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Abstract

Project Code : MRG5280139

Project Title : Controlling the Colorimetric Response of Polydiacetylene Vesicles in
Various Environments: Effects of Molecular Structures, Temperature, pH

and lonic Strength

Investigator : Asst.Prof.Dr.Lt.Jg.Nipaphat Charoenthai
Department of Chemistry, Faculty of Science, Naresuan University,

Phitsanulok
E-mail Address : nipaphatc@nu.ac.th
Project Period : 16 March 2009 — 15 March 2011

The relationship between molecular structures of polydiacetylene vesicles and its
color switching behaviors is investigated by using uv/vis absorption spectroscopy. The
vesicles are fabricated by using three types of monomers, 10,12-pentacosadiynoic acid
(PCDA), 10,12-tricosadiynoic acid (TRCDA) and N-(2-amino ethyl)pentacosa-10,12-
dyinamide (AEPCDA). The TRCDA and PCDA constitute of carboxylic head groups but
the length of alkyl chain in TRCDA is slightly shorter, which affects the thickness of vesicle
bilayer. We have found that the poly(TRCDA) causes faster color transition from blue to
red upon adding ethanol, increasing pH, and temperature. This result is attributed to the
decrease of van der Waals interaction of shorter alkyl side chain in poly(TRCDA). We also
investigate the effect of head group on color switching of vesicles. The carboxylic acid
head groups of PCDA and amide head groups of AEPCDA can form one and two
hydrogen bonds, respectively, at the surfaces of vesicles. We have found that the
poly(AEPCDA) causes color transition at acidic pH (pH~0.5) whereas the increasing of pH
to 9.5 induces the color switching of poly(PCDA). The temperature required for inducing
color transition of poly(AEPCDA) is lower than that of poly(PCDA). However, the quantity
of added ethanol for inducing color switching of poly(AEPCDA) is much higher than that of
poly(PCDA).Our results show that the alkyl side chain and head groups strongly affect to
the color switching behaviors of vesicles. This study provides fundamental understanding

that is very important for designing polydiacetylene with desirable color switching property.

Keywords : polydiacetylene vesicles, alcohol sensor, temperature sensor
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ﬁ\‘]NEW]aLLix‘lﬂit‘Yl']ﬁLL@]ﬂ@ﬂ\‘]ﬂ%‘ﬂ‘Wﬂx‘lINLﬂQﬂ TG‘%&’&GNG@I@LL?GTW&V]']IWEJ&L% bilayer v83

IIRFLAS gﬂﬁ 6 WaAd DSC curves 7 +#a1n second heating cycle 983 DA VauDLNDT WAL

. . ) . 4 .
13197 1 UEAIAN transition temperatures uaznIiAsuuLasawnal (AH) 5391n3UN 6
WATAIIN 1 2=1Au3N TCDA waz PCDA Nauaiuasaziidn melting point (T,) N 53.6 'C
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LAz 62.8 "C ANA1AU Uazdn AH 189 TCDA uaz PCDA vauwaldasaziaiiyvinny 53.6

kJ/mol waz 57.9 kJ/mol @Na1aY Msnan T, wae AH wad TCDA Jd1é1n31wad PCDA A
LA AININAINENWRITUANNTAUNA DI T I NNIFRIDNUTZUDI PCDA Ha161nin

+— Heatflow
T\
N

endo

0 20 40 60 80 100 120
Temperature (°C)

gﬂﬁ' 6 DSC curves 289 TCDA (1) PCDA (2) uaz AEPCDA (3) laazian@ausanaiuas

P aa @ ad &
M990 1 QmaMU@lﬂ’ldﬂ’J’]&liauﬂl E]GVL@ DELTNGAIUNDUDLNDT

2" Heating 1% Cooling
Diacetylene Tm AHendo T, AHexo
monomers (°C) (kJ/mol) (°C) (kJ/mol)
TCDA 56.3 53.6 51.1 53.4
PCDA 62.8 57.9 58.2 58.6
AEPCDA 56.5, 64.6 (TLc) 18.8 62.0 (TLc) 13.6
101.1 (Tm) 23.7 85.6 (T.) 35.7
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fIWTUILULVa9I AEPCDA ianuevadsnalsanfany PCDA LASIBAILANGTS

nulasdnyiadunuialuduonaniudinng ethyl Wi wudnzainadann@nIsunmaay

lag DSC curve a3 AEPCDA fﬂzmeﬁﬂms@@wé'amuﬁﬂfwﬁ 56.5 'C 64.6 'C WAL

& & ' a Aa . . . a &

101.1 °C MIsWURANIaNNBUINAzAnINNTAAYaI liquid crystalline (LC) phase LAadin
& & a d' a J s 6 a d' nl'd 1 % a; % [

FodunganssuiiialiunuueneiuassiadugniaiuiiNuenaanannnulwane me

R a A

L@EINY AEPCDA el [23,24] wananfhdInuiinasinses AH 13 3 gunpiiazdl

U

fNasNINUad PCDA danaiias

2. mmauauawiamsl,ﬂﬁﬂu&ﬁaqmwgﬁmﬁﬂu

NITUNIBIZULVDY PDA anaLﬁaI@sm’mﬁuqmﬁgﬁa:dawa@iamim{l’uﬁfmaa
Tas9gFInIviuada aoloaaaaNaIwrId §IuRINT17 wazusmanulgnanniianisnan

= a a £ o A v o A a ad a £ o

LNa muﬂaﬂuaa:mwuvl,maLaJamsw‘um‘ﬂLﬂmrmqmﬁgumwmmaﬂmam’m
MIRNATAININNIILIINISHINTE WUz LY PDA 1FRLAR RINA LALATIFTIINIRNALAG
ﬂﬁi%’@ﬁmﬁﬂmjdawa@iams%'m%méfwaomﬂisﬁﬁﬁﬂﬁﬁ@miﬂaugm@ [25-30] ¥inlA
. . , a £ o & Aad o v A { \
F89319089 HOMO-LUMO FANANVYY muuqm%nﬂuﬁm‘l%m@n’mﬂﬁﬂuﬁm%ﬁ

o e e QI J o 1 g
mmauwuﬁ’ﬂumsmmm 29l IINIELAEH

Aa

mﬂﬂmwmsg@ﬂﬁmmwaa poly(TCDA) poly(PCDA) ua poly(AEPCDA) ﬁqmﬂﬂu

U

vaslzlivvessulnasinlannuaaiiaie Aoy 1 ~640 nm uazfialnail ~590 nm ns
LﬁsJaqtu,‘muﬁv‘iﬂﬁmﬂﬂmwmig}@ﬂﬁuumﬁmsrﬂﬁﬂuLLﬂm"l,ﬂ.laﬂ'NLﬂmwuﬁaLLamlugﬂﬁ
7a  Uuaz 7b I@ﬂmﬂﬂﬁUuLLﬂaaluﬁaaqm%gﬁ@‘iwaLﬂﬂm3ﬂﬁa%w@:L§au"lﬂéTm’%nmﬁﬁ
wé’amugaﬁmﬁﬂﬁaUI@ﬂﬁmmsg@ﬂﬁuumﬁma@mLﬁﬂﬁam"ﬁulﬁmﬁu LRI LAY
qm%gﬁluﬁwﬁﬁﬂﬁﬁwmwEl'umaﬂmoa%ﬁwaa PDA LAB91N98 575 1@ asdnmnie

YUIAVDINITIALTLIA ALV ILART 81UV LATIETIIVDI PDA  397M3aienT I sening

Moo ﬁuqmmgﬁé’agﬂﬁ 7c wu’j’lmmm%umaanstIuﬁQGQMﬁgﬁ@‘iwazLﬂﬁyuuﬂaa"lﬂmu
lassa9v89 PDA Ladda lasluszuuwes poly(TCDA) NaFAazlAIANNTUNINNI I
32UUVB9 poly(PCDA) NEFAaLEAITIIRIaNIIsaS BIaITasud suddunnIngs
aa@ﬂﬁaoﬁ'ﬂLLiamzﬁﬁzMNLLazmalquLaqaﬁﬂ"]ﬁayﬂdﬁLﬁ@dﬁ]ﬁﬂﬁﬁﬂIﬁﬁé’ﬂﬁamaa
poly(TCDA) suniniwies Tasswnamssadoilnaaag poly(AECDA) ﬁ@hﬁaﬂﬁqm (AN
%uﬁaﬂﬁlq@) Femavazinanmaianuss lalasian 2 WiTzITWIvyladiununyie
ludfivsimaruiatniasiliiianisinanisedudivelassairefidiudni guas PDA

79489
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gﬂﬁ 7 s1UnATINNIQANanLEIUDY (a) poly(PCDA) Uaz (b) poly (AEPCDA) RFLAR L

m‘saxmﬁﬁmﬁmﬁmqmﬁg“ (c) ﬂ’]iLﬂﬁﬂuLLﬂm?xmax LLRe (d) colorimetric response (%CR)
\Wisunugmngil dyanwsol (0) Aia poly(PCDA) (A) @a poly(TCDA)

ez (L) poly(AEPCDA)

2

uanNBIINLINaInaTINIgANaULEIad poly(PCDA) LFFELIAA aziAsuulaq
dl a AI ‘3/ a (o] A A A J dl d‘
liilegunplidntuiin 55 °C  lagazwudanisganduusilndiieluiianusniniu
a A 1 &, d {
poly(PCDA) &&LAA 540 nm uazlenIganaulagslinymeNianIgananasnay
E1IAA% ~540 nm UFNAARI UAZEIFINANWLYA isosbestic point NANNENIATU ~550 nm
A A - ' d o & [ d ' o .
TILFAIDINTAANIT  transition  T2RINEINNILAUTUNAINBALANA1IN (different
electronic species) LazMILUALURVDI poly(PCDA) nadda ndiduluilluiuadaziia
[l €n=i a (o] A A & ,_-_? % A vV o ¥ A o
adwsnysaingunnll ~65 C  Ainmsuldsuudasruilanuieunliviliifianudy
§1881931NVa4 side chain vasan sy liwus: lalaslauiuSnmdiuiinanaan asnaliiia

nsrduauaziaiissailnivasdiudrigradlaseain lasazidauirRansganauusf
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De

= S| @
U

AN ~550 nm ASLANAUUL QRIVEVRTEGTT TIFANARDINUANIL AL [T PDA Loy

ia
WU poly(TCDA) LaRLAa Nl

v
e 1 =

[} a = a n:i dl v 1A
ﬁ’]UIGﬁaaﬂﬂﬂauﬂ')’]ﬁ]zllqm%ﬂwﬂqiLﬂﬂﬂuLwﬁﬂuaUﬂ?qﬂa
o A ad a o [ ™ a dl a a
aﬂlﬂ@]WUﬂ’]ﬁLﬂaﬂuaﬂqm%ﬁN ~60 C adnNINURAINTLUTULNBUNMILURUURVDILIRE

Aars 3 wﬁmlugﬂﬁ 7c.d lapmsanaswos A, ugasianmsidasuulasnaluszozsunsn
asfennInauauaIfamM IS ud (%CR) waasBam I asnuasWanaszuy 31ns
é’ommwuiwqmwgﬁﬁﬁﬂmﬁ@mnﬂﬁauﬁmaa poly(PCDA) poly(TCDA) LI&fLfa 2zilen
lnﬁLﬁmﬁugwaaummmawauamaﬁwiawﬁ@ [31]

luszuuvad poly(AEPCDA) Nafiaa a:ﬁwqammﬁu@m@ha nMTIeNzRaln
mwﬁqmmgﬁ@‘iwwm’m’ﬁmﬁué’aﬁaﬂm’mﬁ”aumao side chain 3zNINAIINMINANKEE

lalasian 2 WwsNgIwRva9lasigd e ag19lsna uaINIsaFInanu TR auEn

v

gunn A laswun1aaeuad Ay, 910 ~637 nm LU ~543 nm Ngaanndl ~45 °C
{ d (; 1 a A {
(3UA 7c)  Badnd1wes poly(PCDA) 1iafida 15 °C Lika397n poly(AEPCDA) uaz
A i A A v o & | A a £ a
poly(PCDA) 4831184 alkyl chain NLANDUABAIBBAINNLANAINNLNAYWUIISLAAIINLIY
o a | o A : = o o A o
ﬂsz‘ﬂ']‘]_lﬁlﬂmﬁ']uﬁjﬁLL@]ﬂ@nGﬂu "]j\'iﬁ\ﬂla&l')’]aqu%')mﬂ\‘i poly(AEPCDA) LNANUDS

v

lalasian 2 NWTLLANNANANITNARDINUINLIINILHITERININUAATAININV D

poly(PCDA) lasmaidsufaziinatsauysninganni ~60 °C

3. MsaaudwasnaniIsiligndLNatfnlanIwoa

MITUNIIZULVESI PDA  NRRIAALASMIANIENIBERUNIZFINAADNTIALTLIA
YaIFIWAINUTI A BRI V0ILATIET9289 PDA  LIEFLAR Imimaqamauamuaalu
snsazanpazdan 9Furwd W lutuves PDA nafifauazlungaazvilviuselalasiaud

a 1 a ) v Aa a s 1 a A é ~

USnadmninanaanyinliiianmIiaseeailniaas PDA Ladfa T9ANuDIuTIuaILTI
nszvnaelusuved PDA naddavziluilasonanlwnsaTuiengdnssumaianmadasu
a = 1 & & % nll o o A % & 1 [
fuazna lnnsdurwsasemuaaiiduilassndeyandasuniatuni

gﬂﬁ 8a,b LLammﬂn@ﬁﬂﬁ@@ﬂﬁmmwaa poly(PCDA) uaz poly(AEPCDA) L&

]
a a o a

L% dl a ol A 1
W@anvinnsiautaninaast ldluszuy ‘nﬂimmmmuaammﬂﬂmsﬁmigmﬂammﬂw
d' o A = ol d' = v U v =
Wassulauddinsganauuasazldndiasiiasannaslionudududouss lasRa A,
dldl 1 a 1 Q > 1 v
AINT ~640 nm LFAIIINITLANLANIHEA 11 18 W TUNIUANTVUIUAIVAIFIBRIIVDI LATIFT
289 PDA &R waztdatduaninaarinuttn i luszuuany 50%viv '«J:wuﬁﬂmi@@ﬂﬁu
dl a dl a :‘ a & 1 6 dl A a t:ll
s ~540 nm uazaziiemadfsuwanninduiuuesatanysalilalimaduienuoad
USU1h 60%V/v NINLRWAIADNITLURUURUEAI A las NI WA TINIERINIAT %CR DU
U‘%mmamuaaﬁLauLﬂTﬁvLﬂluizUULLa@oéTogﬂﬁ 8c NyzazinIBuRwyadtan waait il
Tupad PDA NaffarilfAansdasasalndvailassasng (3U1 8d)
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gﬂﬁ 8 mﬂﬂm’mﬁg@ﬂﬁmmmm (a) poly(PCDA) uaz (b) poly (AEPCDA) LI&RLAR LY

a’lia‘;a’mﬁ’uf}ma&lmﬂ’maa (c) colorimetric response (%CR) WsunudIanmanmuea

sanuol (0) Aa poly(PCDA) (A) fa poly(TCDA) uaz (I)) poly(AEPCDA) LaZlA%NN
waasmsunsEuasanmaadnlluruses (d) poly(PCDA) uaz (e) poly(AEPCDA)
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a a o o o v a A aa o o &
Lua\‘lﬁl’mﬁ\‘ia’mwﬂuﬂ’ﬁﬂ’]l%Lﬂ@‘lﬂ’]‘JL‘]Jaﬂuﬁﬂaﬂ’]ﬂmiﬂﬁl’mmLEJV]’]%Q@L“]JWVL‘IJSLH"U%

PDA LIRRLAR AIBWRINAITHNINNNIINIUNITAAMIIURUUT ABLIINTEYINTZRININUA

~a 1 = v ‘é 1 =) { QI = { =3
UMW laTaNd Sawu s IiUfsuduad poly(TCDA) azi5utiafitSunm

v Aa dl a 1 Kd‘ Aa
iemuaatios glavaziianaddsuFednaauysoin ~47 %viv  vadlanuea uaziianis
wsuilasldUSunmaniuaariasnin poly(PCDA) wilasliaiuvad alkyl side chain Nxw
v ldifiansdudlvedlassanalainsviansnuss lalasiawannmisunsnaadnly
LAVBILNMIUEA bFI8ATN

MInaURKaIdaNILURBUFVEY poly(AEPCDA) Waiimsidniamuaaitn luluszuu
ZUANGNIINVBY poly(PCDA) lasmItauuiuad poly(AEPCDA) aziinfidSaunaaadiam
d' a 1 A' d' 1 =) a ai a & 3; g:
uwaafiduasldannnin Fenvaulafenumsifenmaddouiin 2 uaew lastuaawusn
o A Ad |a o ) A A A
wFUNAWUMRURDUFNUIINMENIUER 35 - 50 %v/iv FEAAFBINUMILAANANIIRANEY
UEaN 540 nm  (3U7 8b) uazzdivvessdnannsganiuuasazliifsuudasiiaiy

a2 J a { {
ﬂsmmamuaammuﬁa ~75 %vliv I@]ilEﬂllﬂ@]i’lﬂ’li(g]@ﬂﬁ%LLﬁO’%tLﬂ@ﬂ?iLﬂaEl%LLfL]ﬂ\‘lLflﬂ

USIN o amMuaaLANTwINES ~85 %viv %amia:mmﬂﬁuuﬂuﬁumuﬁaaﬂ'waugizﬁ a4
LLaﬂx‘iluEﬂﬁl 8c TILFAIAN %CR TiLUasnulasotstalaniassaadinUsuomamuan 2
FANUTHEY INNHEANITNAREIT lauaasinn s lalasion 2 WusAinsnantwes
m&'La%aﬁ]:@iaé’ﬁumi%wmwﬁﬂﬂmauamuaalu%umaa PDA  LaFAa 39vinlddasls
USunmfiannnines poly(PCDA) L1I&&LAR

nnranmInaaasi ldvinlwmansaauanalnmafianm s douwdly 2 duaawuas
poly(AEPCDA) LIFFLAR "Lﬁéﬁuamlugﬂﬁ ge Tagluduusnaziinannmssaurwdnldveae
muaaﬁu‘%nmﬁyuﬁwaana&ﬁaﬁaﬁw‘lmﬁ@ﬂ’ﬁﬁﬁmUﬁuﬁ:"l,aimmm:%d'm%y;Laﬁu B
mnﬁwﬁuma\'m%iLaﬁuﬁmzﬁ]:ﬁﬂﬁlﬁ@mwﬁ'ué’waamammaa PDA at19}58ay side
chain ﬂ'omLmzﬁ'uag’ﬁmﬁuﬁﬂﬂmmmamyjLa"l,mTuanmnﬁmssﬁummﬁﬂﬂmm
La’ﬁ’luﬂaéﬂﬁ‘ﬁt’m:ﬁﬂﬁﬁ@LLN@T’]%ﬁU%;;jLﬂ%ﬂ%ﬂﬂﬁ‘ﬁ?%dﬁﬂﬁﬂ’]ﬂauLa‘ﬁ’maaLﬂ'ﬂvlﬂluﬁﬁd
aNuEuTHaIN 50 — 75%viv i lwadnasuianisiaouudas udiatSumosiam
waaNINNI 85%viv azrnliAansuninnwidnluludusuluwes poly(AEPCDA) 1adLaa
rliiiansuaneanvasnuszlalasiausznirangiolud ssualdiianuiudusziaiio
drlnailulassainsves PDA SevnldAensiaens

4. Minavawasaansulagnineilsunmuas OH uaz H' Tesaw

maanlaasenlodlosan (OH) adluluasazans poly(PCDA) Waz poly(TCDA)
namas s liusenszrhsnisdinivesnamasiianmsasuudasegrsnin lasms
iy OH lesauadltazyinlwluduasnu H vl,aaauﬁnﬂd’mﬁaﬁLﬂwgﬂﬁuaﬂ%aﬂ RINA A

iansuanvasnus: lalaslaunuinmiuiinasnsifs [3] lesdjitensznitinse-tusas
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o v 1 6 aa & 1 6 a J a | =3 o v ) 1 1
mlvxvxgmiuamjanmmﬂmﬁHmiuaﬂsﬁl,amemuﬂizﬁy,ﬂuau AT A LIINTZINTTNIN9EI
wrvadnaFiaanataduwLIInannwinlwiAan 1T gULaZIATHIA 2 rau0 I lATIRTIITA
Q Q =Y ! v J 1 | a {
PDA launiyutiudluas PDA a:mmumnﬁauammagﬂuﬂimmmaom%ﬂaﬂma@ﬁ
LAY WNAWRIVDINFFLAR
UM 9a LLamaLﬂﬂmwmsg]@ﬂﬁuuawaa poly(PCDA) LaFtaatlarinnisidu
1 QI { o vV Aa ‘&l {
ssazaneladsdlaasenlod wuiinmsiy pH a0 41U 8.8 vildiianmsladuvasfian
{ & ¥ + 1l Aaa Aa - o
540 nm ATuiinsgads H lesauvesngeriuanddnlasmaidn OH lasausdly azvin
v ai a ] 6 a QI J 1 v Aa @ o '
lwﬂi:fgauwm@mﬂ%gmsuaﬂma@L‘wmm, RINRALAANITUTUAIVBILNIEINVDI PDA LA
;ﬂl nl =3 ° v a t:ll 1 v A o < A a
Walhy pH  aude 10z ldmdnasifensidfoundasadanuinula sudaianis
Lﬂ‘ﬁauﬁamoawysﬁmnﬁwﬁmﬂuum I@ygvl,ﬁmn@i’w %CR 1u3ﬂﬁ 9c  wLAAMT
a ' = o A a ' & A a a a a & A &
WasULURI8EITIA SR TUNINALSIT9 pH &t Telunannafmaatdaouduiuasniu
ﬂ‘%mmﬁmnmaa%y;m%uaﬂﬁ'fna@dawalﬁLﬁ@ﬂﬁiﬂJETULLazi’f@L’%fmé’l'almjmaapoly(PCDA) VAR
WAaNIIZTUY (gﬂﬁ 9d)  @IWNIIADLAWAIVY poly(TCDA) LaFLia tlarinnisidu OH
losan azling@nssuluanumsiduinunuvas poly(PCDA) LI&RLAR LaAan TR uE
Tug9 pH dniwinnu lagaziiamsidaondnsas pH Uszunm 7.8 09 9.4 LH8997nusd
= { a ‘3‘ { ) g =) ) =) 1 v 1 =) a
NANTILAAUUNLITIIUNURIVES poly(TCDA) LaaELAa Je1taaninves poly(PCDA) LIFFLAR
WHANIINNILLUROUFVS poly(AEPCDA) L&FLAA 22U@N@1931N poly(PCDA) LI&H
\@a laanisdy OH  lasawazlivinlwisFdaatianisiUfung laanisilfuuguas
Aa A Aa :3/ A Aa + ~
poly(AEPCDA) Liadtaa aziiaduiiiawdn H  lesauad lluszuuunn JUN 9b uaasain
m’mﬁg@ﬂﬁmmwaa poly(AEPCDA) Lnadaa Niduansazaransabalasaaainad bl way
A o A \ \ o \ a \ ~ a
Warnsl@euwnWIzningdn %CR NU pH WUILAANIIAaUaHaIG N TR UERANY
& & { a &£ 4 o
YUADY LABUUADUN 1, 2, 3 LAz 4 AL AAIUN pH Useanmw 4.5, 2.5, 1.0 waz 0.1 ANUE1OL
A { { =) ‘g/ ¥ 1 a =Y 1 L= a a {
FINSLU oMUY RINA TR UL AAINNUTLIUWEIWAIVEY poly(AEPCDA) LIRFLAR 7
LANEN9IIN poly(PCDA) EALAR duALLINAD TUUaNgavadnFaIfalznaufmsdIuiIg
i { 'V ° @ - N [ [ + 1
Lﬂuﬂwaﬁuﬁmwuﬁﬂﬂmmu YNl OH lasawlisauiInllauny H "Laaaumam%uaﬁu
[ %] % + { a U a % a 1l U o v Aa
16 Tunsnaunu H laaauniduadldazidn liiawwsznu N amawlwwaﬁuﬂmmlmm
g U { a ‘g/ 1 vV A L= Qs 1 o v Aa
meam:mwmszgmﬂﬁmmuaawal%m@mimﬂumlumammaa PDA F3vihltAaniy
= A & v o A ' 1 =3 . . £ = o @ o A
wWasumaniey a931Uh e weiaeN9b3NaY side chain H9A9HALNNZNHAIBNLT LalaTiand
a ' ¢ & o o Aa + J A o v Aa A a K ° @
Lﬂ@mﬂ%gl,a"l,m Fagadasnaan H adlluszuusnndwinarinldifiamsilaows 399019
ANAMT LAIINNIRINALAWBNITUR I WULURIRA LT UA UL UUIIZANIIN TUAUNUANEIIN

Tunsuwsanwd i luwlassassad poly(AEPCDA) NadLaa
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gﬂﬁ 9 aLaJﬂm']msg@ﬂﬁuLLawaa (a) poly(PCDA) uag (b) poly (AEPCDA) LI&RLAR LY
a’ﬁa:mmf’nfiaﬁ'mm,ﬂﬁ'ﬂuu,ﬂmﬂ"] pH (c) colorimetric response (%CR) WaunUMT
\Wasuutaaen pH §anwal (0) fia poly(PCDA) (A) fa poly(TCDA) uaz
(L)) poly(AEPCDA) LLawﬁ@ma\‘lﬂizgiumuﬁwm (d) poly(PCDA) LLaz (e) poly(AEPCDA)
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1 cll 1 a ' 1
5. mMInadanasnaniIslasndnailsarmaosuaanagaaaruldase
ANITUNIUTZULVAY PDA  NaFLAalaunIsfunasnagadsylaass W1azainasa
% = a 1 Q dl a d‘y a v a A
NNIAALILIAIVDIRIUAINUS I MABAIV0IlATIa19Ta9 PDA  1&FLAR I@ﬂIwLaqamao
uwaanagastuaiazasazdon 9Burwd i) lusuaes PDA  wisRifauazlufigaazyild
Wud lalasawnuInmsIniinanaanvinlwiian1ssaisuinaluiuas PDA  L1IRFLAR 9
ANULTILTITAINTINTEiTM el uTwYad PDA  LsFEAaaztiuiladunanlinnisasuiy
a a t:ll a = ' (% g; a a 6
wp@anssumsiianmsifsuiuazna lnnsdurwd llusuaa s aFiAavedieanagaaan
& v A, o o o = L @ oA ' & & o s
Huasendandniauniaruwnu lasmadnleaelduaswaanagasanaduwanliin
=1 J a { o v { N v g;
YILaANaTARNIZNNINTY AILRAILUAITIN 2 FilwieNazunsnad U lusuuas PDA
RRLAR Led18nTIRaINATUEHI W MawAue lalaslawnuSi eI wid lauanaanuan

I3 2 Aruanlifvesuaanazaaiadngg

Alcohols Dielectric | Solubility in water
constant (g/L) 20°C
Methanol 33.6 Miscible
Ethanol 25.1 Miscible
1-Propanol 20.3 Miscible
1-Butanol 17.8 77.0
1-Pentanol 13.9 22.0
2-Propanol 18.3 Miscible
2-Butanol 15.8 125.0
t-Butanol 12.5 Miscible
2-Pentanol 13.7 166.0

gﬂ‘?‘i 10a,b LLamaLﬂﬂmwmi@@nﬁuuaa"uaa poly(TCDA) Uaz poly(AEPCDA) 1R

a A

Lﬂﬂ‘ﬂﬁ’m’lilﬁ&lLwﬂﬁuﬂaLﬁ11ﬂ1u5$UU ﬁﬂ%&l’lmmﬂ’]uaaﬁ’lﬁLﬂﬂ@]i’]ﬂ’]ig}@]ﬂﬁuLLaﬂﬂj
A ' A A o A a v o o A
LﬂaU%LL‘IJMLL@]ﬂﬁﬂ’]i@@ﬂﬂ%LLé’(ﬂ%NﬂWHa{iLua\‘imﬂaﬁuﬂ’l’]mmwmuuaEJEN I@]ﬂ&lﬂﬂ)\,max

AINT ~640 NM LFAIIINITLANLLNIWAR b3l 16 LTUNIWNNTVE LAV DIRIWAIIVDI LATIFTI

289 PDA &R waztidatduiumuwaariiud b luszuuands 45%viv ﬁ]zwuﬁﬂmi@@ﬂﬁu

A a

WIN ~540 nm LLazﬁlzLﬁﬂﬂ’ﬁLﬂaU%ﬁﬁ]’mﬁ’]ﬁ%Lﬂ%LL@daEhdﬁ&liﬂiﬂil,ﬁallﬂ’]‘iL(ﬂ&lL&m’]%aa
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Abstract
In this contribution, we report the relationship between molecular structures of
polydiacetylene (PDA) vesicles, fabricated by using three monomers, 10,12-
tricosadiynoic acid (TCDA), 10,12-pentacosadiynoic acid (PCDA) and N-(2-
aminoethyl)pentacosa-10,12-diynamide  (AEPCDA), and their color-transition
behaviors. The modification of side chain length and head group of the PDA vesicles
strongly affects the colorimetric response to temperature, ethanol and pH. A shorter side
chain of poly(TCDA) yields weaker inter- and intrachain dispersion interactions in the
bilayers compared to the system of poly(PCDA), which in turn results in a faster color
transition upon exposure to all stimuli. A change of head group in poly(AEPCDA)
slightly reduces the transition temperature. Interestingly, the colorimetric response of
poly(AEPCDA) vesicles to the addition of ethanol is found to occur in a two-step
fashion while the response of poly(PCDA) vesicles takes place in a one-step process.
The amount of ethanol required for inducing complete color-transition of
poly(AEPCDA) vesicles is also much higher, about 87 %v/v. The increase of pH to ~9
and ~10 causes a color-transition of poly(TCDA) and poly(PCDA) vesicles,
respectively. The poly(AEPCDA) vesicles, on the other hand, change color upon
decreasing pH to ~0. The colorimetric response also occurs in a multi-step fashion.
These discrepancies are attributed to the architecture of surface layers of

poly(AEPCDA), constituting amine and amide groups separated by ethyl linkers.

Keywords; Conjugated polymer, Structural-properties relationship, Optical sensor,

Photophysics, Color-transition
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1. Introduction

Sensing technologies based on colorimetric response are very attractive because
they can be achieved by the naked eye and hence do not require expensive devised or
equipment. Different types of materials such as nanoparticles of gold or silver [1,2] and
some polymers [3-5] can undergo color-transition upon exposure to external stimuli.
Polydiacetylene (PDA) is one of conjugated polymer that exhibits rather interesting
chromic properties. It has been observed that PDA assemblies exhibit color-transition
when subjected to various external stimuli including solvents (solvatochromism) [6-9],
temperature (thermochromism) [10-15], pH [16-19], ions [20,21] and ligand-receptor
interaction (affinochromism) [22-30]. This unique property renders PDAs to be utilized
as an active material in various applications such as chemosensors [4,31,33], biosensors
[23,26-32], ion sensors [21,22,24,34], temperature sensors [14,35] and molecular
switches [36].

PDA-based sensors can be prepared in different forms of organized structures
such as Langmuir-Blodgett/Langmuir-Schaefer films [3,10,13], polyelectrolyte
multilayered films [6,9,37] and assemblies dispersed in liquids [18-24,38,39].
Diacetylene (DA) monomers with polar head and long alkyl tail tend to spontaneously
arrange into vesicular structure in aqueous medium. The topopolymerization of
assembled DA monomers upon exposure to UV light provides spherical PDA vesicles.
The conjugated backbone of PDA constitutes alternating double and triple bonds (ene-
yne). The electronic absorption of this material occurs via a n-n transition of electrons
in the conjugated backbone. The PDA vesicles can exist in different forms, depending
on the arrangement of their segments.[38-41] In general, the unperturbed PDA vesicles
posses long conjugation length and exhibit a deep blue color. The addition of stimuli

into system affects the packing of side chains, which in turn relieves strain in the ene-
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yne conjugated backbone.[42,43] Therefore, the HOMO-LUMO energy gap of
perturbed PDA vesicles becomes wider. The PDA in this state absorbs light at higher
energy region and hence exhibits different colors such as red, orange or purple.

The colorimetric response of PDA assemblies to various external stimuli has
been extensively investigated. Many research groups have demonstrated that structural
modification of head group and side chain is a very effective approach for tuning the
colorimetric response of PDA assemblies.[13-15,33,44-47] Comprehensive studies by
Kim and coworkers have shown that the strength of interactions at PDA vesicle surface
strongly dictates the color-transition temperature.[13,14] In the extreme cases where the
interactions between head groups are very strong, the color transition of PDA
assemblies, usually an irreversible process, changes to the reversible one. The structural
modification by bonding the head groups together also yields PDA assemblies with
reversible thermochromism.[15,45-47] However, most of these works mainly focuses on
the colorimetric response to temperature. The investigation involving the effect of
structural modification on colorimetric response to other stimuli such as pH, ions,
solvent and other chemicals receives limited attention.

Early works by Cheng et.al demonstrated that the colorimetric response of PDA
assemblies to the increase of pH could be manipulated by attaching the head groups to
various amino acids.[16,48] Recently, Seo and Kim investigated the colorimetric
response of PDA assemblies, prepared from a series of N-(n-aminoalkyl)-10,12-
pentacosadiynamide, to different types of acids.[44] It was observed that the degree of
colorimetric response depended largely on molecular size of the acids. The length of
alkyl spacer, separating the terminal amine and amide group, was also found to play an
important role. The PDA assemblies functionalized with hydrazide head also showed an

unusual reversible color change upon cycled variation of pH.[49,50] The colorimetric
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response of various PDA assemblies to organic solvents was recently investigated by
several groups.[7,51-54] Although these studies have observed the dependency of
colorimetric response on PDA structure, origins of the discrepancies was hardly
explained. Therefore, it is important to explore in details the relationship between PDA
structures and their colorimetric response to different classes of stimuli. This
fundamental understanding is essential for molecular designing of PDA assemblies with
desirable properties.

In this study, we systematically investigate the colorimetric responses of PDA
vesicles with different head groups and alkyl side chains to different external stimuli
including temperature, ethanol and pH. The PDA vesicles are fabricated by using three
types of monomers, 10,12-pentacosadiynoic acid (PCDA), 10,12-tricosadiynoic acid
(TCDA) and N-(2-aminoethyl)pentacosa-10,12-dyinamide (AEPCDA) (see Fig. 1). The
TCDA and PCDA monomers constitute the same carboxylic head but the length of
TCDA alkyl tail is slightly shorter, affecting the strength of dispersion interactions
within the bilayer of vesicles. Although previous studies already reported the
colorimetric response of poly(PCDA) and poly(TCDA) vesicles to external stimuli
[8,10,18,51-58], detailed comparative study to reveal the role of dispersion interactions
was not performed. The change from carboxylic group of PCDA to amine and amide
groups of AEPCDA affects the strength of hydrogen bonding at the surface of vesicles.
In addition, the architecture at the surface of poly(AEPCDA\) vesicle, which constitutes
two hydrogen bonds separated by nonpolar ethyl group, is rather different from that of
the poly(PCDA) vesicle. The colorimetric response of poly(AEPCDA) vesicle to
ethanol and temperature was not investigated in the previous study.[44] In addition, the
parallel investigation of poly(PCDA) and poly(AEPCDA) vesicles will provide the

relationship between head group architectures and their color-transition behaviors upon
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exposure to external stimuli. The change of segmental dynamics upon increasing
temperature and the swelling behaviors of ethanol molecules into different layers of the

PDA vesicles are investigated by mean of electronic absorption spectroscopy.

Fig. 1 (above) Chemical structure of diacetylene monomers, 10,12-tricosadiynoic acid
(TCDA), 10,12-pentacosadiynoic acid (PCDA), and N-(2-aminoethyl)pentacosa-10,12-
diynamide (AEPCDA). (below) Structure of polydiacetylene vesicle and the formation
of hydrogen bonds between the head groups. The existence of H-bonds between the

head groups is confirmed by FT-IR spectroscopy (see supporting information).

2. Experimental
The PCDA and TCDA monomers were purchased from Fluka whereas the

AEPCDA monomer was synthesized as described in literature.[15] Thermal properties
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of each monomer were investigated by using differential scanning calorimeter (Mettler
Toledo DSC1). All monomers were purified by recrystallization process prior to the
DSC measurement. About 3 to 5 mg of sample was encapsulated in aluminum pan and
measured under nitrogen gas, using 5 °C/minute heating and cooling rate. The melting
point was measured at peak temperature.

The PDA vesicles were prepared as follows. DA monomers were dissolved in
chloroform and then filtered by using a 0.45 um nylon filter to remove residual
polymers. The DA solution was slowly dried at ~50 °C. The deionized water was added
into the DA film to provide ~0.5 mM aqueous suspension. The sample was sonicated at
~80 °C for 30 minutes to disperse DA monomers into aqueous medium. The suspension
was allowed to cool down to room temperature and then kept at 4 °C overnight. To
polymerize the organized DA monomers in vesicles, the cloudy suspension was
illuminated by ordinary UV light (10 watts, A~254 nm) for 5 minutes. The blue solution
of PDA vesicles was filtered by using 0.45 um cellulose acetate membrane to remove
large aggregates. The size distribution and morphologies of the PDA vesicles were
investigated by laser light scattering (Malvern Mastersizer 2000) and scanning electron
microscopy (SEM, LEO 1455 VP), respectively. The samples for SEM measurements
were prepared by dropping the PDA suspensions on polished silicon wafer.

Absorption spectra of PDA vesicles were measured by using UV-vis
spectrometer (Analytik Jena Specord S100) equipped with diode array detector and
variable-temperature sample holder. In temperature-dependent experiments, the
solutions were equilibrated at each temperature for ~5 minutes prior to each
measurement. Thermocouple was directly immersed into the solution to determine
actual temperature. The addition of ethanol into PDA vesicle solution was carried out by

using micropipette. The pH of PDA vesicle solution was varied by addition of NaOH
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and HCI solutions. To quantify the extent of blue to red color-transition of PDA
vesicles, the colorimetric response (%CR) was defined and calculated as follows: %CR
= [(PBo-PB)/PBy] x100. The PB is the percent blue calculated from Agss/(AssotAsss),
where Asgo, Agsg are the absorbance of red (A=540) and blue (A=638) phases of vesicles,

respectively. The initial PB, value was determined before exposure to each stimulus.

3. Result and discussion

3.1 Thermal properties of DA monomers

In this section, we investigate the influence of structural change on the strength
of intermolecular interactions of the DA monomers, which reflects the interactions in
the bilayer of their respective vesicles. Although previous works by many research
groups have indicated that intermolecular interactions dictate the color-transition
behaviors of PDA vesicles, their relationship is still not fully established. The DSC
curves obtained from second heating cycle of the DA monomers are illustrated in Fig.2.
The transition temperatures and enthalpy change (AH) are summarized in Table 1. The
TCDA and PCDA monomers exhibit melting temperature (T,,) at 56.3 °C and 62.8 °C,
respectively. The lower T, value of TCDA indicates that thermal energy required for
breaking the organized structure of the monomer is lower than that of the PCDA. The
AH values of TCDA and PCDA melting are 53.6 kJ/mol and 57.9 kJ/mol, respectively.
Since the two monomers constitute the same head group, the increase of T, and AH
values of PCDA is attributed to the increase of dispersion interactions due to its longer
alkyl tail. Our results in the following sections will show that the change of interactions
between alkyl tails plays an important role on color-transition behaviors of PDA upon

exposure to different stimuli.
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Fig. 2 DSC thermograms measured upon second heating of TCDA (1), PCDA (2) and
AEPCDA (3) diacetylene monomers. The thermograms were normalized to weight of

the samples and shifted vertically for presentation.

Table 1 Thermal properties of diacetylene monomers measured upon 1% cooling and 2™

heating cycles

2" Heating 1% Cooling
Diacetylene Tm AHendo T, AHexo
monomers (°C) (kJ/mol) (°C) (kJ/mol)
TCDA 56.3 53.6 51.1 53.4
PCDA 62.8 57.9 58.2 58.6
AEPCDA 56.5, 64.6 (T.c) 18.8 62.0 (TLc) 13.6
101.1 (Tm) 23.7 85.6 (To) 35.7
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For the system of AEPCDA, an alkyl tail is the same as that of PCDA while the
head group constitutes amine and amide groups separated by ethyl spacer. We observe
that the change of head group largely alters the melting behavior. The DSC curve of
AEPCDA exhibits broad endothermic peaks at 56.5, 64.6 and 101.1 °C. The detection of
multiple transition temperatures, suggesting the existence of liquid crystalline (LC)
phase, is similar to thermal behavior of other DA monomers where the head groups are
chemically stitched together.[46,47] Early studies of dihydroxydiphenoxydiyne show
that hydrogen bonding is also important for the formation of LC phase.[55,56] We
believe that the formation of two hydrogen bonds between AEPCDA head groups
causes the increase of molecular rigidity, resulting in the formation of LC phase. Since
the AEPCDA exhibits multiple transition regions, it is not trivial to directly compare the
strength of intermolecular interaction with that of PCDA. However, the combined AH

value of the three transitions is still lower than that of the PCDA.

3.2 Size distribution and morphologies

Fig. 3 illustrates size distribution of the PDA vesicles in aqueous medium. The
size of poly(PCDA) vesicles ranges from about 20 to 170 nm. The dimension of
poly(TCDA) vesicles is slightly larger, ranging from about 20 to 220 nm. The
poly(AEPCDA) vesicles exhibit relatively broad size distribution with higher fraction of
large particles. This is attributed to the decrease of its solubility when the hydrophilic
carboxylic group is replaced by the new head group of AEPCDA. The SEM images of
dried PDA vesicles on silicon substrate are shown in Fig. 4. The evaporation of solvent
drives the PDA vesicles to form clusters in all samples. The primary size of particles is
consistent with the results obtained from the light scattering technique. The poly(PCDA)

vesicles exhibit spherical shape while irregular particles are observed in the samples
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prepared from aqueous suspensions of poly(TCDA) and poly(AEPCDA). However, the

aggregation during the drying process may cause the deformation of their shape.
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Fig. 3 Particle size distribution of PDA vesicles in aqueous suspension. Symbols are (o)

poly(PCDA), (0) poly(TCDA) and (A) poly(AEPCDA) vesicles.

Fig. 4 SEM images of (a) poly(TCDA), (b) poly(PCDA) and (c) poly(AEPCDA)

vesicles on polished silicon wafer

3.3 Colorimetric response to temperature

The perturbation of PDA vesicles by increasing temperature promotes the

dynamics of all segments including alkyl tail, polar head and conjugated backbone. The



44

color transition takes place when the thermal motion of all segments overcome inter-
and intrachain interactions within the PDA vesicles, resulting in significant segmental
rearrangement and the relief of strain in conjugated backbone.[38-43] These processes
cause an abrupt increase of HOMO-LUMO energy gap. The transition temperature is
expected to correlate with the strength of those interactions.

The absorption spectra of poly(TCDA), poly(PCDA) and poly(AEPCDA)
vesicles at room temperature exhibit similar pattern with An.x at ~640 nm and vibronic
shoulder at ~590 nm. The separation between these peaks is about 50 nm (~1324 cm™).
This is assigned to the stretching vibration of double bond in the electronically excited
state. We note that the stretching vibration of the double bond in ground state is detected
at 1475 cm™.[8] Since the electronic excitation is a 7-n* transition, the distribution of =
electrons along PDA conjugated backbone is probably affected. Therefore, it is possible
that the spring constant of double bond becomes weaker in the excited state. However,
more detailed study is required to confirm this hypothesis. The increase of temperature
causes systematic change of absorption spectra as illustrated in Fig. 5a,b. In a low-
temperature range, the whole spectra gradually shift to high-energy region upon
increasing temperature, accompanied with slight decrease of absorbance. This behavior
has been observed in other types of conjugated polymers.[57-59] We suggest that the
increase of temperature at this stage cause partial rearrangement of the PDA segments.
Since the perturbation of system is small, this process is fully reversible upon cooling to
room temperature.[8] To investigate the magnitude of segmental rearrangement of each
PDA, the Amax is plotted as a function of temperature (see Fig. 5c¢). It is observed that
slopes of the plots in low-temperature range vary with structure of PDA vesicles. The
system of poly(TCDA) vesicle exhibits higher slope compared to that of poly(PCDA)

vesicle, indicating higher magnitude of segmental rearrangement. This corresponds to
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the smaller inter- and intrachain dispersion interactions due to the shorter alkyl tail of
poly(TCDA). The magnitude of segmental rearrangement is smallest in the system of
poly(AEPCDA) vesicle (i.e. smallest slope). This suggests that the existence of two
hydrogen bonds between the amine and amide head groups limits thermal motion of the
PDA segments.

The increase of temperature above 55 °C causes drastic change of absorption
spectrum of poly(PCDA) vesicle. New absorption band at ~540 nm grows while the
peak at ~620 nm simultaneously drops. The observation of an isosbestic point at ~550
nm indicates the transition between different electronic species. At ~65 °C, the blue
species completely transforms to the red one. At this stage, the high thermal motion of
side chains breaks hydrogen bonds between the head groups, leading to large extent of
segmental rearrangement.[13] We point out that the broad absorption band at ~500 nm
also grows significantly upon increasing temperature. This band is attributed to the PDA
chains with different conformation and/or molecular packing compared to that of the
band at ~540 nm.[60] We observe that the ratio of these two bands varies with the
synthetic batch and structure of PDA. The shortening of alkyl side chain in poly(TCDA)
vesicle results in the decrease of transition temperature. A complete color-transition is
observed at ~60 °C. The results are summarized in Fig. 5¢,d. The drop of Ama Value
indicates an early stage of the transition whereas value of colorimetric response (%CR)
reflects the extent of transition. The temperatures of thermochromic transition of
poly(PCDA) and poly(TCDA) vesicles are close to the melting points of their respective
monomers. This observation is consistent with previous report, investigating various
types of PDAs with different side chains.[61] We note that the effect of alkyl chain
length was previously investigated in the system of PDAs constituting terminal m-

carboxyphenylamido groups.[13] The variation of alkyl chain length had a negligible



46

effect on their thermochromic behaviors. However, this class of PDA has very strong
interactions (i.e. two H-bonds and =-7 interaction) between the head groups. Therefore,
the change of dispersion interactions between the alkyl chains hardly affects the overall
inter- and intrachain interactions. In the system of poly(PCDA) and poly(TCDA) where
the interaction between the carboxylic head groups is much weaker, the change of alkyl

chain length becomes important.

Fig. 5 Absorption spectra of (a) poly(PCDA) and (b) poly(AEPCDA) vesicles in
aqueous solution measured upon heating. The change of Amax (C) and colorimetric
response (%CR) (d) are plotted as a function of temperature. Symbols are for (o)

poly(PCDA), (A) poly(TCDA) and (o) poly(AEPCDA).
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The system of poly(AEPCDA) vesicles exhibits rather different behavior. The
analysis of spectra at low-temperature range indicates that the thermal motion of side
chain is limited in this system due to the existence of two hydrogen bonds between the
head groups. However, the color transition is detected at relatively low temperature. The
shift of Amax from ~637 nm to ~543 nm is observed at ~45 °C (see Fig. 5¢), which is
about 15 °C lower than that of poly(PCDA). The pattern of absorption spectra of the
intermediate state is also different. Since the poly(AEPCDA) and poly(PCDA)
constitutes the same alkyl tail, the observed discrepancy is attributed to the variation of
interactions between the head groups. Although the head groups of poly(AEPCDA) can
form two hydrogen bonds, it appears that overall interactions are still weaker than that
of poly(PCDA). A complete color-transition of poly(AEPCDA) is at ~60 °C, which is
close to the first phase transition temperature of the monomer. It is important to note
that the discrepancy between the thermochromic transition temperatures of each PDA
can not be attributed to the variation of their sizes. It was demonstrated that the smaller
PDA vesicles, having higher curvature, were more sensitive to external stimuli.[23]
However, the thermochromic transition temperature of poly(PCDA) vesicles, exhibiting

smallest size, is higher than those of poly(TCDA) and poly(AEPCDA) vesicles.

3.4 Colorimetric response to ethanol

The perturbation of PDA vesicles by addition of ethanol affects the organization
of head groups and alkyl side chains near surface region. The molecules of ethanol in
solution can swell the layer of PDA vesicle, which eventually breaks hydrogen bonds
between the head groups and weakens the dispersion interactions between alkyl side
chains. The strength of interactions within the bilayer of PDA vesicle is a key factor that
dictates the color-transition behavior. The swelling mechanism of ethanol also plays an

important role.
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The absorption spectra of poly(PCDA) and poly(AEPCDA) vesicles measured
upon addition of ethanol are illustrated in Fig. 6a,b. At low ethanol concentration,
pattern of the spectra is hardly affected. The drop of absorbance is due to the dilution.
Unlike the perturbation by temperature, the Amax vValue remains the same at ~640 nm.
This observation is due to the fact that the addition of ethanol does not affect segmental
dynamics of the PDA vesicles. The growth of a peak at ~540 nm is observed when the
ethanol concentration is increased above 50 %v/v. A complete transition from blue to
red color occurs at about 60 %v/v of ethanol. The color transition is illustrated in the
plot of %CR as a function of ethanol concentration as shown in Fig. 6¢. At this stage,
the swelling of ethanol molecules into the layer of PDA vesicles causes segmental
rearrangement (see Fig. 6d). Since this process mainly involves the insertion of ethanol
into the surface layer of PDA vesicles, one expects that the color-transition behavior
should depend largely on the strength of interactions between the head groups. If this is
entirely the case, the colorimetric response of poly(PCDA) and poly(TCDA) vesicles
should be very similar due to the similarity of their surface layer (see Fig.1). However,
the color-transition of poly(TCDA) takes place at lower concentration of ethanol. A
complete color-transition is detected at ~47 %v/v of ethanol (see Fig. 6¢). Again, this
discrepancy can not be attributed to the difference of their sizes. Our result is consistent
with recent study by Jiang et.al where poly(PCDA), poly(TCDA) embedded in
polymeric matrix are exposed to various organic solvents.[51] It was observed that the
poly(TCDA) film exhibited stronger colorimetric response. The modification of PDA
head group by attaching to azobenzene caused significant increase of color stability
upon exposure to various solvents.[51-53] However, the explanation of these results was

rather limited.
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Fig. 6 Absorption spectra of (a) poly(PCDA) and (b) poly(AEPCDA) vesicles in
aqueous solution measured upon addition of ethanol (EtOH). The drop of absorbance is
due to the dilution. (c) The colorimetric responses (%CR) of the vesicles were plotted as
a function of ethanol concentration. Symbols are (o) poly(PCDA), (A) poly(TCDA) and
(o) poly(AEPCDA). Schematic drawing of the penetration of ethanol into the layer of

(d) poly(PCDA) and (e) poly(AEPCDA) (see text).
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The rationalization of our result is as follows. Although the swelling of ethanol
molecules begins at the interfacial region, the penetration into inner region of PDA
vesicles must be sufficiently large, which in turn weakens the dispersion interaction
between alkyl side chains, to induce segmental rearrangement. The dispersion
interaction between the alkyl tails is an opposing force to this process. When the degree
of ethanol penetration overcomes the overall interactions, segmental rearrangement
occurs throughout the entire PDA vesicles. Since the dispersion interaction between
alkyl tails of poly(TCDA) vesicle is weaker than that of the poly(PCDA) vesicle, it
requires lesser extent of ethanol penetration to induce the color transition. Our results
demonstrate that although the perturbation begins at the vesicle surface, the overall
inter- and intrachain interactions still dictate the color-transition behavior.

The colorimetric response of poly(AEPCDA) to the addition of ethanol is rather
different from that of poly(PCDA). The color transition of poly(AEPCDA) is detected at
much higher concentration of ethanol. Interestingly, the transition also takes place in a
two-step fashion. The first transition is observed at about 35 to 50 %v/v of ethanol,
corresponding to small growth of absorption peak at 540 nm (see Fig. 6b). Further
increasing the ethanol concentration to ~75 %v/v hardly affects the pattern of spectra.
The significant change of absorption spectra is detected at ethanol concentration above
85 %v/v, where the solution completely turns to a red color. Fig. 6¢ clearly shows the
sharp increase of %CR value at the two concentration ranges of ethanol. This result is
reproducible from three synthetic batches of poly(AEPCDA) vesicles. We note that
single size distribution is detected in the agueous suspension of poly(AEPCDA) vesicles
(see Fig. 3). Therefore, the size effect can not be responsible for the observed two-step
transition. Our results demonstrate that the architecture at surface layer of PDA vesicle,

in fact, plays a very important role on the colorimetric response to solvent. The
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investigation of thermochromism in previous section indicates that the overall inter- and
intrachain interactions of poly(AEPCDA) vesicle are weaker compared to the system of
poly(PCDA) vesicle. However, it requires much higher concentration of ethanol to
induce color-transition of poly(AEPCDA) vesicle. This suggests that the existence of
two hydrogen bonds separated by ethyl group resists the swelling of ethanol molecules
into the PDA layer.

Our proposed mechanism for the two-step transition of poly(AEPCDA) vesicle
is illustrated in Fig. 6e. The first step involves the swelling of ethanol molecules at the
surface layer, which destroys the hydrogen bonds between amine groups. The increased
mobility of free amine groups causes partial rearrangement of PDA segments. However,
the side chains are still bound together by the hydrogen bonds between amide groups.
Further penetration of the polar ethanol is resisted by the existence of non-polar ethyl
group. Therefore, the increase of ethanol concentration from 50 to 75 %v/v hardly
affects the absorption spectra. When concentration of ethanol is higher than 85 %v/v,
the penetration into inner layer of poly(AEPCDA) vesicles occurs, eventually breaking
the hydrogen bonds between amide groups. The significant rearrangement of PDA
segments causes the color transition. We note that the swelling of ethanol molecules as
illustrated in Fig. 6d,e is consistent with previous computational study where surfactant
molecule penetrates PDA assemblies by inserting alkyl tail into the inner layer of
PDA.[33] To investigate the swelling mechanism of ethanol, one requires additional

experiments utilizing neutron reflectometry [62], which is out of the scope of this work.

3.5 Colorimetric response to OH and H" ions
The addition of hydroxide ion (OH") into aqueous solutions of poly(PCDA) and

poly(TCDA) vesicles largely alters the interactions between their head groups. The
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added OH' ions abstract acidic protons from the carboxylic heads, which leads to the
breaking of hydrogen bonds at surface of the vesicles.[18] This acid-base reaction also
transforms carboxylic group to the carboxylate one, possessing the negative charge.
Therefore, the interaction between the head groups becomes an ionic repulsion, causing
the rearrangement of PDA segments. The amount of carboxylate groups at surface of the
vesicles determines magnitude of the segmental rearrangement.

The absorption spectra of poly(PCDA) vesicle measured upon addition of NaOH
solution are illustrated in Fig. 7a. The increase of pH from 4 to 8.8 causes systematic
growth of a peak at 540 nm. At this stage, the abstraction of carboxylic protons by the
added OH' ions causes a systematic increase of the negatively charged carboxylate
group, resulting in partial rearrangement of PDA segments. Further increasing the pH to
10 causes an abrupt change of spectra. A sharp increase of %CR value at this pH range
is illustrated in Fig. 7c, corresponding to a complete color-transition. In red phase, the
presence of large quantity of carboxylate group causes segmental rearrangement in the
entire poly(PCDA) vesicles (see Fig. 7d). The response of poly(TCDA) vesicle to the
addition of OH" ions is similar to the behavior of poly(PCDA) vesicle. However, the
color-transition takes place at lower pH range. The sharp increase of %CR value is
detected at pH range of about 7.8 to 9.4. This observation indicates that it requires
weaker repulsive-ionic force at the vesicle surface to induce color-transition of the
poly(TCDA) vesicle compared to the system of poly(PCDA). It is important to note that

the initial pH and molar concentration of poly(TCDA) and poly(PCDA) are the same.
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Fig. 7 Absorption spectra of (a) poly(PCDA) and (b) poly(AEPCDA) vesicles in
aqueous solution measured upon variation of pH. The drop of absorbance is due to the
dilution. (c) The colorimetric responses (%CR) of the vesicles were plotted as a function
of pH. Symbols are (o) poly(PCDA), (A) poly(TCDA) and (o) poly(AEPCDA). The
charged species of head groups of (d) poly(PCDA) in high pH region and (e)

poly(AEPCDA) in low pH region (see text).
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The rationalization for this behavior is similar to our earlier discussion
concerning the perturbation by ethanol. The strength of ionic-repulsive force between
the carboxylate heads must overcome the dispersion interaction between the alkyl tails,
which is weaker in the system of poly(TCDA) vesicle. Therefore, it requires lesser
amount of carboxylate group (i.e. weaker repulsive-ionic force) to induce segmental
rearrangement in the poly(TCDA) vesicle.

The behavior of poly(AEPCDA) vesicle is rather different from that of the
poly(PCDA) vesicle. The addition of OH" ion does not affect the color of vesicle.
Instead, the color-transition is observed when the H* ion is added into the system. Fig.
7b illustrates systematic change of poly(AEPCDA) absorption spectra upon the addition
of HCI solution. The plot of %CR value as a function of pH also detects multi-step
transition (see Fig. 7c). The first, second, third and fourth transitions are detected at pH
about 4.5, 2.5, 1.0 and 0.1, respectively. This rather interesting behavior is attributed to
the architecture of surface layer of the poly(AEPCDA) vesicle, which is quite different
from that of the poly(PCDA). First, the outermost layer constitutes amine head groups,
bound together by hydrogen bonds. The OH™ ions can not abstract protons of the amine
group. On the other hand, the H" ions can protonate N atom in the amine group. The
repulsive-ionic interaction between the positively charged heads induces partial
rearrangement of PDA segments, which causes slight color-transition (see Fig. 7e).
However, the side chains are still bound together by the second hydrogen bonds
between the amide groups. To induce more segmental rearrangement, the protonation at
amide groups is required. In this process, the H" ions must penetrate the hydrophobic
layer of ethyl group, which is not energetically favored. We believe that the observation
of multi-step transition is due to different stages of H* penetration into the inner region

of poly(AEPCDA) vesicle, causing different magnitude of segmental rearrangement.
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However, one requires more detailed study to clarify the actual mechanism of this
behavior. We also note that the penetration behavior of H" is expected to be rather
different from that of the ethanol molecule because of the difference of their size and
charge.[44] Detailed study of this issue is currently being carried out in our laboratory.
Complete color-transition is detected at pH ~0. Therefore, this material has a potential
for being utilized as acid sensor at different pH ranges.

The colorimetric response of PDA assemblies to the decrease of pH was
previously observed by Cheng et.al.[16,48] The head group of the investigated DMAP-
PDA is similar to that of the poly(AEPCDA). However, the terminal amine is
substituted by dimethyl groups, which prevents the formation of H-bond with their
neighbors. This structural change causes drastic difference of their colorimetric response
to HCI acid. A complete color transition of DMAP-PDA, which takes place in a single
step fashion, occurs upon decreasing pH below 4.5. This result suggests that the
existence of H-bonds between terminal amine in poly(AEPCDA) is responsible for the
multi-step color transition. It also causes the color transition to take place at very low
pH region. Our result is rather different from recent study by Seo and Kim.[44] They
observed that the addition of HF, HCI and HBr acids into aqueous suspension of
poly(AEPCDA) did not cause the blue to red color transition but instead resulted in the
increase of blue phase. They attributed this result to the so called “salt annealing effect”
where the salt formation on amine head groups improved the conjugation along PDA
backbone. We believe that the discrepancies of the results arise from the conditions for
the preparation of poly(AEPCDA) vesicles used in these studies. These include initial
concentration of DA monomers, ultrasonation process, incubation time at 4 °C,

polymerization time and pore size of filter, which in turn affect the ordering of PDA



56

segments and their size distribution. The influence of preparation conditions on the

colorimetric response of poly(AEPCDA) vesicles will be the topic of our future study.

4. Conclusion

We demonstrate that color-transition behaviors of PDA vesicles depend largely
on their molecular architectures. In the systems of poly(PCDA) and poly(TCDA)
vesicles, the shortening of alkyl side chains causes faster colorimetric response to all
stimuli. When the strength of interactions between PDA head groups is very strong,
however, the change of alkyl chain length has negligible effect on the color-transition
behavior.[13] The modification of head group by replacing carboxylic group with N-(2-
aminoethylamine) causes slight decrease of color-transition temperature. The
architecture of its surface layer, constituting amine and amide groups separated by ethyl
spacer, is found to resist the swelling of ethanol. The colorimetric response of
poly(AEPCDA) to ethanol takes place in an unprecedented two-step fashion. A
complete blue to red color transition also occurs at very high concentration of ethanol.
The variation of pH alters interactions at the surface of PDA vesicles to an ionic
repulsion. The poly(TCDA) and poly(PCDA) vesicles with carboxylic heads changes
color upon increasing pH. The colorimetric response of poly(AEPCDA) vesicle to the
addition of HCI acid is very different from the result of previous study.[44] Multi-step
color transition at different pH ranges is detected in this study while the previous study
observes the increase of blue phase. The origin of this discrepancy is currently being
investigated in our laboratory. Our results provide fundamental understanding about
structural-properties relationship, which is important for designing the PDA vesicles

with desirable color-transition property.
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This study investigates the relationship between molecular structures of polydiacetylene vesicles and its color
switching behaviors by using uv/vis absorption spectroscopy. The vesicles are fabricated by using three types of
monomers, 10,12-pentacosadiynoic acid (PCDA), 10,12-tricosadiynoic  acid (TRCDA) and N-(2-amino
Ethyl)pcntacosaJﬂ,l?.—dyinamidc (AEPCDA). The TRCDA and PCDA constitute of carboxylic head groups but
the length of alkyl chain in TRCDA is slightly shorter, which affects the thickness of vesicle bilayer as shown in
Fig.1 (a) and (b). We have found that the poly(TRCDA) causes faster color transition from blue to red upon
adding ethanol, increasing pH, and temperature. This result is attributed to the decrease of van der Waals
Iteraction of shorter alkyl side chain in poly(TRCDA). We also investigate the effect of head group on color
switching of vesicles. The carboxylic acid head groups of PCDA and amide head groups of AEPCDA can form
one and two hydrogen bonds, respectively, at the surfaces of vesicles as shown in Fig. 1 (c). We have found that
the poly(AEPCDA) causes color transition at acidic pH (pH~0.5) whereas the increasing of pH to 9.5 induces the
color switching of poly(PCDA). The temperature required for inducing color transition of poly(AEPCDA) is
lower than that of poly(PCDA). However, the quantity of added ethanol for inducing color switching of
Poly(AEPCDA) is much higher than that of poly(PCDA). Our results show that the alkyl side chain and Head
groups strongly affect to the color switching behaviors of wvesicles. This study provides fundamental
understanding that is very important for designing polydiacetylene with desirable color switching property.
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Abstract

This study investigates the relationship between molecular structures of polydiacetylene
vesicles and its color switching behaviors by using uv/vis absorption spectroscopy. The
vesicles are fabricated by using three types of monomers, 10,12-pentacosadiynoic acid
(PCDA), 10,12-tricosadiynoic acid (TRCDA) and N-(2-amino ethyl)pentacosa-10,12-
dyinamide (AEPCDA). The TRCDA and PCDA constitute of carboxylic head groups
but the length of alkyl chain in TRCDA is slightly shorter, which affects the thickness of
vesicle bilayer as shown in Fig.1 (a) and (b). We have found that the poly(TRCDA)
causes faster color transition from blue to red upon adding ethanol, increasing pH, and
temperature. This result is attributed to the decrease of van der Waals interaction of
shorter alkyl side chain in poly(TRCDA). We also investigate the effect of head group
on color switching of vesicles. The carboxylic acid head groups of PCDA and amide
head groups of AEPCDA can form one and two hydrogen bonds, respectively, at the
surfaces of vesicles as shown in Fig. 1 (c). We have found that the poly(AEPCDA)
causes color transition at acidic pH (pH~0.5) whereas the increasing of pH to 9.5
induces the color switching of poly(PCDA). The temperature required for inducing
color transition of poly(AEPCDA) is lower than that of poly(PCDA). However, the
quantity of added ethanol for inducing color switching of poly(AEPCDA) is much
higher than that of poly(PCDA). Our results show that the alkyl side chain and head
groups strongly affect to the color switching behaviors of vesicles. This study provides
fundamental understanding that is very important for designing polydiacetylene with
desirable color switching property.

Keyword :  Polydiacetylene vesicles, Alcohol sensors, Temperature sensors,
Colorimetric response, Conjugated polymer
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Nano-Sensors of Alcohols and Others:
A Study of Structural-Properties Relationship

N. Charoenthai'’, T. Pattanatornchai' and
R. Traiphol"

'Laboratory of Advanced Polymers and Nanomaterials, Department of Chemistry
and Center of Excellence for Innovation in Chemistry, Faculty of Science,
Maresuan University, Phitsanulok 65000, Thailand
*NANOTEC Center of Excellence at Mahidol University, Rama 6 Road,
Ratchathewi, Bangkok 10400, Thailand

Abstract

Polydiacetylene vesicle is an interesting class of material that exhibits color
switching property upon perturbation by external stimuli. Therefore, it has a
potential for being utilized as nano-sensors of various molecules, pH, ions and
temperature. In this contribution, we investigate the relationship between color
switching behaviors of polydiacetylene vesicles and molecular architectures of .
stimuli by using uv/vis absorption spectroscopy. The vesicles are fabricated from
two types of monomers, 10,12-pentacosadiynoic acid and 10, 12-tricosadiynoic
acid. A series of alcohols, having linear and branched chaing, is used as a model of
stimuli. We have found that quantity of the alcohols required for inducing color
change decreases with increasing chain length of the linear alcohols (1.e. methanol,
ethanol, 1-propanol, 1-butanol and 1-pentanol). Adding branches into the structure
of alcohols (i.e. 2-propanol, 2-butanol, tert-butanol and 2-pentanol) is also found to
retard the colorimetric response of polydiacetylene vesicles. In other word, the
lincar alcohols cause faster color change compared to the branched alcohols. From
these results, we propose mechanism of the color-switching based on the insertion
of stimuli molecules at the surface of polydiacetylene vesicles. In addition, we
present simple procedures for controlling the colorimetric response of the vesicles
to temperature change. This is achieved by addition of some ionic salts {Mall,
KCL, KI, KBr, BaCls) and adjusting pH of the solutions.

Keyword :  Polydiacetylene vesicles, Alcohol sensors, Temperature sensors,
Colorimetric response, Conjugated polymer
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Effect of Side Chain Length and Head Group Architecture on Colorimetric
Response of Polydiacetylene Assemblies to Temperature, Alcohols and pH
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Abstract

The relationship between molecular structures of polydiacetylene vesicles and its color
switching behaviors is investigated by using uv/vis absorption spectroscopy. The
vesicles are fabricated by using three types of monomers, 10,12-pentacosadiynoic acid
(PCDA), 10,12-tricosadiynoic acid (TRCDA) and N-(2-amino ethyl)pentacosa-10,12-
dyinamide (AEPCDA). The TRCDA and PCDA constitute of carboxylic head groups
but the length of alkyl chain in TRCDA is slightly shorter, which affects the thickness of
vesicle bilayer. We have found that the poly(TRCDA) causes faster color transition
from blue to red upon adding ethanol, increasing pH, and temperature. This result is
attributed to the decrease of van der Waals interaction of shorter alkyl side chain in
poly(TRCDA). We also investigate the effect of head group on color switching of
vesicles. The carboxylic acid head groups of PCDA and amide head groups of
AEPCDA can form one and two hydrogen bonds, respectively, at the surfaces of
vesicles. We have found that the poly(AEPCDA) causes color transition at acidic pH
(pH~0.5) whereas the increasing of pH to 9.5 induces the color switching of
poly(PCDA). The temperature required for inducing color transition of poly(AEPCDA)
is lower than that of poly(PCDA). However, the quantity of added ethanol for inducing
color switching of poly(AEPCDA) is much higher than that of poly(PCDA).Our results
show that the alkyl side chain and head groups strongly affect to the color switching
behaviors of vesicles. This study provides fundamental understanding that is very
important for designing polydiacetylene with desirable color switching property.

Keywords: Polydiacetylene vesicles, Colorimetric response, Temperature sensor, pH
sensor, Ethanol sensor
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