembled films and nano-
structures such as vesicles, tubes and ribbons have been used for
preparation of PDAs.” The most interesting features of PDAs are
their unique chromic properties displaying dramatic blue to red
color changes with various external stimuli such as light
(photochromism),® heat (thermochromism),” mechanical stress
(mechanochromism),’®  solvents (solvatochromism)'  and
binding of specific chemical or biological agents (affinochromism
/biochromism).'? The diacetylene lipid is one of the most useful
monomers for preparation of PDA sensors because it can effi-
ciently form nano vesicles homogenously dispersed in aqueous
media suitable for biological and environmental sensing
applications.

The application of PDAs for sensing surfactants was first
reported by Kim and coworkers.'® They demonstrated that PDA
vesicles prepared from a diacetylene lipid containing m-hydroxy-
benzaldehyde head group exhibited a blue-red colorimetric
response selectively to cationic ammonium surfactants. The color
transition was presumably initiated by the interaction between
the hydroxybenzaldehyde head group with the cationic ammo-
nium group of the surfactants. Yoon and co-workers have also
recently reported a highly sensitive colorimetric and fluorescence
detection of anionic surfactants using a PDA containing imida-
zolium group.’ The color transition of this PDA was also

This journal is © The Royal Society of Chemistry 2011
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attributed to a similar interface interaction between the imida-
zolium group at the PDA surface and the anionic head group of
the surfactants. According to these pioneering works, we
envisage that the PDAs containing cationic side chains are
potentially useful as colorimetric transducers in a sensor array
for identification of anionic surfactants.

As a continuation of our previous works on amido PDAs, we
report herein a utilization of our amido PDA series for specific
naked eye detection of anionic surfactants.”* Analysis of the
colorimetric response pattern of the PDA sensing array,
prepared from three amido diacetylene monomers, with PCA
(principal component analysis) allows identification of three
common anionic surfactants. The monomer was also used for the
fabrication of a paper based PDA sensor with good sensitivity
and selectivity toward anionic surfactants. Our findings should
further expand the scope of PDA materials in surfactant sensing
applications.

Results and discussion

Three amido diacetylene lipids 1-3 carrying an amino or
ammonium terminus (Scheme 1) were prepared from commer-
cially available diacetylene lipid PCDA (10,12-pentacosadiynoic
acid) according to reported procedures.®%!S Diacetylene
monomers were designed to carry primary amine, secondary
amine and ammonium head groups which can form positively
charged groups, with diverse electronic and steric properties, in
acidic solution that interact variably with different types of
anionic surfactants resulting in a pattern of colorimetric
responses. Monomer 1 was prepared from a two step synthesis
sequence. PCDA was first activated with NHS (N-hydroxy-
succinimide) to give the PCDA-NHS derivative followed by
treatment with ethylene diamine affording the desired diac-
etylene monomer 1 in good yield. Similarly, a coupling reaction
between N-ethyl ethylene diamine in the presence of N,N'-dicy-
lohexylcarbodiimide (DCC) gave rise to the formation of diac-
etylene monomer 2 as a solid in 88% yield. Finally,
quaternarization of 2 with HBr generated ammonium amine 3 in
65% yield.

Subsequently, all diacetylene monomers including PCDA
(0.10 mM) were transformed into aqueous sols by sonication
followed by UV-irradiation to afford PDA vesicle sols. Mono-
mer 1, 2 and PCDA gave the desired blue sols indicating the
formation of a long ene-yne m-conjugated PDA backbone
(Fig. 1, blank).” On the other hand, 3 gave poor dispersion after

0
P & OH
Z PCDA
1.NHS, EDCI, RT, DCM, 12h P T R
2. NH,CH;CHNHg, RT, DCM, 4h 2 =R
DCC, DCM, RT,2h
92% 88%
o ) o
M PN g Her JC (
A~ NHz ~N ~~NzH
N RN H weon. ° N A0
65% Br
1 2 3

Scheme 1 Synthesis of the investigated amphiphilic diacetylene
monomers.

Blank S SDBS TTAB DTAB HTAB Tween20 Brij@S8P TritonX-100

PCDA

@ﬂﬁﬂll.‘

Fig. 1 Appearance of PDA sols (0.1 mM) in the absence (Blank) and
presence of SDC, SDS, SDBS, TTAB, DTAB, HTAB, Tween20,
Brij@58P and Triton X-100 (50 pM).

PCD

the sonication and formed an unstable pale purple sol upon
irradiation suggesting poor polymerization as a result of the
coulombic repulsion among the ammonium head groups dis-
allowing the formation of a tightly packed bilayer vesicular
structure. To reduce this charge repulsion, 3 was mixed with the
uncharged PCDA at 4 : 1 mole ratio prior to the hydration and
polymerization processes. To our delight, stable homogeneous
purple sols could be obtained from these mixed lipids (Fig. 1,
blank).

With four PDA sols derived from PCDA, 1, 2 and 3 in hand,
the colorimetric response of the sols (0.1 mM) upon treatment
with a panel of surfactants (50 uM) i.e. SDC (sodium dodeca-
noate), SDS (sodium dodecyl sulfate), SDBS (sodium dodecyl
benzenesulfonate), =~ TTAB  (tetradecyltrimetrylammonium
bromide), DTAB (dodecyltrimetrylammonium bromide), HTAB
(hexadecyltrimetrylammonium bromide), Tween20, Brij@58P
and TritonX-100 were investigated and the results are presented
in Fig. 2. The blue PDA sol prepared from PCDA did not exhibit
any color change upon mixing with anionic (SDC, SDS and
SDBS) and nonionic (Tween20, Brij@58P and TritonX-100)
surfactants. For the cationic surfactants, DTAB and HTAB
caused the sol to form a blue precipitation whereas HTAB
induced an unusual color change from blue to yellowish green
without any precipitation. This observation is somewhat
different from the blue to red colorimetric response to cationic
surfactants reported by Su for poly-PCDA embedded in silica gel
but it suggests that PDA of unmodified PCDA is potentially
useful for the detection of cationic surfactants.'®

At this stage, we however focused on the PDA sols obtained
from 1, 2 and 3/PCDA mixtures which exhibited the by design
blue to red color transition selectively to the anionic surfactant.
No color change was observed upon the addition of the cationic
surfactant but it displayed a little colorimetric response with
a nonionic surfactant, Brij@58P. As the sols were acidic with
constant pH of ca. 5.0 throughout the experiment, the color
transition observed here is likely to be initiated by the coulombic
interaction between the ammonium head groups of 1, 2 and 3
and the anionic head groups of the surfactant molecules. Despite
the similar blue to red transition, it is important to note that the
color shade of the sols in the presence of each anionic surfactant
were different.

To obtain more quantitative data for the application of these
PDA sols in the detection and identification of anionic surfac-
tants, electronic absorption spectra of the sol in the presence of
various concentrations of the anionic surfactants were acquired.
Fig. 2 shows the UV-absorption spectra accompanied by
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Fig. 2 UV/Vis spectra and photographs of PDA sols (0.1 mM) derived from a) 1, b) 2 and ¢) 3/PCDA mixtures in the presence of various amounts of
SDC, SDS and SDBS at room temperature showing their diverse colorimetric transitions.

photographic images of the PDA sols (0.1 mM) derived from 1, 2
and 3/PDCA in the presence of three anionic surfactants ranging
from 10-50 uM. The addition of anionic surfactants typically
caused gradual decreases in the absorption bands of the blue
phase PDAs around 640 nm and increases in the absorption
bands of the red phase near 530 nm. These spectral changes are in
good agreement with the visual observation shown as inset
photographic images in Fig. 2. All PDAs showed the highest
sensitivity toward SDS of which the blue to red color transition
was observed at a concentration lower than 10 uM. For SDBS
and SDC, the color transition became observable only at
a concentration higher than 20 uM. Since all PDA sols displayed
clear blue to red color transition at 50 uM of all three types of the
anionic surfactants, these PDAs can thus be used for naked eye
detection of these surfactants at this concentration level.

The surfactant induced color transition of PDA vesicles was
attributed to the insertion of the surfactant molecules into the
vesicular bilayer surface causing the disturbance of the ene-eyne
conjugation backbone and thus its energy band gap.'*™
According to this proposed mechanism, we hypothesized that the
extent of the colorimetric response observed in our experiment is
also governed by the molecular shapes and charge densities of the
surfactant hydrophilic head groups. Accordingly, SDS which is
a linear alkyl sulfonate surfactant has the highest penetrating
ability because of its higher charge density than the carboxylate
head group in SDC and lower steric hindrance compared with
the benzene sulfonate group in SDBS. Since these PDA sols
showed different colorimetric sensitivity toward different types
of anionic surfactants this suggested that they should also be
potentially useful for constructing a sensor array for the identi-
fication of anionic surfactants.

The size of the PDA colloidal particles measured by the
dynamic light scattering (DLS) technique revealed that the
average particle size of PDA of 1 was 53 nm and it was increased

to 63 and 81 nm upon the addition of 10 and 50 uM SDBS,
respectively (Fig. 3). PDA of 2 also showed a similar trend of
which the size increased from 64 to 70 and 100 nm (see ESI,
Fig. S10%). These results are in good correspondence with the
AFM results. PDA of 1 and 2 appeared as spherical-shaped
particles before the addition of the surfactant confirming the
vesicle formation shown in Fig. 3 and Fig. S107 (inset). Upon the
addition of SDBS, significant aggregation along with particle size
enlargement was observed. On the other hand, the particle sizes
of PDA derived from 3/PCDA mixed monomers obtained from
DLS (78, 82 and 85 nm) did not significantly change upon the
addition of the surfactant. The AFM images also did not show
any aggregation but some broken particles. We therefore would
like to propose that these mixed lipid vesicles are relatively weak
that are readily broken upon the insertion of the surfactant
molecules (Fig. 3, right). These DLS and AFM results have
provided insightful evidences for the surfactant insertion induced
color transition of the PDAs.

The difference in colorimetric sensitivity of the PDAs toward
the anionic surfactants should allow us to discriminate these
three types of surfactants via recognition of the colorimetric
response patterns at specific concentration using multivariate
statistical analyses.'” Moreover, the slight colorimetric response
of prepared PDAs with some nonionic surfactants could give us
the chance to identify them based on the described method. In
order to generate the patterns, we first converted the visible
absorption data of PDAs at the surfactant concentration of 50
UM to colorimetric response (%CR), the conversion percentage
of the blue to red phase absorption and the histogram of the
average %CR determined from nine replicates (3 samples x 3
measurements) of the PDA/surfactant mixtures are presented in
Fig. 4a. For example, the anionic surfactant (SDC, SDS and
SDBS) induced color transition of PDAs of 1, 2 and 3/PCDA
was higher than 50% CR indicating a strong color induction
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Fig. 4 a) Histogram and b) PCA score plot of %CR obtained from nine
replicated measurements of nine mixtures of 1, 2 and 3/PCDA (0.10 mM)
and SDC, SDS, SDBS, TTAB, DTAB, HTAB, Tween20, Brij@58P and
Triton X-100 (50 pM).

ability which is supported by the results from the naked eye
observation. Moreover, the %CR of the PDA/surfactant
mixtures showed differentiable patterns of the responses for three

anionic surfactants suggesting a possibility of surfactant identi-
fication. On the other hand, PDAs gave low responses and
similar patterns with the cationic species such as TTAB, DTAB
and HTAB (%CR < 5, for UV-Vis spectrum see ESI: Fig. S117).
As previous discussed, a small color transition was observed
when the PDAs were mixed with nonionic surfactants such as
Tween20 and Brij@58P (Fig. 1). As shown in Fig. 4a, the %CR of
PDAs in the presence of Tween20 and Brij@58P were found in
the range between 10-50% while showing nearly zero percent CR
with the TritonX-100 (for UV-Vis spectrum see ESI: Fig. S127).
With the %CR of the PDA/surfactant mixtures in hand,
a multidimensional data set (3 PDAs x 3 surfactants x 9 repli-
cates) was further statistically analyzed by principal component
analysis (PCA) to transform the %CR values into PC scores in
which PC1 and PC2 contributed 94.2 and 5.3%, respectively
(Fig. 4b). The PCA score plot clearly showed five clusters of data
points demonstrating complete discrimination of SDC, SDS,
SDBS, Tween20 and Brij@58P. However, the plot of the results
upon mixing cationic surfactants or TritonX-100 with PDA
produced a poor separation. This observation is in good agree-
ment with the low colorimetric response and similar colorimetric
pattern of analytes with our PDAs array. The results up to this
point already suggested that structurally diverse amino con-
taining PDAs are useful for the detection and identification of
the common anionic surfactants and some nonionic surfactants.

The fact that PCA are not able to separate the cationic
surfactants indicates the specificity of our PDA array toward
anionic surfactants but not to cationic surfactants. From the
above results, the PDA derived from 1 was considered to be the
highest potential sensor among the others. PDA of 1 not only
produced the best response to all studied anionic surfactants,
giving %CR above 50 with SDC, SDS and SDBS at 50 M but it
also demonstrated high selectivity among surfactant species
giving CR lower than 10% with nonionic and cationic surfac-
tants. Therefore, our next focus is to develop PDA of 1 into
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a solid state sensor which should be more practical for onsite
application.

Although the colloidal liquid sol of PDAs is very suitable for
a spectroscopic study at the initial developing stage due to its
homogeneity and essentially quantitative polymerization, this
form of PDAs may not be particularly convenient for sensing
applications, in which portability and long shelf life are also very
important. In order to make the PDAs sensor affordable, user
friendly, and equipment free, we decided to fabricate 1 on filter
paper which is an inexpensive and environmentally friendly
material. The white color of the filter paper would make it an
excellent choice of substrate for fabricating a colorimetric
sensing agent.'* Monomer 1 coated filter paper was prepared by
dropping a dichloromethane solution of 1 onto a piece of filter
paper followed by UV irradiation to afford blue colored paper
indicating a successful polymerization of 1 into the correspond-
ing PDA (Fig. 5a). The blue color of the PDA on the papers is
stable indefinitely upon storage in a refrigerator and for several
days at 25 °C. For the detection of surfactants, the blue PDA
coated paper was immersed in a solution of surfactant for 20 min.
The PDA paper of 1 underwent the color transition differently
from blue to purple or red depending on the types of anionic
surfactant (SDC, SDS and SDBS). The color transition was
observed when the anionic surfactant concentration is 500 uM or
higher. The detectable concentration level for this paper based
sensor is about one order magnitude higher than the PDA sols
described above. In terms of specificity, the cationic surfactants
did not induce any color change even at the concentration of 5
mM and only minor color changes were observed for nonionic
surfactants such as Tween20 and Brij@58P but not TritonX-100.
This indicated that the PDA coated paper of 1 is specific toward
anionic surfactants.

To investigate the distribution of PDA on filter paper in the
micrometre scale, images of the PDA coated paper under an
optical microscope were taken. The images revealed that the blue
pigments of PDA adhere to the surface of all cellulose fibers
without penetrating into the fibers (Fig. 5b). This surface coating
phenomenon is considered to be desirable for colorimetric
sensing applications as less sensing material is required and the
sensing process occurring only at the surface is usually more
rapid than within the bulk of fiber. The blue to red color

Blank SDC  SDS

SDBS TTAB DTAB HTAB Tween20 Brij@38P TritonX-100

b)

Fig. 5 (a) Photograph of PDA coated paper derived from 1 (1% w/v)
after being dipped in a solution of SDC, SDS, SDBS, TTAB, DTAB,
HTAB, Tween 20, Brij@58P and Triton X-100 (500 uM). Blank refers to
PDA of 1 dipped in Milli-Q water. (b) Optical microscopic images of
PDA paper of 1 dipped in Milli-Q water (left) and in the solution of SDS
(right) at 500 uM for 20 min.

transition of the PDA pigments on the fibers was also clearly
observed under the optical microscope. The technique for prep-
aration of this paper based sensor is very convenient and offers
a very economical platform for a solid state PDA sensor.

Conclusions

In conclusion, we have successfully prepared highly selective and
sensitive colorimetric PDA-based sensors for common anionic
surfactants from amphiphilic diacetylenes containing primary
amino, secondary amino and ammonium polar groups. Naked
eye detections of micromolar concentration level of SDC, SDS
and SDBS are achievable by these sensors. These PDA sensors
can be assembled into an array capable of discriminating
common anionic surfactants using principal component analysis.
Although this PCA plot may not be able to identify the types of
surfactants without controlling the concentration of the surfac-
tant samples, the PCA pattern can be useful for proof of the
surfactant product authenticity. Moreover, the fabrication of
PDA on filter paper was accomplished, providing the paper
based sensor potential use for onsite detection of anionic
surfactants. Therefore, the strategy presented here should be
valuable for analytical tasks in the detection and identification of
anionic surfactants.

Experimental section
General information

10,12-Pentacosadiynoic acid (PCDA) was purchased from GFS
Chemical, other reagents and surfactants were purchased from
Sigma-Aldrich and Fluka. Milli-Q water with a resistance of 18.1
MQ was used in all experiments. Analytical grade solvents such
as chloroform and methylene chloride were used without further
purification. Column chromatography was carried out on silica
gel 60 (230-400 mes). Thin layer chromatography (TLC) was
carried out using Merck 60 F254 plates with a thickness of 0.25
mm. The diacetylene monomers were purified by filtration to
remove the polymerized lipid before use. The 'H spectra were
collected on a 400 MHz NMR spectrometer (Murcury 400,
Varian). The "*C spectra were collected on a 400 MHz NMR
spectrometer (Murcury 400, Bruker). The molecular weights
were obtained from a low-resolution quadupole mass analyzer
(Quattro Micro API 2000, Micromass) using the electrospray
ionization (ESI) technique. The electronic absorption spectra
were recorded on a temperature variable UV-Vis spectropho-
tometer (Carry 100Bio, Varian). The particle size measurements
were made by dynamic light scattering using a nanosizer (Mal-
vern Intruments). The AFM images were obtained by Multi-
mode SPA400 (Seiko, Japan) in semicontact mode (dynamic
mode) using a SI-DF20 cantilever.

General procedure for synthesis of diacetylene monomer 1

A solution of N-(3-dimethylaminopropyl)-/N'-ethylcarbodiimine
hydrochloride (EDCI) (246.14 mg, 1.28 mmol) in methylene
chloride (2 mL) was added dropwise into a solution of 10,12-
pentacosadiynoic acid (400.00 mg, 1.07 mmol) in methylene
chloride (5 mL). The mixture was stirred for 1 h at room
temperature and was then added dropwise into 1.2 equiv of
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N-hydroxysuccinimide (NHS) (147.77 mg, 1.28 mmol) in meth-
ylene chloride (2 mL) at room temperature. The reaction mixture
was stirred at room temperature overnight. After the reaction,
the mixture was extracted with methylene chloride and water.
The organic phase was dried with sodium sulfate and rotary
evaporated to yield the crude product as a white powder. Then
the crude extraction was dissolved in methylene chloride (10 mL)
and added dropwise in to a solution of ethylenediamine in
methylene chloride (2 mL). After that, the mixture was stirred for
4 h at room temperature. Then the reaction was extracted with
methylene chloride and water. The organic phase was dried with
sodium sulfate and rotary evaporated to yield the crude product
as a white powder. Purification was accomplished by column
chromatography on silica gel eluted with a mixture of ethyl
acetate and methanol (70 : 30) to give diacetylene monomer 1
(325 mg, 92%) as a white powder; mp 111-114 °C. "H NMR (400
MHz, CDCl3): dé (ppm): 0.88 (t, CH3, 3H, J = 6.8 Hz), 1.42(m,
16-CH,-, 32H), (2.18, t,-CH,-, 2H, J = 7.6 Hz), (2.23, t, -CH>-,
4H, J = 6.8 Hz), (2.83, t, -CH,-,2H, J = 5.6 Hz), (3.31, q, -CH>-,
2H, J = 5.7 Hz), (5.94, brs, NHC=O0, 1H). *C NMR (400 MHz,
CDCl3) : 6 (ppm) : 173.5, 77.6, 77.4, 65.3, 65.2, 41.6, 41.6, 41.3,
36.8, 31.9, 29.6, 29.6, 29.4, 29.3, 29.2, 29.1, 29.1, 28.9, 28.8, 28.7,
28.3,25.7,22.6, 19.2, 19.2, 14.1. MS (ESI+): [M+] found 416.54
(calcd. for C27H48N20 41638)

General procedure for synthesis of diacetylene monomer 2

A solution of N,N'-dicylohexylcarbodiimide (DCC) (264.18 mg,
1.28 mmol) in methylene chloride (4 mL) was added dropwise
into a solution of 10,12-pentacosadiynoic acid (PCDA) (400.00
mg, 1.07 mmol) in methylene chloride (7 mL). The mixture was
stirred at 0 °C for 1 h. N-ethylethylenediamine (146 pL, 1.38
mmol) was added dropwise into the mixture at room tempera-
ture. After that, the mixture was stirred at room temperature
overnight. The mixture was extracted with methylene chloride
and water. The organic phase was dried with sodium sulfate and
rotary evaporated to yield the crude product as a white powder.
Purification was accomplished by column chromatography on
silica gel eluted with a mixture of ethyl acetate and methanol
(70 : 30) to give diacetylene monomer 2 (417 mg, 88%) as a white
powder; mp 64-66 °C. '"H NMR (400 MHz, CDCly): 6 (ppm):
0.86 (t, CHs, 3H, J = 6.8 Hz), (1.09, t, CH3, 3H, J = 7.1 Hz),
(1.33, m, 16-CH,-, 32H), (2.15, t,-CH,-, 2H, J = 7.62 Hz), (2.22,
t,-CH,-, 4H, J = 6.9 Hz), (2.64, q, -CH»-,2H, J = 7.2 Hz), (2.74,
t,-CH,-, 2H, J = 7.6 Hz), (3.32, q, -CH>-, 2H, J = 5.7 Hz), (4.74,
brs, -NH-, 1H), (6.11, brs, NHC=0, 1H). '*C NMR (400 MHz,
CDCl3): 6 (ppm): 173.5, 77.6, 77.5, 65.3, 65.2, 48.4, 43.7, 38.7,
31.9,29.7, 29.6, 29.6, 29.5, 29.4,29.3, 29.3, 29.2, 29.1, 29.1, 28.9,
28.8,28.7,28.3,28.3, 25.7, 22.7, 19.2. [M+] found 444.58 (calcd.
for C29H52N20 44441)

General procedure for synthesis of diacetylene monomer 3

Diacetylene monomer 2 (400.00 mg, 0.90 mmol) was dissolved in
chloroform and hydrobromic acid (HBr) (97.00 mpL, 1.80
mmol) was added dropwise. The mixture was stirred at room
temperature for 1 h. The mixture was extracted with chloroform
and water. The organic phase was dried with sodium sulfate and
rotary evaporated to yield the crude product as a white powder.

The solid was dissolved in small amount of chloroform (1 mL)
followed by slow addition of cool hexane at 0 °C and drying in
a vacuum oven at room temperature to give diacetylene mono-
mer 3 (307 mg, 65%) as a white powder; mp 115-118 °C. 'H
NMR (400 MHz, CDCl5): 6 (ppm): 0.88 (t, CH3, 3H, J = 6.7 Hz),
(1.40, m, 16-CH,-, 32H), (1.62, t, CH3, 3H, J = 7.2 Hz), (2.25, m,
3-CH,-, 6H), (3.12, m, -CH,-, 4H), (3.68, q, -CH,-,2H, J = 4.4
Hz), (7.65, brs, NHC=0, 1H). “C NMR (400 MHz, CDCl;):
0 (ppm): 175.4, 77.6, 77.4, 65.3, 65.2, 47.9, 43.6, 36.4, 36.3, 31.9,
29.7,29.6, 29.6, 29.4, 29.3, 29.2, 29.2, 29.1, 28.9, 28.9, 28.8, 28.3,
28.3,25.5, 22.7,19.2,19.2, 14.1, 11.3. [M+] found 445.49 (calcd.
for C29H53BrN20 44541)

Preparation of polydiacetylene dispersed in water

Diacetylene monomer 1, 2 and 3/PCDA (4 : 1) were dissolved in
chloroform and the solvent was evaporated by flowing nitrogen
gas. Milli-Q water was added to provide a 0.5 mM aqueous lipid
suspension. The suspension was sonicated with a sonicator bath
at 75-80 °C for 40 min. The suspension was allowed to cool down
to room temperature and then kept at 4 °C overnight. The vesicle
suspension was irradiated by UV irradiation (256 nm, 15 Watt)
for 5 min to generate the transparent deep blue solution.

Surfactants test

Solutions of surfactant (0, 10, 20, 30, 40 and 50 uM) were added
into PDA solution (0.1 mM) in final concentration. The resulting
solutions were stirred for 5 min before correcting the data.

Colorimetric response

The electronic absorption spectra were recorded by a UV-visible
spectrophotometer. The quantitative evaluation of the colori-
metric response (%0CR) was determined as a percentage of the
change of the blue color faction (FBy — FB) against the initial
blue color fraction (FBy) according to the following equation

%CR = 100 x (FB, — FB)/FB,

FB is the blue fraction calculated from Aye / (Apjue + Ared)
where Ay, and A,.q are the absorbance at the A, of the blue
and the red forms of polydiacetylenes respectively.

Preparation of PDA coated paper

A solution of diacetylene monomer 1 in chloroform (1% w/v) was
dropped on the filter papers (Whatman No.1) by multipette and
drying in the air. These colourless papers were stored in the dark
and kept at 4 °C for 1 h and irradiated by UV irradiation (256
nm, 15 Watt) for 1 min to produce a blue color spot on the paper.
For detection of anionic surfactants, PDA test papers were
soaked in solution surfactants in Milli-Q water (500 uM) for 20
min and the color transition was captured by a photograph.
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An efficient method for the preparation of poly(p-phenyl-
eneethynylene)s (PPEs) from direct coupling reactions between aryl
diiodides and the inexpensive chemical feedstock calcium carbide is
developed. A variety of PPEs can be prepared in high yields (71-93%)
with the degree of polymerization between 36 and 128, offering

fluorescence quantum efficiencies in the range of 0.34-0.71.

The Sonogashira reaction (Scheme 1) is among the most
powerful tools for the construction of a C-C triple bond via Pd/
Cu catalysed sp>-sp coupling reaction between aryl or alkenyl
halides and terminal alkynes." Such reactions are essential for
preparing acetylenic compounds that are important building
blocks of natural products, pharmaceuticals and molecular
materials.> Due to environmental and economic pressures, over
the past decade, development of this reaction has focused on
new catalysts® and new techniques such as microwave,* ultra-
sonic irradiation® or micro flow reactions.® However, little
investigation has been done on a more sustainable source of sp-
carbon. Traditional synthetic methodology previously relied on
the use of terminal alkynes such as substituted acetylenes,
including expensive (trimethylsilyl)acetylene and acetylene gas,’
as sp-carbon providers. The former is a more favourable source
due to its convenient handling but it is expensive and requires
an extra deprotection step in some cases. The latter is appre-
ciably more economical but its hazardous nature ie. high
flammability and explosiveness is prohibitive to broader adop-
tion in routine laboratory experiments and industrial produc-
tion. Therefore a better, safer and more economical source of
acetylene is highly desirable for the Sonogashira reaction.
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T Electronic supplementary information (ESI) available: Experimental procedures
and spectroscopic data of 1a-f and PPE 2a-f. See DOI: 10.1039/c3py01068f
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Acetylene gas is produced by treating calcium carbide with
water. The commercial process for making the calcium carbide
is electric arch furnace of coke and lime. Since the first launch
of a calcium carbide plant in 1894, it has become an important
primary chemical feedstock for a broad range of commodity
and specialty chemicals. With a constant low price and signif-
icant safety advantages over acetylene gas, if acetylenic deriva-
tives can be synthesized directly from calcium carbide, such a
process would offer significant cost and environmental advan-
tages over existing reactions. The first direct use of calcium
carbide in the Sonogashira reaction was reported in 2006 by
Zhang,® whereby symmetrical diarylethynes were synthesized in
the presence of non-commercially available amino phosphine
ligands. Subsequently, we reported the use of calcium carbide
as a provider of sp-C in the synthesis of diarylethynes in the
presence of a commercial Pd/Cu catalyst system.” Recently,
propagylamine derivatives have been prepared directly from
calcium carbide via a Sonogashira type reaction.'® These
examples demonstrated that calcium carbide could effectively
serve as a C, synthon in the synthesis of small molecular acet-
ylenic derivatives,*° the transfer of this simple and economical
source of acetylene into efficient synthesis of acetylenic con-
taining polymer remains a challenge.

Poly(p-phenyleneethynylene)s (PPEs) are an attractive family
of conjugated polymers in which aryl groups are fully 7-conju-
gated by acetylene linkers. Such structural alignment extends
electronic delocalization across the polymer backbone,
providing properties such as charge mobility, electrical
conductivity and photoluminescence.'* PPEs have found a large
number of applications especially in the area of sensor," solar

Reice. g UL
Base

R' = aryl, vinyl
X =1, Br,Cl, OTf
R? = aryl, alkenyl, alkyl, H, SiR5

Scheme 1 Typical Sonogashira coupling reaction.
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s PPE "
This work
Pd(OAC),
I—Ar—| + CaC, i e T Ar%
Cul n
PPE

Scheme 2 Synthetic method for PPEs via Sonogashira coupling.

cell” and display technologies.'* Typically, PPEs are prepared by
polycondensation between aryl diiodide 1 and various acetylene
sources through the Sonogashira coupling reaction as depicted
in Scheme 2.

Diethynylarenes™ were first introduced as coupling partners
and later on TMS-acetylene was used.>**® Later, the Bunz and Li
groups reported the synthesis of PPEs directly from acetylene
gas.” This methodology gave high molecular weight homo-
PPEs, considered to be economical due to the low price of
acetylene gas. However, the success of this method relies heavily
on close monitoring and regulating of stoichiometric acetylene
gas, which require difficult equipment set up. We therefore
investigated a direct synthesis of PPEs from calcium carbide
which is less hazardous and provides a more economical carbon
source than the acetylene gas. Herein, we would like to report
that calcium carbide may be conveniently used in the conden-
sation polymerization of diiodoarene to synthesize high
molecular weight PPEs bearing various side chains (Scheme 2).

In our first model study, the polymerization was the coupling
reaction between 1,4-dibutoxy-2,5-diiodobezene 1a and
calcium carbide at room temperature in the presence of a
Pd(OAc),, Cul and PPh; catalyst system. The resulting polymer

Polymer Chemistry

was precipitated in excess methanol. The degree of polymeri-
zation was determined from the polymer solution in THF by gel
permeation chromatography using standard polystyrene for
universal calibration (Table 1). In the first attempt (entry 1), 1%
of Pd(OAc), was used in a similar manner to the synthesis of the
small molecules® but the reaction gave only a low molecular
weight oligomer, which was precipitated in methanol, along
with the recovery of the starting diiodo compound. The poly-
merization was significantly improved by the increase of palla-
dium amount to 5 mol%, which yielded 84% of a orange solid
(entry 2) corresponding to the desired PPE (M,, = 11.7 kDa)
without residual starting material 1a. Next, a set of experiments
were carried out to determine the best solvent and base system
(entries 2-7). The mixture of THF-DBU in a ratio 2 : 1 was found
to be the best condition to produce the highest degree of poly-
merization (DP, = 36) and narrow polydispersity index (PDI)
(Mw/M,, = 2.3) (entry 5). The slightly lower yield was mainly
due to the loss of the high molecular weight portion, which
was poorly soluble in CH,CIl, solvent needed for the second
precipitation.

The 'H and *C NMR spectra of the orange solid product
showed clean signals corresponding to PPE without end groups
and diyne signals, suggesting a high molecular weight and
defect free polymer (Fig. 1a and S137). For comparison, the
polymerization reaction between TMS-acetylene (entry 8) and 1a
was tested using literature-reported conditions.'* The PPE
obtained from these conditions also showed no diyne signal in
13C NMR (Fig. $191) but displayed small peaks in the aromatic
region suggesting the end group (Fig. 1b). The results agreed
well with the GPC data showing a lower degree of polymeriza-
tion (DP,, = 17) comparing with the polymer obtained from our
optimized calcium carbide method (entry 5). Both CaC, and
TMS-acetylene polymerization (entries 5 and 8) gave higher
molecular weight and lower PDI than those from the

Table 1 Synthesis of dibutoxy-PPEs 2a from calcium carbide via the Sonogashira coupling reaction?

OBu OBu
Pd(OAC),,
I | + CaC;, ———— = o
Cul, PPhy
base/solvent
BuO t/Ny/20h
1a 2a
Pd(OAc),
Entry (mol%) Base/solvent Yield” (%) M,° (x 10%) DP,° M, /M,
1 1 TEA/THF N.A. — — —
2 5 TEA/THF 84 11.7 20 2.3
3 5 TEA/MeCN 90 6.8 13 21
4 5 TEA/DMF N.A. e — —
5 5 DBU/THF 71 20.2 36 2.3
6 5 K,CO,/THF N.A. — —
7 5 Cs,CO5/THF N.A. — — —
8? 5 DBU/MeCN/ 100 9.6 17 2.3

THF

“ Unless noted, CaC, (6 equiv.), Pd(OAc),, PPh; (10 mol%), Cul (10 mol%) for 20 h. ? Precipitation in CH;OH from CH,Cl,. ¢ Determined with GPC
using universal calibration with standard polystyrene. ¢ TMS-acetylene were used instead of CaC,.

This journal is © The Royal Society of Chemistry 2014
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a) 2a from CaC; (entry 5)

b) 2a from TMS-acetylene (entry 8)

End group

‘ y

0 L} 8 7 & 5 4 3 2 1 o
1. dppem)

Fig. 1 H NMR spectrum of PPE 2a derived from: (a) CaCy; (b) TMS-
acetylene.

conventional Pd-catalyzed coupling polymerization using the
terminal alkynes.'** The high molecular weight and narrow PDI
of PPEs have been attributed to the slow formation of the alkyne
terminated monomers and oligomers that reduces the chance
of their homocoupling.””” The homo-coupling side reaction
causes the stoichiometric imbalance of the iodo and terminal
alkyne groups that lead to low molecular weight and high PDI.
The formation of the alkyne terminated monomers and oligo-
mers in the CaC, polymerization is governed by either the slow
release of acetylene gas or calcium acetylide from CaC,. The
release of these active species is self-controlled by HI, a by-
product generated from the alkyne/iodocondensation,” which is
quite different from the direct use of acetylene gas that required

Table 2 Synthesis and photophysical properties of PPEs

Communication

very slow stirring.'”” With the optimized conditions in hand, we
then tested compatibility of the reaction with diiodobenzene
containing different side chains. A series of diiodobenzenes
(1b-f), prepared according to published procedures, were sub-
jected to the Sonogashira coupling reaction with CaC, under the
optimized reaction conditions (Table 1, entry 5) and the results
are summarized in Table 2. The dialkoxy-PPEs containing
simple alkyl chains, such as 2b, 2c¢ and 2d, were synthesized
efficiently in good to excellent yields (Table 2, entries 2-4).
Polymerization of 1¢, bearing double ethylhexyloxy groups, gave
the PPE with highest DP, = 128 and PDI = 2.0 when the reaction
was carried out at room temperature for 20 h. This high degree
of polymerization is attributed to the excellent solubility of the
corresponding polymer in the reaction medium. This result
suggested that the lower degree of polymerization of the other
monomers was thus limited by the polymer solubility rather
than the reaction efficiency. Interestingly, the polymerization
condition is also compatible with the monomers containing
multiple oxygenous substituents such as 1le and 1f (Table 2,
entries 5 and 6). PPE 2e and 2f were prepared in 87 and 93%
yields, respectively, as shown by the absence of end groups in
the aromatic region in "H NMR spectra (Fig. S17 and S187),
suggesting efficient polymerization of the monomers. The GPC
measurement showed the degree of polymerization of 2e ca. 51
while that of 2f could not be determined due to its poor solu-
bility in THF. All PPEs were obtained as deep orange solids
which typically gave blue to green emission in chloroform
solution, except 2f which was soluble only in DMSO (Table S1+).
The photophysical properties of the polymers including
maximum absorption wavelength (2,ps), maximum emission
wavelength (Aem,), molar absorptivity (¢) and fluorescence
quantum efficiency (@) were determined as presented in Table
2. Typically, each PPE exhibited a broad absorption band with
the absorption maximum around 445 nm and showed the
emission maximum around 475 nm, representing a rather
small Stoke’s shift (Fig. S20t). These PPEs also gave relatively
high quantum efficiencies (0.34-0.71). These photophysical
parameters are consistent with the defect free m-conjugated

Ry Ry
Pd(OAc); (5 mol%),
| + Ca - :%—
Cul/PPh; (10 mol%), i
DBUITHF
R> ,20h Ra
1a-f 2a-f

Entry Substituents Yield® (%) M’ (x 10°) DP,” My /M," Jpgnm IAen/nm Loge @fF
1 X: R; = R, = O(CH,);CH;: 1a 71 20.2 36 2.3 447 476 432 0.65
2 X: R; = R, = O(CH,),CH3: 1b 78 40.9 48 2.4 448 476 430  0.66
3 X: R; = R, = OCH,CH(CH,CHj;)((CH,);CH3): 1¢ 83 91.3 12 2.0 48 479 441 071
4 X: R; = OMe, R, = OCH,CH(CH,CH;)((CH,);CH;): 1d 93 26.9 47 2.2 450 478 4.02  0.67
5 X: R; = R, = O(CH,),0(CH,),OCH3: 1e 87 26.9 51 1.5 430 470 4.02  0.67
6 X: R; = R, = O(CH,);0H: 1f 93 N.A. N.A.  NA. 445 481 411 0.34¢

“ Isolated yield by reprecipitation from CH;O0H/CH,Cl,. * Determined by GPC using PS as reference. ¢ Dissolved in CH,Cl, and used quinine sulfate

as reference standard. ¢ Performed in DMSO.
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PPEs reported with other polymerization methods,** especially
the high quantum efficiency.

In conclusion, this work demonstrates a novel and efficient
polymerization of diiodobenzene derivatives to the corre-
sponding defect free PPEs, directly from a low cost feedstock,
calcium carbide, at ambient temperature. The polymerization
method is compatible with various alkyl, ethylene glycol and
aliphatic alcohol substituents. The extension of this polymeri-
zation method for preparation of PPEs with more functional
pendant groups is in progress.
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