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Diacetylenes with B-alanine ethyl ester and di-p-alanine ethyl ester were synthesized
by amide coupling method using EDC and HOBL as coupling reagents. The diacetylene were
fabricated onto filter paper and polymerized by 254 nm UV light. The prepared devices were
intended to be used as indicators i.e. UV-dose, temperature, solvent and humidity indicators.
The color transitions of the indicators were determined from their color images using the
RGB color system in which the crossing point of %B and %R curves from their plots against
the independent variables such as time and temperature. The sensitivity of UV and
temperatures can be tuned by converting carboxylic acid head group to -alanine ethyl ester
and di-p-alanine ethyl ester and varing the number of aliphatic chain length. Comparing
between different functional groups, the thermal sensitivity was not always in line with the
UV sensitivity that demonstrated other mechanisms beyond the photo-induced
thermochromism for the blue-to-red color transition induced by UV light. The attempt in
constructing an indicator array from 6 PDAs for detection and classification of organic
solvents gave relatively low classification accuracy of 74%. The diacetylene carboxylic acid
could be used as humidity sensing materials via an alkalinochromism effect by a zone coating
of the diacetylene and K,COs;. The blue PDA zone turned red at 62% RH with time
dependence starting from the PDA/ K,COj3 interface at 3 h and completed within 24 h. This
time dependent colorimetric transition is very attractive for real applications where the
moisture-protected products are usually unintentionally exposed to the ambient humidity for

an unknown period of time.

Field of Study : Petrochemistry

Academic Year : 2012 Advisor’s Signature



ACKNOWLEDGEMENTS

I would like to express my appreciation to my advisor, Associated Professor
Dr. Mongkol Sukwattanasinitt and my co-advisor Dr. Gamolwan Tumcharern for
their invaluable suggestion, generousness and extremely encouragement during the
course of this research. This research is impossible to succeed without their
helpfulness. Moreover, | have learned many things from my advisor such as attitude,
creativeness, logic and kindness to students. He supported me to do the things that
gave me the new experiences such as going to research in Japan, attending the Sci &
Tech initiative and Sustainability contest until getting the award. | appreciate him and
| try to remember to the things that he taught me for using in my life.

I would like to show gratitude to Assistant Professor Dr. Warinthorn
Chavasiri, chairperson of dissertation defense committee, for their kind attention and
recommendations. | also would like to thank Assistant Professor Dr. Paitoon
Rashatasakhon, Assistant Professor Dr. Sumrit Watcharasindhu and Dr. Anawat
Ajavakom for his attention and suggestion during our group meeting.

I would like to express my sincere gratitude to Dr. Prompong Pienpinijthum
from  Sensor  Research  Unit, Department  of  Chemistry, Faculty  of
Science, Chulalongkorn University for SEM data.

My appreciation is also given to many people in our research group; Dr.
Warathip Siripornnoppakhun for PCA data and valuable advice, Mr. Chaiwat
Phollookin and Dr.Thirawat Sirijindalert for training and suggestion in this research;
Miss Kanokthorn Boonkitpattarakul and Miss Nattaporn Kimpitak for their
helpfulness; and everyone in MAPS Group for a great friendships and
encouragement;

I would like to thanks Chulalongkorn Universitiy and my financial support
from the Thailand Graduate Institute of Science and Technology (TGIST) from
NSTDA.

Finally, I would like to express my thankfulness to my beloved parents who

always stand by my side during both of my pleasant and hard time.



CONTENTS

Page
ABSTRACTINTHAI \Y
ABSTRACT IN ENGLISH v
ACKNOWLEDGEMENTS Vi
CONTENTS vii
LisTtorTABLES X
LIsTOFFIGURES XV
LIST OF SCHEMES XXiv
LIST OF ABBREVIATIONS XXV
CHAPTER I INTRODUCTION 1
1.1 Background and statements of problems 1
1.2Theory 2
1.2.1 Polydiacetylene 2
1.2.2 Polydiacetylene forms 3
1.2.2.1Polydiacetylene vesicles 3
1.2.2.2Polydiacetylene films | 4
1.2.2.3Polydiacetylene electrospun fibers 5
1.2.3 Colorimetric properties of polydiacetylene 6
1.2.3.1 Colorimetric Response(CR) 6
1.2.4 RGB color model 7
1.3 Literature surveys on applications of polydiacetylenes 7
1.3.1 Thermochromism 7
1.3.2 Photochromism 13
1.3.3 solvatochromism 16
1.3.4 Alkalinochromism and acidochromism 22
1.4 Objectives and scope of the research 25
CHAPTER Il EXPERIMENT 26
2.1 General Information. .~~~ 26
2.1.1 Chemicals and materiagls 26
2.1.2 Apparatus and equipments 27



viii

Page
2.2 Synthesis of diacetylene monomer 27
2.2.1 Synthesis procedure 27
2.3 Preparation of paper-based diacetylene indicator and thermal sensing
study 31
2.4 Preparation of paper-based diacetylene indicator and UV sensing
study 31
2.5 Preparation of paper-based diacetylene indicator and solvent sensing
study 32
2.6 Preparation of paper-based polydiacetylene humidity indicator
and humidity sensingstudy 32
2.6.1. Single coating of diacetylene carboxylatesalts 32
2.6.2. Layer-by-layer coating of diacetylene carboxylic
acid/carbonatesalt .~~~ 32
2.6.3 Zone coating of diacetylene carboxylic acid and
carbonatesalt .~~~ 33
CHAPTER IIl RESULTSANDDISCUSSION 34
3.1 Synthesis of diacetylene monomers 34
3.2 WV indicators 36
3.2.1UVsensingstudy 36
3.2.2 Determination of UV doses required for blue-to-red
color transiton. ...~ 37
3.3.3 Morphology change of PDA upon UV irradiation 41
3.3 Thermochromicstudy 43
3.3.1 Preparation of paper-based diacetylene indicator for
thermal sensingstudy . 43
3.3.2 Color transition of PDA indicator by temperature . 43
3.3.3 Determination of color transition temperatures . 44

3.3.4 Morphology change of PDAs upon heating 45



Page

3.4 Solvent sensingstudy 49
3.5 Humidity indicators 50
3.5.1 Single coating of diacetylene carboxylatesalts ol

3.5.2 Layer-by-layer coating of diacetylene carboxylic acid/carbonate
salt 52
3.5.3 Zone coating of diacetylene carboxylic acid and carbonate salt 53
CHAPTER IV CONCLUSION 58
REFERENCES 60
APPENDICES 66
APPENDIX A NMR Spectta 67
APPENDIX B UV sensingstudy 75
APPENDIX C Thermal sensingstudy 99
APPENDIX D Solvent sensing study 123
APPENDIX E Humidity sensing Study 129
APPENDIX F Award 135
APPENDIX G Manuscript 136
APPENDIX H Patent 137



Table 3.1

Table 3.2

Table 3.3

Table B1

Table B2

Table B3

Table B4

Table B5

Table B6

Table B7

Table B8

Table B9

LIST OF TABLES

UV doses required for blue-to-red color transition of the indicators
prepared from various diacetylene compounds
Irradiation time and color appearance of paper-based PDA

indicators

Color transition temperatures of the PDA indicators prepared from
various diacetylene compounds
RGB values of PCDA indicators at various UV doses
(3 independent experiments)
%RGB values of PCDA indicators at various UV doses
(3 independent experiments)
RGB values of TCDA indicators at various UV doses
(3 independent experiments)
%RGB values of TCDA indicators at various UV doses
(3 independent experiments)
RGB values of NDDA indicators at various UV doses
(3 independent experiments)
%RGB values of NDDA indicators at various UV doses
(3 independent experiments)
RGB values of ODDA indicators at various UV doses
(3 independent experiments)
%RGB values of ODDA indicators at various UV doses
(3 independent experiments)
RGB values of EPCDP indicators at various UV doses

(3 independent experiments)

Table B10 %RGB values of EPCDP indicators at various UV doses

(3 independent experiments)

Table B11 RGB values of ETCDP indicators at various UV doses

(3 independent experiments)

Table B12 %RGB values of ETCDP indicators at various UV doses



(3 independent experiments)
Table B13 RGB values of ENDDP indicators at various UV doses
(3 independent experiments)
Table B14 %RGB values of ENDDP indicators at various UV doses
(3 independent experiments)
Table B15 RGB values of EODDP indicators at various UV doses
(3 independent experiments)
Table B16 %RGB values of EODDP indicators at various UV doses
(3 independent experiments)
Table B17 RGB values of EPCDPP indicators at various UV doses
(3 independent experiments)
Table B18 %RGB values of EPCDPP indicators at various UV doses
(3 independent experiments)
Table B19 RGB values of ETCDPP indicators at various UV doses
(3 independent experiments)
Table B20 %RGB values of ETCDPP indicators at various UV doses
(3 independent experiments)
Table B21 RGB values of ENDDPP indicators at various UV doses
(3 independent experiments)
Table B22 %RGB values of ENDDPP indicators at various UV doses
(3 independent experiments)
Table B23 RGB values of EODDPP indicators at various UV doses
(3 independent experiments)
Table B24 %RGB values of EODDPP indicators at various UV doses
(3 independent experiments)
Table C1 RGB values of PCDA indicators at various Temperatures
(3 independent experiments)
Table C2 %RGB values of PCDA indicators at various temperatures
(3 independent experiments)
Table C3 RGB values of TCDA indicators at various Temperatures
(3 independent experiments)

Xi

88

89

90

91

92

93

94

95

96

97

98



Table C4 %RGB values of TCDA indicators at various temperatures
(3 independent experiments)
Table C5 RGB values of NDDA indicators at various Temperatures
(3 independent experiments)
Table C6 %RGB values of NDDA indicators at various temperatures
(3 independent experiments)
Table C7 RGB values of ODDA indicators at various Temperatures
(3 independent experiments)
Table C8 %RGB values of ODDA indicators at various temperatures
(3 independent experiments)
Table C9 RGB values of EPCDP indicators at various Temperatures
(3 independent experiments)
Table C10 %RGB values of EPCDP indicators at various temperatures
(3 independent experiments)
Table C11 RGB values of ETCDP indicators at various Temperatures
(3 independent experiments)
Table C12 %RGB values of ETCDP indicators at various temperatures
(3 independent experiments)
Table C13 RGB values of ENDDP indicators at various Temperatures
(3 independent experiments)
Table C14 %RGB values of ENDDP indicators at various temperatures
(3 independent experiments)
Table C15 RGB values of EODDP indicators at various Temperatures
(3 independent experiments)
Table C16 %RGB values of EODDP indicators at various temperatures
(3 independent experiments)
Table C17 RGB values of EPCDPP indicators at various Temperatures
(3 independent experiments)
Table C18 %RGB values of EPCDPP indicators at various temperatures
(3 independent experiments)
Table C19 RGB values of ETCDPP indicators at various Temperatures

xii

103

104

105

106

107

108

109

110

111

112

113

114

115

116



Xiii

Page

(3 independent experiments) 117
Table C20 %RGB values of ETCDPP indicators at various temperatures

(3 independent experiments) 118
Table C21 RGB values of EPCDP indicators at various Temperatures

(3 independent experiments) 119
Table C22 %RGB values of ENDDPP indicators at various temperatures

(3 independent experiments) 120
Table C23 RGB values of EODDPP indicators at various Temperatures

(3 independent experiments) 121
Table C24 %RGB values of EODDPP indicators at various temperatures

(3 independent experiments) 122
Table D1 RGB values of TCDA indicators obtained after exposure to

different solvents (3 independent experiments) 123
Table D2 RGB values of PCDA indicators obtained after exposure to

different solvents (3 independent experiments) 124
Table D3 RGB values of ETCDP indicators obtained after exposure to

different solvents (3 independent experiments) 125
Table D4 RGB values of EPCDP indicators obtained after exposure to

different solvents (3 independent experiments) 126
Table D5 RGB values of ETCDPP indicators obtained after exposure to

different solvents (3 independent experiments) 127
Table D6 RGB values of EPCDPP indicators obtained after exposure to

different solvents (3 independent experiments) 128
Table E1 RGB values of TCDA indicators with Na,COg after exposure

at 62% RH for 24 h (7 independent experiments) 129
Table E2 %RGB values of TCDA indicators with Na,COg after exposure

at 62% RH for 24 h (7 independent experiments) 130
Table E3 RGB values of TCDA indicators with K,CO3 after exposure

at 62% RH for 24 h (7 independent experiments) 130
Table E4 %RGB values of TCDA indicators with K,COj3 after exposure

at 62% RH for 24 h (7 independent experiments) 131



Table E5

Table E6

Table E7

Table E8

Table E9

Table E10

RGB values of TCDA indicators with K,COj3 after exposure
at 75% RH for 24 h (7 independent experiments)
%RGB values of TCDA indicators with K,COj3 after exposure
at 75% RH for 24 h (7 independent experiments)
RGB values of TCDA indicators with K,COj3 after exposure
at 42% RH for 24 h (7 independent experiments)
%RGB values of TCDA indicators with K,COj3 after exposure
at 42% RH for 24 h (7 independent experiments)
RGB values of PCDA indicators with K,CO3 after exposure
at 62% RH for 24 h (7 independent experiments)
%RGB values of PCDA indicators with K,CO3 after exposure
at 62% RH for 24 h (7 independent experiments)

Xiv

132

132

133

133

134



Figure 1.1
Figure 1.2
Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7
Figure 1.8

Figure 1.9

Figure 1.10

Figure 1.11

Figure 1.12

LIST OF FIGURES

Phototopopolymerization of diacetylene monomers.
Structure and formation of a PDA lipid vesicle.
Preparation of Langmuir Blodgett film a) floating of condensed

monolayer film on the water subphase, b) film deposition, ¢c) monolayer

films on the substrate.

A schematic representation of the preparation of polymer fibers
embedded with PDA supramolecules using the electrospinning
technique, followed by irradiation with UV light.
The RGB color model.

Structure of diacetylene monomers used in investigations

of thermochromism in vesicles.

Structures of diacetylene lipids investigated for thermochromism.

Chemical structure of G, and the optimized conformation of
24 mers of (upper) polyGs and (lower) polyGa.
Color of PDA sols recorded by photography during the heating
process displaying the variation of color transition temperature.
Structure of diacetylene monomers, their color transition and
reversibility in vesicles solution.
Structure of investigated diacetylene monomers:
symmetric diyndiamides (Sx) and unsymetrical
diyndiamide monomers (Uy).
Color photographs of the aqueous suspensions of

(@) pure poly(PCDA), (b) poly(PCDA)/ZnO nanocomposite,

(c) pure poly(TCDA), (d) poly(TCDA)/ZnO nanocomposite, and
(e) poly(HDDA)/ZnO nanocomposite taken upon increasing
temperature from 30 to 90 °C, followed by cooling to room

temperature.

Figure 1.13 Radiation dose-induced colorimetric response of BPDAs:

BPDA-1 (green triangle); BPDA-2 (pink circle);

11

12



Figure 1.14

Figure 1.15

Figure 1.16

Figure 1.17

Figure 1.18

Figure 1.19

Figure 1.20

Figure 1.21

Figure 1.22

BPDA-3 (blue diamond); BPDA-4 (red square). Error bars
indicate the standard deviation of six replicate experiments.
PDA nanocomposite films with ordered lamellar
mesostructure derived from 4,4’-azodianiline and
5,7-octadecadiynoic acid. (a) Schematic illustration of
trans-to-cis transition in azobenzene under UV irradiation
and chromatism of complexed PDA. (b) Photographs of
blue and red films during the above process.
Photographs of the PDA-embedded electrospun fiber mats
prepared with diacetylene monomers 1-4 after exposure to
organic solvent.
Proposed side-chain movements in the chromic
transitions of poly(PCDA) vesicles upon organic solvent.
Schematic representation of the preparation of
PDA-embedded electrospun microfibers and photographs of the
polymerized PDA-embedded electrospun fiber mats after exposure
to organic solvents at 25 °C for 30 s.
photographs of the PDA-embedded polymer matrix films

derived from TCDA, PCDA, PAPCDA and CNAPCDA after dipped
in organic solvents at room temperature.
Photographs of micelle dispersions in different water-solvent
mixtures. At increasing solvent content, the color of (a) polyTDA
and (b) polyAzoDA changes from blue to purple/red depending
on type of solvent and its relative content, respectively.
Array of cropped photographic images of PDASs on filter paper
fabricated from PCDA and PCDAS responding to various
organic solvents.
a) Structure of diacetylene monomers b)Scanned images

of the paper-based PDA sensor array prepared from 1-8 exposed to
various saturated vapors of volatile organic solvents.

a) Structure of the diacetylene lipid 10,12-pentacosadiynoic

XVi

17

18

20

22



Figure 1.23

Figure 1.24

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Figure 3.6

Xvii

Page
acid (1) and its derivatives: lipids 2-6, amino acids derivatives;
lipid 7, 3-(dimethylamino)propylamine (DMAP) derivative.
b) Schematic diagram of amino acid-derivatized polydiacetylene
liposomes in a chromatic transition. 23
Schematic representations of the polymerization
behavior and colorimetric changes of the diacetylene hydrazides
PHY and THY in the presence of HClorNH;. 24

a) The colorimetric responses (%CR) of the vesicles were

plotted as a function of pH. Symbols are (O) poly(PCDA),
(A) poly(TCDA) and ([J) poly(AEPCDA). b) The charged

species of head groups of poly(PCDA) in high pH region
and poly(AEPCDA) in low pH region. 24

'H NMR spectra of mono-p-alanine ethyl ester diacetylene monomers
a) EPCDP, b) ETCDP, ¢) ENDDP, d) EODDP in CDCls. 35

'H NMR spectra of dipropanamide diacetylene monomers
a) EPCDPP in CDCls, b) ETCDPP in CDCl3, ¢c) ENDDPP in

Cbh;0OD, d) EODDPP inCDCl; 36
Color images of PDA indicators obtained at different
UV irradiation times. 37

Plots of %R (A), %G (#) and %B (®) against UV doses of PDA
indicators prepared from PCDA. Error bars represent standard
deviations. 38
Plots of %R (A) and %B (®) of the PDA indicators against UV
irradiation doses. Error bars represent standard deviations.

39

Bar chart of UV doses required for causing blue-to-red color

transition of diacetylene-based paper sensors. The plots are the

average data obtained from 3 independent samples with the error

bars representing the standard deviation. 41



Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Xviii

Page
SEM (5 kV) micrographs of filter paper coated with blue PDAs
(a) PCDA (b) EPCDP (c) EPCDPP and red PDAs of (d) PCDA (e)
EPCDP (f) EPCDPP. The scale bars represent5um. . 42
Color images of PDA indicators captured at different temperatures. 45
Plots of %R (A) and %B (®) of the PDA indicators against
temperature. Error bars represent standard deviations. . 46
Color transition temperatures (®) and UV-doses (™) of diacetylene-
based paper sensors. The plots are the average data obtained from 3
independent samples with the error bars representing the standard
deviation. 47
SEM (15 kV) micrographs of the filter paper coated with PDAs
before heating: (a) PCDA (b) EPCDP (c) EPCDPP, and after
heating: (d) PCDA (red) (e) EPCDP (red) (f) EPCDPP (purple). 49
Color images of PDA indicators obtained after exposure to different
solvents. ... 50
PCA score plots of the RGB values obtained from water (control)
and 13 organic solvents tested by a sensing array PDA indicators. 51
Images of indicators prepared from a single coating of TCDA
carboxylate salts before and after exposed to the ambient humidity
for24h. 52
Images of indicators prepared by layer-by-layer coating of TCDA
and carbonate salt before and after exposed to the ambient
humidity for24nh. 53
Color images of TCDA zone of the humidity indicators prepared
with (a) Na,COs and (b) K,COj3 captured at different exposure times

in a closed chamber having 62£1%RH. 55
Plots of %R (A) and %B (®) of the TCDA indicators with

(a) Na,CO3 and (b) K,CO3 against exposure times under controlled
%RH (M). Error bars represent standard deviations. 56

Color images of TCDA zone of the humidity indicators prepared
with K,COg3 captured at different exposure times in a closed



Figure 3.19

Figure 3.20

Figure Al

Figure A2

Figure A3

Figure A4

Figure A5

Figure A6

Figure A7

Figure A8

Figure A9

Figure A10

Figure All

XiX

Page
chamber having (a) 75+2% RH and (b) 42+2% RH. 56
Plots of %R (A) and %B (®) of the TCDA indicators with
K2COg3 against exposure times under controlled %RH (M) by
(@) NaCl (75£2% RH) and (b) MgCl; (42+2% RH).
Error bars represent standard deviations. 57
(a) Color images of PCDA zone of the humidity indicators
prepared with K,CO3 captured at different exposure times in a
closed chamber having 62+3% RH and (b) Plots of %R (A) and
%B (®) of the PCDA indicators with K,COj3against exposure
times under controlled %RH (&) by NaBr (62+t3% RH). 57
'H spectrum of Ethyl-3-(pentacosa-10,12-diynamido)
propanoate (EPCDP)inCDCl;. 67
13¢C spectrum of Ethyl-3-(pentacosa-10,12-diynamido)
propanoate (EPCDP)inCDCl. 67
'H spectrum of Ethyl-3-tricosa-10,12-diynamidopropanoate
(ETCDP)inCDCl3. 68
13C spectrum of Ethyl-3-tricosa-10,12-diynamidopropanoate
(ETCDP)incCDCl3. 68
'H spectrum of Ethyl-3-nonadeca-6,8-diynamidopropanoate
(ENDDP)incCDCl. .~ 69
13C spectrum of Ethyl-3-nonadeca-6,8-diynamidopropanoate
(ENDDP)incCcDCls. 69
'H spectrum of Ethyl-3-octadeca-5,7-diynamidopropanoate
(eobbP) InCDCls.. 70
13C spectrum of Ethyl-3-octadeca-5,7-diynamidopropanoate
(eobDP) incoCls. 70
'H spectrum of Ethyl-3-(3-pentacosa-10,12-
diynamidopropanamido) propanoate (EPCDPP) inCDCl;. 71
13C spectrum of Ethyl-3-(3-pentacosa-10,12-
diynamidopropanamido) propanoate (EPCDPP) inCDCl;. 71

'H spectrum of Ethyl-3-(3-tricosa-10, 12-



Figure Al12

Figure Al13

Figure Al4

Figure Al15

Figure Al16

Figure B1
Figure B2

Figure B3
Figure B4

Figure B5
Figure B6

Figure B7
Figure B8

Figure B9
Figure B10

Figure B11
Figure B12

Figure B13
Figure B14

diynamidopropanamido) propanoate (ETCDPP) in CDCls.
3¢ spectrum of Ethyl-3-(3-tricosa-10, 12-
diynamidopropanamido) propanoate (ETCDPP) in CDCls.
'H spectrum of Ethyl-3-(3-nonadeca-6,8-

diynamidopropanamido) propanoate (ENDDPP) in CD30OD.

3¢ spectrum of Ethyl-3-(3-nonadeca-6,8-

diynamidopropanamido) propanoate (ENDDPP) in CD3;0D.

'H spectrum of Ethyl-3-(3-octadeca-5, 7-
diynamidopropanamido) propanoate(EODDPP) in CDCls.
3¢ spectrum of Ethyl-3-(3-octadeca-5, 7-
diynamidopropanamido) propanoate(EODDPP) in CDCls.
Photographs of UV sensing of PCDA indicators.
Plots of %RGB value of 3 independent PCDA indicators
against UV dose to determine the color transition UV dose.
Photographs of UV sensing of TCDA indicators.
Plots of %RGB value of 3 independent TCDA indicators
against UV dose to determine the color transition UV dose.
Photographs of UV sensing of NDDA indicators
Plots of %RGB value of 3 independent NDDA indicators
against UV dose to determine the color transition UV dose.
Photographs of UV sensing of ODDA indicators.
Plots of %RGB value of 3 independent ODDA indicators
against UV dose to determine the color transition UV dose.
Photographs of UV sensing of EPCDP indicators.
Plots of %RGB value of 3 independent EPCDP indicators
against UV dose to determine the color transition UV dose.
Photographs of UV sensinf ETCDP indicators.
Plots of %RGB value of 3 independent ETCDP indicators
against UV dose to determine the color transition UV dose.
Photographs of UV sensing of ENDDP indicators.

Plots of %RGB value of 3 independent ENDDP indicators

XX



Figure B15
Figure B16

Figure B17
Figure B18

Figure B19
Figure B20

Figure B21
Figure B22

Figure B23
Figure B24

Figure C1
Figure C2

Figure C3
Figure C4

Figure C5
Figure C6

Figure C7
Figure C8

Figure C9
Figure C10

against UV dose to determine the color transition UV dose.

Photographs of UV sensing of EODDP indicators
Plots of %RGB value of 3 independent EODDP indicators

against UV dose to determine the color transition UV dose.

Photographs of UV sensing of EPCDPP indicators.

XXi

Plots of %RGB value of 3 independent EPCDPP indicators

against UV dose to determine the color transition UV dose.

Photographs of UV sensing of ETCDPP indicators.

Plots of %RGB value of 3 independent ETCDPP indicators

against UV dose to determine the color transition UV dose.

Photographs of UV sensing of ENDDPP indicators.

Plots of %RGB value of 3 independent ENDDPP indicators

against UV dose to determine the color transition UV dose.

Photographs of UV sensing of EODDPP indicators.

Plots of %RGB value of 3 independent EODDPP indicators

against UV dose to determine the color transition UV dose.

Photographs of Thermal sensing of PCDA indicators
Plots of %RGB value of 3 independent PCDA indicators

against temperature to determine the color transition temperature.

Photographs of Thermal sensing of TCDA indicators.
Plots of %RGB value of 3 independent TCDA indicators

against temperature to determine the color transition temperature.

Photographs of Thermal sensing of NDDA indicators.
Plots of %RGB value of 3 independent NDDA indicators

against temperature to determine the color transition temperature.

Photographs of Thermal sensing of ODDA indicators.
Plots of %RGB value of 3 independent ODDA indicators

against temperature to determine the color transition temperature.

Photographs of Thermal sensing of EPCDP indicators.
Plots of %RGB value of 3 independent EPCDP indicators

against temperature to determine the color transition temperature.



Figure C11
Figure C12

Figure C13
Figure C14

Figure C15
Figure C16

Figure C17
Figure C18

Figure C19
Figure C20

Figure C21
Figure C22

Figure C23
Figure C24

Figure D1

Figure D2

Figure D3

Figure D4

Figure D5

xxii

Page
Photographs of Thermal sensing of ETCDP indicators. 109
Plots of %RGB value of 3 independent ETCDP indicators
against temperature to determine the color transition temperature. 110
Photographs of Thermal sensing of ENDDP indicators. 111
Plots of %RGB value of 3 independent ENDDP indicators
against temperature to determine the color transition temperature. 112
Photographs of Thermal sensing of EODDP indicators. 113
Plots of %RGB value of 3 independent EODDP indicators
against temperature to determine the color transition temperature. 114
Photographs of Thermal sensing of EPCDPP indicators. 115
Plots of %RGB value of 3 independent EPCDPP indicators
against temperature to determine the color transition temperature. 116
Photographs of Thermal sensing of ETCDPP indicators. 117
Plots of %RGB value of 3 independent ETCDPP indicators
against temperature to determine the color transition temperature. 118
Photographs of Thermal sensing of ENDDPP indicators. 119
Plots of %RGB value of 3 independent ENDDPP indicators
against temperature to determine the color transition temperature. 120
Photographs of Thermal sensing of EODDPP indicators. 121
Plots of %RGB value of 3 independent EODDPP indicators
against temperature to determine the color transition temperature. 122
Color images of TCDA indicators obtained after exposure to
different solvents. 123
Color images of PCDA indicators obtained after exposure to
different solvents. 124
Color images of ETCDP indicators obtained after exposure to
different solvents. 125
Color images of EPCDP indicators obtained after exposure to
different solvents. 126
Color images of ETCDPP indicators obtained after exposure to
different solvents. 127



xXiii

Figure D6 Color images of EPCDPP indicators obtained after exposure to
different solvents. 128
Figure F1  Winning the 2" award from 5" Sci & Tech initiative and
Sustainability Award by The Thai Institute of Chemical Engineering

and Applied Chemistry, SCG Chemicals and Dow Chemical 135



Scheme 3.1

Scheme 3.2

Scheme 3.3

LIST OF SCHEMES

Synthesis of diacetylenes containing amide and diamide

head groups. 34
Steps in preparation and thermal sensing study of paper-based

PDA indicators: a) dip-coating, b) drying, ¢) UV irradiating,

d) visualizing after UV irradiation, e) apparatus set-up for

thermal sensing study before heating, f) indicators after heating,

g) color images of indicators at various temperature and

h) data processing for determination of color transition

temperature. 43
Steps in preparation and humidity indicators from TCDA and

carbonate salt using zone coating technique: a) dry filter paper strip
coated with saturated carbonate solution, b) dip-coating of TCDA
solution, ¢) UV irradiation of the TCDA zone, d) blue PDA zone
appearance after UV irradiation, e) apparatus set-up for humidity
sensing study, f) color change of the indicators captured by

a webcam. 47



PDA
PCDA
TCDA
NDDA
ODDA
EPCDP
ETCDP
ENDDP
EODDP
EPCDPP

ETCDPP
ENDDPP
EODDPP
EDC
HOBt
NMR
DSC
SEM

°C

g

mL

uw

pL

mM

nm

pum

min

%

LIST OF ABBREVIATIONS

Polydiacetylene

10,12-pentacosadiynoic acid

10,12-tricosadiynoic acid

6,8-nonadecadiynoic acid

5,7-octadecadiynoic acid
Ethyl-3-pentacosa-10,12-diynoylamidopropanoate
Ethyl-3-tricosa-10,12-diynamidopropanoate
Ethyl-3-nonadeca-6,8-diynamidopropanoate
Ethyl-3-octadeca-5,7-diynamidopropanoate
Ethyl-3-(3-pentacosa-10,12-diynamidopropanamido)
propanoate

Ethyl-3-(3-tricosa-10, 12-diynamidopropanamido)propanoate
Ethyl-3-(3-nonadeca-6,8-diynamidopropanamido)propanoate
Ethyl-3-(3-octadeca-5, 7-diynamidopropanamido)propanoate
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
1-Hydroxybenzotriazole hydrate

Nuclear magnetic resonance spectroscopy

Differential scanning calorimetry

Scanning electron microscopy

Degree celsius

Gram

Millilitre

Microwatt

Microlitre

Millimolar

Nanometre

micrometre

Minute

Percent



CHAPTER |

INTRODUCTION

1.1 Background and statements of problems

Due to their unique optical and electrical properties associated with
extensively delocalized m-electron networks and intrinsic conformational restrictions,
conjugated polymers have been widely investigated for applications as indicators and
sensors for detection of environmental condition. Particularly, their change of
electronic absorption and emission properties have been gracefully applied to the
design of efficient sensors [1,2].

Polydiacetylene (PDA) is a promising class of conjugated polymer successfully
used as many sensors. PDAs can be produced by UV or y-irradiation of crystalline or
semicrystalline states obtained from molecular self-assembled diacetylene (DA)
monomers without the need for chemical initiators or catalysts. The polymers possess
unique colorimetric properties useful for sensing applications. Various types of
stimuli such as temperature, organic solvent, mechanical stress, molecular
recognition, pH and UV light can cause color change of PDAs. The color transition
property can be tuned via rational design of supramolecular interactions among the
polymeric side chains [3-5] PDASs have also been prepared in the forms of various
nanostructures such as vesicles, tubes, and ribbons [6-11]. The formation of
nanovesicles allows the preparation of homogeneously dispersed PDA vesicle sols
resulting in several noteworthy chemical and biological sensing systems [12].
However, the aqueous sols have short shelf life and are not suitable for portable and
tag-on applications. Fabrication of PDAs as solid state sensors or indicators in the
form of gel [13] thin film [14,15] and electrospun fiber [16] have recently been
reported. The preparation methods for these forms of PDAs generally require
additional polymer matrix and equipment setup. Recently, white paper has been
demonstrated as a very promising supporting material for portable and disposable
multi-sensing devices because it is omnipresent, inexpensive and easy to be stored,

transported and handled [17,18]. In our research group, we have also recently reported



the use of filter paper as a support for fabrication of PDA based colorimetric sensors
of solvents, surfactants and VOCs [19-21].

UV-Vis absorption measurement is a common method for determination of
colorimetric response percentage (%CR) for solution samples [9,15,22] but this
technique does not generally give reliable values for opaque solid materials. CCD
imaging technology has turned photography into a readily processable digital form
[23]. The capability to capture wide area of image of digital imaging is also the
advantage, in comparison with the reflective spectroscopic instrument, that produce
more reliable color analysis of rough surface samples such as paper. For examples, it
has recently been used along with the RGB color system to record and evaluate
colorimetric sensors [17] including PDA films [19-21,24-25]. Despite these successes
in quantifying colorimetric responses of solid state PDAS, there has not yet been
proposition of the degree of color change that should represent the color transition
point of PDA. In this research, a utilization of webcam and RGB values to quantify
the color transition PDAs on paper support along with mathematical formula to use
RGB values in specifying the color transition temperatures PDA paper based
indicators. The technique developed in this work should provide practical guidelines
for systematic and comparison of chromic properties of PDAs toward the
development of economical and reliable multi-purposed paper indicators from

diacetylenes.

1.2 Theory

1.2.1 Polydiacetylene

A polydiacetylene (PDA) is an ene-yne conjugated polymer comprising of
double and triple bonds in its backbone. It can be prepared by a topological 1,4-
addition polymerization of diacetylene monomer by UV light or y-rays as shown in

Figure 1.1.
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Figure 1.1 Phototopopolymerization of diacetylene monomers. [26].

Topological polymerization is a polymerization which requires specific
prealignment of the monomer usually found in solid state crystal [27]. For topological
polymerization of diacetylenes, the distance (d) between the corresponding tripple
bonds of the adjacent monomers and the orientation angle (0) relative to the
translation axis should be ~5 A and ~45°, respectively [28-29].

1.2.2 Polydiacetylene forms

There are numerous forms, which PDA can be structured: bulk single crystal,
Langmuir monolayer film, multilayer film, nano tube and vesicle.

1.2.2.1 Polydiacetylene vesicles

The vesicle is one of the most widely used forms of polydiacetylene for sensor
applications. It is water filled spherical assembly of lipid bilayer. The formation of
vesicle is thermodynamically driven so that the hydrophobic surface of the lipid
molecules is not exposed to water. Only the hydrophilic head group of the lipid is
exposed to water inside and outside of the bilayer membrane. A number of lipids
containing diyne unit can self assemble into vesicle that have the right packing
parameters for topological polymerization to form PDA vesicles (Figure 1.2). In the
form of vesicle, PDA can be homogeneously dispersed in an aqueous media to form a
sol type colloid, which is convenient for further characterization, fabrication and
applications. The most studied diacetylene lipids are 10,12-pentacosadiynoic acid



(PCDA). The interest in these lipid vesicles is mainly related to the development into

bio- [30] and chemosensors [31].
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Figure 1.2 Structure and formation of a PDA lipid vesicle.

1.2.2.2 Polydiacetylene films

It is widely accepted that the sensing process of PDA of diacetylene lipids is
initiated at the lipid head group. Intuitively, the most desirable form of PDA for
sensing applications is thin film as it can maximize sensing area and it is easy to be
developed into simple to use device. Several techniques have been utilized for making
different types of thin films on the surface of substrates.

Langmuir-Blodgett film can generate an ideal highly ordered monolayer
assembly of lipid molecules at water/air interface. The monolayer can be transferred
onto solid substrate by horizontal or vertical deposition (Figure 1.3). The monolayer
Langmuir-Blodgett film is however often fragile and difficult to prepare in large area.
The number of layers can be increased by repeating the transferring process with a
newly generated monolayer. Hence, it can be quite bothersome to prepare a multilayer
film as the preparation of each new monolayer requires a slow surface compression
and the transferring step needs adroit attention. This type of PDA film is one of the
most interesting form of PDA in research but the development of the technique for
practical mass production remains elusive [32].
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Figure 1.3 Preparation of Langmuir Blodgett film a) floating of condensed monolayer

film on the water subphase, b) film deposition, ¢) monolayer films on the substrate.

1.2.2.3 Polydiacetylene electrospun fibers

Electrospinning has proved to be an efficient method for forming long
polymer fibers with diameters in the range from nanometers to several micrometers as
shown in Figure 1.4. In this technique, a high voltage is applied to a conductive
capillary attached to a reservoir containing a polymer solution as shown in Figure 1.
A charged polymer jet is ejected from the surface of the polymer solution when the
charge imbalance exceeds the surface tension of the polymer solution. Polymer fibers
are formed when the jet stream, driven by the electrostatic force, moves to the

grounded screen collector [33].
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Figure 1.4 A schematic representation of the preparation of polymer fibers embedded
with PDA supramolecules using the electrospinning technique, followed by
irradiation with UV light.



1.2.3 Colorimetric properties of polydiacetylene

PDAs usually appear as deep colored materials that exhibit interesting
colorimetric properties. Optical absorption in polydiacetylene occurs via an electronic
n — q* transition within the linear m-conjugated polymer backbone. Upon
polymerization, frequently the first chromogenically interesting state of PDA appears
blue in color. The exposure of PDA to environmental perturbations, such as
temperature, UV light, pH, solvent, mechanical stress and ligand-receptor
interactions, induce a significant shift in absorption from low to high energy bands of
the visible spectrum, so the polydiacetylene transforms from blue (Amax ~ 630 nm) to
red (Amax ~ 540 nm). These perturbations alter the polymer side chain orientation that
inturn change the backbone strain and torsion, thus changing the electronic states and
the corresponding optical absorption.

The most investigated PDAs are those having blue color, which can change
their color to red corresponding to the shift of the maximum absorption peak from as
a result of reduction of the effective conjugation length. The color transition can be

induced by several external stimuli

1.2.3.1 Colorimetric Response (CR)

The color transition of the polymerized vesicles was monitored by measuring
the absorbance differences between the vesicles before and after stimulation by an
interesting parameter. This information is often converted to a percentage, termed the
Colorimetric Response (CR) [34].

A quantitative value for the extent of blue-to-red color transition is given by
the colorimetric response (%CR) which is defined as

%CR = (PBo-PB)/PB; x 100

Where PB = Apiue/(AbiuetAred), Abiwe and Areq are the absorbance of the blue
and the red phase at 630 and 540 nm, respectively. The visible absorbance was
measured by a temperature controlled UV-vis spectrometer. PBy is the initial percent
blue of the vesicle solution and film before heated. All blue-colored PDA vesicle

solution and film samples were heated from 10 to 90 °C.



1.2.4 RGB color model

According to development of paper based colorimetric respond of
polydiacetylene is a simple method and suitable to use as a sensors application, since
evaluate the results into a quantitative analysis can be collected by using the RGB
color model. The RGB color model is an additive color model in which red, green,
blue color are added together in various component ratio to reproduce a broad array of
colors as shown in Figure 1.5. The name of the model comes from the initials of the
three additive primary colors, red, green, and blue. The main purpose of the RGB
color model is for the sensing, representation, and display of images. The RGB color
model was used to descript how much of each red, green, and blue color is included in
the photographic images [35].

For the basic of the RGB value(R, G, B), the color is black when the intensity
of each component is zero (0, 0, 0) and the color is white when the intensity of each
component is full (255, 255, 255). When the intensities are the same, the result is a

shade of gray, darker or lighter depending on the intensity.

The RGB color model.

1.3 Literature surveys on applications of polydiacetylenes

1.3.1 Thermochromism



Thermochromism, the color transition upon the increase of temperature, is one
of the interesting chromic properties of polydiacetylenes both for its applications and
fundamental understanding. Thermochromism in polydiacetylenes arises from the
conformational changes of the conjugated backbone from planar to non-planar due to
movement of the side chains. The color transition is thus resulted from the increase of
energy gap between the HOMO and LUMO level. The color transition of polydia-
cetylenes is driven by the relief of mechanical strain in their structures [36].

For polydiacetylene vesicles, hydrogen bonding between the head groups of
the lipid monomers is usually responsible for the planarity of the conjugated
backbone. Thermal energy can break or weaken the hydrogen bonding between the
head groups resulting in random movement of the side chains and lower the planarity
of the backbone and hence the average conjugation length of m-electrons along the
polymer backbone inducing the color change from blue to red.

In 1998, Okada et al. [9] studied the self-assembly in vesicles form of
diacetylene containing carboxylic in hydrophilic head group and its derivatives which
various alkyl chain length within the chain and between diacetylene and carboxyl
group (Figure 1.6) in water media. Then polymerized by UV-irradiation 254 nm and
studied the thermochromic properties monitoring by UV-vis spectrometer. It was
found that polydiacetylene which have the short alkyl chain length between
diacetylene and carboxyl group (compound 3 and 4) were more sensitive to the
thermal changes than long alkyl chain length (compound 1 and 2).

(0]

P y OH
Z o
1
i OH
FZ
OH
2 é
Z ©
3 OH
Z
= °©

4
Figure 1.6 Structure of diacetylene monomers used in investigations of

thermochromism in vesicles.



In 2005, Kim et al. [26] reported the colorimetric reversibility of
polydiacetylene supramolecules, derived from a variety of functionalized diacetylenic
lipids as shown in Figure 1.7. Polydiacetylene vesicles prepared from PCDA-mBzA
1, bearing terminal m-carboxyphenylamido groups. They studied the effects of (1)
internal amide groups, (2) headgroup aromatic interactions, (3) lengths of the
hydrophobic alkyl chains, and (4) terminal carboxylic groups on the colorimetric
reversibility of polydiacetylene. The results demonstrate that well developed
hydrogen-bonding and aromatic interactions between headgroups are essential for

complete recovery of the length of the conjugated st-electron chain following thermal
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Figure 1.7 Structures of diacetylene lipids investigated for thermochromism.

In 2007, Fujita et al. [37] proposed that molecular modeling to seek a stable
conformation of PDA prepared from Gns in the gel state which is useful in predicting
the effective conjugation length (ECL) in PDA where the odd-even number of alkyl
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chains (n) is a key factor for determining the blue and red phases of the PDAs (See in
Figurel.8).
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Figure 1.8 Chemical structure of G, and the optimized conformation of 24 mers of

(upper) polyGs and (lower) polyG,.

In 2010, Wacharasindhu et al. [4] synthesized Mono- and diamides derivatives
of 10, 12-pentacosadiynoic acid (PCDA) from condensation of PCDA with various
aliphatic and aromatic diamines. The color transition temperatures and
thermochromic reversibility of the polymers are varied depended on the number of
amide groups and the structure of the aliphatic and aromatic linkers. The
phenylenediamide  and  polymethylenediamide =~ PCDA  derivatives  give
polydiacetylenes with ~ complete thermochromic reversibility, while the
polydiacetylenes obtained from 1,2-cyclohexylene and glycolic chain diamide
derivatives exhibited irreversible thermochromism, whereas the polymers attained
from the aromatic monoamide analogues are partially reversible. The variation of the
linkers also allows the color transition temperature of the polydiacetylene to be tuned
in the range of 20 °C to over 90 °C (See in Figure 1.9).
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Figure 1.9 Color of PDA sols recorded by photography during the heating process
displaying the variation of color transition temperature.

In 2010, Phollookin et al. [5] investigated a series of bisdiynamide lipids
containing various lengths of methylene spacer (m=2, 3 and 4) between the diynes
and the diamide headgroup and number of methylene units (n = 6 and 9) in their
hydrophobic tails are synthesized. The color transitions from blue to red during
heating-cooling cycles of the PDA sols are photographically recorded and monitored
byUV-vis absorption spectroscopy. The bisdiynamide PDAs exhibit excellent
thermochromic reversibility and the color transition temperature can be tuned
between 25-55 °C by the variation of m and n values as shown in Figure 1.10. The
decrease of n value enhances the thermal sensitivity resulting in lower color transition
temperature, the effect of m value is not as straightforward. Moreover, temperature
indicators can be obtained by applying a screen printing ink formulated from the
bisdiynamide monomer on plastic substrates followed by UV irradiation to generate
desired patterns of thermochromically reversible PDAs.
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Figure 1.10 Structure of diacetylene monomers, their color transition and reversibility
in vesicles solution.

In 2012, Ampornpun et al. [38] reported that two series of symmetrical (Sx)
and unsymmetrical (Uy) diacetylene monomers containing diamide groups with
different methylene wunits are successfully prepared (See in Figure 1.11).
Photopolymerization of their nanovesicles dispersed in water is carried out by
irradiation at 254 nm affording blue sols of the corresponding PDAs. The degree of
thermochromic reversibility (%DR) of the PDA sols are determined using UV—vis
spectroscopy in order to probe effects of the number of the methylene units, x andy,
within the linker and hydrophobic tail, respectively. The complete color reversibility
(%DR > 89%) is observed only when x 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% fory =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.
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Figure 1.11 Structure of investigated diacetylene monomers: symmetrical

diyndiamides (Sx) and unsymetrical diyndiamide monomers (Uy).
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In 2013, Chanakul et al. [39] reported polydiacetylene (PDA)/ZnO
nanocomposites are prepared by using three types of monomers with different alkyl
chain length, 5, 7-hexadecadiynoic acid, 10, 12-tricosadiynoic acid, and 10,12-
pentacosadiynoic acid. The monomers dispersed in aqueous medium spontaneously
assemble onto the surface of ZnO nanoparticles, enhanced by strong interfacial
interactions. All nanocomposites show reversible blue/purple color transition upon
multiple heating/cooling cycles, while the irreversible blue/red color transition is
observed in the systems of pure PDAs (Figure 1.12). The shortening of alkyl side
chain in PDA/ZnO nanocomposites leads to a systematic decrease in their color

transition temperatures.
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Figure 1.12 Color photographs of the aqueous suspensions of (a) pure poly(PCDA),
(b) poly(PCDA)/ZnO nanocomposite, (c) pure poly(TCDA), (d) poly(TCDA)/ZnO
nanocomposite, and (e) poly(HDDA)/ZnO nanocomposite taken upon increasing

temperature from 30 to 90 °C, followed by cooling to room temperature.

1.3.2 Photochromism

Photochromism were chromic properties that material can change color by
irradiation of UV light or y-rays. The mechanism of color transition of PDA by photo
is not clear. There are groups of diacetylene monomer had affect on the colorimetric
transition as reported by several researchers.

In 1985, Kanetake et al. [40] investigated the change of absorption spectra by
UV light irradiation (photo-chromism) and by thermal annealing (thermo-chromism)
have been investigated on vacuum-deposited polydiacetylene (12-8 PDA) films. The
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results are compared with those of the Langmuir-Blodgett films of the same 12-8
PDA. It is suggested that the blue-to-red colour conversion of these films is associated
with a isomeric transformation of the polymer backbone structures. The films also
show a remarkable colour change by a visible laser-beam irradiation.

In 1987, Tokura [41] reported that the photoinduced change in absorption
spectra has been measured on poly(10, 12-pentacosadiynoic acid) (PDA-12,8) films
for various photon energies and light intensities. The observed photochromic
behaviors indicate that photoexcited electron-hole pairs in polymer backbone chains
relax into a metastable state which develops into clusters with a local change in bond
structure via a temperature independent and self-activated multiple excitation process
produced by light irradiation.

In 1989, Wenzel and Atkinson [42] investigated that the thermochromic and
proposed visible photochromic properties of poly(10, 12-pentacosadiynoic acid)
(PDA-12,8) are examined by resonance Raman (RR) and Fourier transform infrared
(FTIR) spectroscopies. Irradiation at 532 nm of water-cooled (0.5 °C) samples of the
blue-colored material produces no chromatic changes. A chromatic change to the red-
colored material is induced by 532-nm radiation, however, when the PDA-12,8 is not
cooled. No evidence supporting a visible photochromic change in PDA-12,8 is found,
and it is proposed that the previously reported chromatic properties derive from
thermal effects. RR results also show that no change occurs in the distribution of
electron density along the PDA-12,8 backbone when chromatic effects are induced.

In 1997, Peng [43] investigated the photochromism in polydiacetylene
crystals. It is considered that the photochromism is the result of phase structural
conversion during photoexcitation excitonic relaxation process, and its dependence on
the energy and density of incident photons can be explained correctly. They claimed
that he electronic excitation state is unaffected by localized heating of laser
irradiation. If this conversion is mainly caused by localized heating, the change of
color will spread to surrounding nonirradiated region because of very high thermal
conductivity of polydiacetylene crystals.

In 1999, Huo et al. [44] studied a new diacetylene compound (PDATAZ),
which readily formed a complementary hydrogen bonding self-assembly at the air-
water interface or in the solid state with barbituric acid (BA) or cyanuric acid (CA). It
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was found that the chromatic property of polydiacetylenes is determined by whether
the polymer chain is capable of adopting a linear chainlike shape. With the continuous
increase of the length of the polymer chain, the original linear polyenyne backbone
starts to “self-fold” to a *“zigzag” structure due to the free rotation of single bonds
within the polymer chain. The efficient t-electron delocalization along the polyenyne
backbone is interrupted by this process, leading to a chromatic change from the blue
to red form of polydiacetylenes. If there are strong intermolecular interactions
existing between the polar groups of the side chains, such as the complementary
hydrogen-bonding network between the triaminotriazine (TAZ) moiety of the
diacetylene amphiphile and its complementary components, the movement of the side
chains is restricted and the folding process of the polymer backbone is inhibited. The
polymer backbone is able to maintain its extended chainlike conformation, leading to
only the blue form absorption band.

In 2004, Song et al. [45] reported the design, preparation, and characterization
of self-assembling functional bolaamphiphilic polydiacetylenes (BPDAS) inspired by
nature’s strategy for membrane stabilization. The conjugated polymers can be
engineered to display a range of radiation-, thermal-, and pH-induced colorimetric
responses (Figure 1.13). They observed dramatic nanoscopic morphological
transformations accompanying charge-induced chromatic transitions, suggesting that
both side-chain disordering and main-chain rearrangement play important roles in
altering the effective conjugation lengths of the poly(ene-yne).
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Figure 1.13 Radiation dose-induced colorimetric response of BPDAs: BPDA-
1 (green triangle); BPDA-2 (pink circle); BPDA-3 (blue diamond); BPDA-4 (red

square). Error bars indicate the standard deviation of six replicate experiments.



16

In 2006, Yuan et al. [46] revealed that a photoinduced chromatic transition
from blue to red for the polydiacetylene 10, 12-pentacosadiynoic acid produces an
obvious change in the ultraviolet-visible absorption and fluorescence emission
spectra. A two-dimensional micropattern has been realized on the basis of this change
and imaged with a confocal fluorescence microscope. The results indicate that the
conformational change of alkyl side chains constricted by hydrogen-bonded head
groups imposes strain on the polymer backbone and finally leads to a drastic decrease

in the st-electron-conjugation length.

In 2010, Sung et al. [47] reported highly ordered lamellar polydiacetylene
nanocomposites synthesized by assembling polydiacetylene and azobenzene through
a ready solution process. The trans-to-cis transition of azobenzene under UV light
may induce a conformation change of PDA with color changes through pulling on its
side chains as shown in Figure 1.14. Lengths of the side chains play a critical role for
the transfer efficiency of the conformation change from azobenzene to PDA.
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Figure 1.14 PDA nanocomposite films with ordered lamellar mesostructure derived
from 4,4’-azodianiline and 5,7-octadecadiynoic acid. (a) Schematic illustration of
trans-to-cis transition in azobenzene under UV irradiation and chromatism of

complexed PDA. (b) Photographs of blue and red films during the above process.

1.3.3 Solvatochromism
Solvatochromism is the ability of a chemical substance to change color due to
a change in solvent polarity. The molecularly ordered states of supramolecular PDAs
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can be influenced also by the presence of organic solvents as investigated by many
researchers.

In 2007, Kim et al. [31] have developed the efficient sensors for the detection
of volatile organic compounds (VOCs) based on conjugated polymer-embedded
electrospun fibers. The observation of an organic solvent induced, blue-to-red color
transition of PDA embedded electrospun fibers suggests that the colorimetric
response might vary in an organic solvent-dependent manner on the structure of
diacetylene monomer. They show different colorimetric responses upon exposure to
the 4 organic solvents such as chloroform, tetrahydrofuran (THF), ethyl acetate (EA),
or n-hexane as illustrated in Figure 1.15.
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Figure 1.15 Photographs of the PDA-embedded electrospun fiber mats prepared with

diacetylene monomers 1-4 after exposure to organic solvent.

In 2008, A. Potisatityuenyong and co worker [3] conduced extensively
investigation poly-10,12-pentacosadiynoic acid (poly(PCDA)) vesicle solution in the
aspect of thermochromism, solvatochromism and alkalinochromism. In the case of
solvatochromic and alkalinochromic experiment, UV-vis absorption and observation
by eye show the similar pattern, blue to red color transformation. The decreasing and
increasing in absorbance of red and blue phase without peak shifting indicate directly
to quantitative conversion between blue and red vesicle. Solvatochromism and
alkalinochromism involve hydrogen bond breaking turning the blue vesicle into red
color. The author proposed the mechanism of color transition of PCDA as shown in
Figure 1.16.
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Figure 1.16 Proposed side-chain movements in the chromic transitions of

poly(PCDA) vesicles upon organic solvent.

In 2009, Yoon et al. [48] have generated the electrospun fiber mats from
PDA-embedded polymer matrix that can be used to detect volatile organic compounds
(VOCs). The results display the different color patterns of the fiber mats derived from
different combinations of PDA-ABA 1 and PCDA-AN 2 as illustrated in Figure 1.17.
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Figure 1.17 Schematic representation of the preparation of PDA-embedded
electrospun microfibers and photographs of the polymerized PDA-embedded
electrospun fiber mats after exposure to organic solvents at 25 °C for 30 s.
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In 2010, H. Jiang and colleagues [49] have also reported the development of a
novel polydiacetylene (PDA)-based sensitive colorimetric microarray sensor for the
detection and identification of volatile organic compounds. PDA-embedded polymer
matrix films as the multi-layer PDA-based micro patterns (Figure 1.18) could be
prepared by the spin-coating method combined with the sol-gel process.
Polydimethylsiloxane Sylgard 184 (PDMS) was employed to enhance the stability of
the PDA films when dipped in VOCs, especially chlorinated solvent.
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Figure 1.18 photographs of the PDA-embedded polymer matrix films derived from
TCDA, PCDA, PAPCDA and CNAPCDA after dipped in organic solvents at room

temperature.
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In 2010, S. Wu and colleagues [50] investigated the effects of solvents on
structure of micelle-like assemblies of an azo chromophore-functionalized
polydiacetylene (polyAzoDA) and polymerized tricosa-10,12-diynoic  acid
(polyTDA). They used the mixtures of water with glycol, DMSO, ethanol and THF to
observe blue-to-red color changes of polydiacetylenes. They found that the colors of
polyTDA and polyAzoDA change at certain contents of organic solvents. The results
in Figure 1.19 exhibit the strength of the polyTDA-solvent interaction in the
following order: THF>ethanol> DMSO>glycol. According to the results, THF is a
solvent which can effected on blue-to-red color transitions of polyAzoDA in
THF/water mixtures. However, they do not observe color transitions in the other
solvents/water mixtures. The authors have proposed that the stability to several
solvents of polyAzoDA caused by the H- and J-like aggregates of azo chromophores

in polyAzoDA.
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Figure 1.19 Photographs of micelle dispersions in different water-solvent mixtures.

At increasing solvent content, the color of (a) polyTDA and (b) polyAzoDA changes
from blue to purple/red depending on type of solvent and its relative content,

respectively.

In 2011, Pumtang et al. [19] reported the synthesis of a novel series of
diacetylene acids from the condensation of pentacosa-10,12-diynylamine
(PCDAmine) and dicarboxylic acid or its anhydrides. One of these diacetylene lipids,
4-(pentacosa-10,12-diynylamino)-4-oxobutanoic -~ acid (PCDAS), is wused in
combination with pentacosa-10,12-diynoic acid (PCDA) for dropcasting on pieces of
filter paper which are consequently irradiated by UV light to generate a paper based
sensor array for solvent detection and identification. Upon the exposure to various
types of organic solvents, the blue colored sensors colorimetrically respond to give
different shades of colors between blue to red (Figure 1.20). The color patterns of the
sensor array are recorded as RedGreenBlue (RGB) values and statistically analyzed
by principal component analysis (PCA). The PCA score plot reveals that the array is

capable of identifying eleven common organic solvents.
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Figure 1.20 Array of cropped photographic images of PDASs on filter paper fabricated

-
2,

from PCDA and PCDAS responding to various organic solvents.

In 2012, Eaidkong et al. [21] reported detection and identification of VOCs by
paper-based polydiacetylene (PDA) colorimetric sensor array. They were 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 as shown in Figure 1.21. 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.
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Figure 1.21 a) Structure of diacetylene monomers b)Scanned images of the paper-

based PDA sensor array prepared from 1-8 exposed to various saturated vapors of

volatile organic solvents.

1.3.4 Alkalinochromism and Acidochromism

Alkalinochromism and acidochromism were chromic properties that material
can change color by deprotonation in case of alkalinochromism and protonation in
case of acidochromism. Either alkalinochromism or acidochromism, the role of head
group of diacetylene monomer had directly impact on the colorimetric transition as
reported by several researchers.

In 1998, Cheng and coworkers [51] had been synthesized and studied the
colorimetric response in various pH solutions of a series of amino acid-derivatized 10,
12-pentacosadiynoic acid. The result showed a different colorimetric response based
on type of head groups. For example, Glu-PDA which has dicarboxylic head group
changed the color from blue to red at pH 6 by deprotonation of the carboxylic group.
The protonation of the tertiary amine head group of DMAP-PDA changed its color at
pH 5. His-PDA which has both of carboxylic and imidazole changed the color at pH
below 0 and pH 8-9 (Figure 1.22).
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Figure 1.22 a) Structure of the diacetylene lipid 10,12-pentacosadiynoic acid (1) and
its derivatives: lipids 2-6, amino acids derivatives; lipid 7, 3-
(dimethylamino)propylamine (DMAP) derivative. b) Schematic diagram of amino

acid-derivatized polydiacetylene liposomes in a chromatic transition.

In 1999, Jonas et al. [59] studied a novel system based on hydrazide
derivatives of single chain diacetylene lipids which are 10,12-Tricosadiynohydrazide
(THY) and 10,12-Pentacosadiynohydrazide (PHY). These materials showed an
unusual aggregation and polymerization behavior in organic solution, in contrast to
the parent carboxylic acids. In addition, these hydrazide lipids undergo an
unprecedented reversible color change (blue/red) in polymerized vesicles when the
pH of the surrounding aqueous medium is cycled between acidic and basic conditions.
This unusual behavior is attributed to the unique hydrogen-bonding pattern of the
hydrazide head group (Figure 1.23).
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Figure 1.23 Schematic representations of the polymerization behavior and

colorimetric changes of the diacetylene hydrazides PHY and THY in the presence of
HCI or NHs.

In 2011, Charoenthai et al. [52] investigated that the colorimetric response of
the polydiacetylene (PDA) vesicles prepared by 10,12-tricosadiynoic acid (TCDA),
10,12-pentacosadiynoic acid (PCDA) and N-(2-aminoethyl)pentacosa-10,12-
diynamide (AEPCDA) were stimulated by temperature, ethanol and pH. They found
that a shorter side chain of poly(TCDA) yields weaker inter- and intra-chain
dispersion interactions in the bilayers compared to the system of poly(PCDA). The
color transition of poly(TCDA) and poly(PCDA) vesicles occured when increasing of
pH to ~9 and ~10, respectively (Figurel.24). The poly(AEPCDA) vesicles, on the

other hand, change color upon decreasing pH to ~O0.
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Figure 1.24 a) The colorimetric responses (%CR) of the vesicles were plotted as a
function of pH. Symbols are (O) poly(PCDA), (A) poly(TCDA) and ()

poly(AEPCDA). b) The charged species of head groups of poly(PCDA) in high pH
region and poly(AEPCDA) in low pH region.
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1.3 Objectives and scope of the research

The objectives of this thesis are synthesis of diacetylene monomers containing
[-alanine ethyl ester and di-p-alanine ethyl ester for use as indicator for detection of
temperature, UV doses, organic solvent and humidity. To achieve the objectives, the
work scopes are shown as following;

1) To synthesize and characterize amide and diamide derivatives from 10, 12-
pentacosadiynoic acid (PCDA), 10, 12-tricosadiynoic acid (TCDA), 6, 8-
nonadecadiynoic acid (NDDA) and 5,7-octadecadiynoic acid (ODDA)

2) To prepare polydiacetylene indicator on the filter paper

3) To test the sensitivity of the indicators for detection of temperature, UV
doses, organic solvent and humidity.



CHAPTER II

EXPERIMENTAL

2.1 General Information

2.1.1 Chemicals and materials

1.

L N o a &~ w N

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

10,12-Pentacosadynoic acid (PCDA), GFS, USA
10,12-tricosadiynoic acid (TCDA), GFS, USA
6,8-nonadecadiynoic acid (NDDA), GFS, USA
5,7-octadecadiynoic acid (ODDA), GFS, USA
Ethyl-3-aminopropanoate hydrochloride, Aldrich, Germany
3-Aminopropionic acid, Fluka, Switzerland
1-Hydroxybenzotriazole hydrate (HOBteH,O), Aldrich, Germany
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), Fluka,
Switzerland

Diethylether (Et;0), reagent grade, Lab-Scan, Ireland

Chloroform (CHCIs), AR grade, Lab-Scan, Ireland
Dichloromethane (CH,Cl,), commercial grade, Lab-Scan, Ireland
Hexane, commercial grade, Lab-Scan, Ireland

Ethyl acetate (EtOAc), commercial grade, Lab-Scan, Ireland
Tetrahydrofuran (THF), AR grade, Lab-Scan, Ireland

Methanol (CH3OH), commercial grade, Lab-Scan, Ireland

Sodium hydroxide (NaOH), Merck, Germany

Hydrochloric acid (HCI), Merck, Germany

Magnesium sulfate (MgSO4) anhydrous, Riedel-deHaén®, Germany
Silica gel 60, Merck, Germany

2.1.2 Apparatus and equipments

1.

2
3.
4

Rotary evaporator, R200, Buchi, Switzerland
Ultrasonicator, ElIma, Germany

Magnetic stirrer, Fisher Scientific, USA

Hot plated magnetic stirrer, IKA, Germany
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5. Pipette man (P20, P200 and P5000), Gilson, France

6. Pipette man (Lel00 and Le1000), Nichiryo, Japan

7. Nuclear Magnetic resonance spectrometer (NMR) 400 MHz, Mercury

400, Varian, USA
8. Differential scanning calorimetry (DSC), NETZSCH DSC 204 F1,
Germany

9. Scanning electron microscopy (SEM), JEOL, JEM-2100, Japan

10. Webcam, ICON228, 14M pixels

11. Labtop, Macbook pro, apple, USA

12. UV Lamp, TUV 15W/G15 T18 lamp, Philips, Holland.
2.2 Synthesis of diacetylene monomer

2.2.1 Synthesis procedure
B-Alanine ethyl ester diacetylene and di-f3-alanine ethyl ester diacetylene, boc-

protected p-alanine was synthesized by amide coupling synthesis [53]. p-Alanine
(0.71 g, 8 mmol) was dissolved in NaOH solution (1.0 M, 20 mL) and t-butanol (10
mL) of was then added. The solution of Boc,O in t-butanol (15 mL) was added
dropwise to obtain a clear solution and was stirred for 12 h. After removing the
solvent by rotary evaporator, the mixture was adjusted to pH 2 by HCI solution (2.0
M) and then extracted with ethyl acetate (5 x 25mL). The combined organic layer was
separated, dried over anhydrous MgSO, and filtered. The filtrate was evaporated to
give Boc-protected B-alanine as white powder (1.27 g, 6.69 mmol, 83% vyield).

The di-p-alanine ethyl ester was prepared by first dissolving boc-f-alanine
(2.50 g 7.93 mmol) and HOBt.H,O (1.60 g, 11.92mmol) in CH,Cl; (15 mL). Then, 1-
Ethyl-3-(3-dimethyllaminopropyl) carbodiimide hydrochloride (EDC) (2.28 g, 11.91
mmol) in CH,Cl, (20 mL) was added. The mixture was stirred for 1 h before -
alanine ethyl ester hydrochloride (1.46 g, 9.52 mmol) and triethylamine (4.40 mL) in
CH.CI; (15 mL) were then added at 0 °C and stirred for 3 h. The reaction mixture was
evaporated by rotary evaporator and was extracted by ethyl acetate 20 mL. The
organic layer was consecutively washed by deionized water (2 x 10mL), HCI (10
mL), saturated NaHCO3 (10 mL) and water (10 mL). The organic layer was dried by

MgSQO, anhydrous and was evaporated to obtain crude Boc-di-p-alanine ethyl ester
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product (60%) as a white solid. The product was deprotected by trifluoroacetic acid
after stirring for 2 h and freeze dried to give the desired di-p-alanine ethyl ester
product in quantitative yield.

Ethyl 3-(pentacosa-10,12-diynoylamido)propanoate (EPCDP): 10,12-
Pentacosadiynoic acid (0.38 g, 1.0 mmol) and 1-hydroxybenzotriazole hydrate
(HOBteH,0O; 0.20 g, 1.5 mmol) were stirred to dissolve in CH,CIl, (3 mL). The
solution  was  then added  with a  solution of  1l-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC; 0.29 g, 1.5 mmol) in CH,CI, (5 mL) and
stirred for 1 h. The mixture of ethyl 3-aminopropanoate hydrochloride (0.18 g, 1.2
mmol) and triethylamine (0.56 mL, 4.0 mmol) in CH,ClI, (5 mL) was added dropwise
into the mixture at 0 °C. The resulting mixture was stirred at room temperature for 3 h.
The mixture was evaporated and the crude product was eluted through a silica gel
column using hexane and ethyl acetate (1:1 v/v) as the eluent. After the solvent
removal, ethyl-3-pentacosa-10, 12-diynamidopropanoate (EPCDP) was obtained as a
white solid (0.41 g, 87% vyield). M.p. (DSC): 72.6 °C; *H NMR (400 MHz, CDCls) &
6.03 (s, 1H), 4.16 (g, J = 7.0 Hz, 2H), 3.58 — 3.44 (m, 2H), 2.53 (t, J = 6.0 Hz, 2H),
2.24 (t,J = 7.0 Hz, 4H), 2.14 (t, J = 8.0 Hz, 2H), 1.43 - 1.13 (m, 31H), 0.88 (t, J = 6.5
Hz, 3H).;**C NMR (101 MHz, CDCls) & 172.6, 172.4, 77.2, 77.0, 64.9, 64.9, 60.3,
36.3, 34.4, 33.7, 31.5, 29.2, 29.0, 28.9, 28.8, 28.7, 28.7, 28.5, 28.4, 28.3, 28.0, 27.9,
25.2,22.2,18.8, 18.8, 13.8, 13.7; Anal. Found: C 76.08, H 10.42, N 2.99 (Calcd. for
C3oH51NO3: C 76.06, H 10.85, N 2.96).

Ethyl 3-tricosa-10,12-diynamidopropanoate (ETCDP): The compound was
synthesized and purified according to the above procedure using 10,12-tricosadiynoic
acid (0.35 g, 1.0 mmol), p-alanine ethyl ester hydrochloride (0.18 g, 1.2 mmol),
HOBteH,0 (0.20 g, 1.5 mmol), EDC (0.29 g, 1.5 mmol) and triethylamine (0.56 mL,
4.0 mmol). The desired product, ETCDAP, was obtained as a white solid (0.41 g, 91%
yield). M.p. (DSC): 63.3°C; *H NMR (400 MHz, CDCls)  6.03 (s, 1H), 4.16 (g, J =
7.0 Hz, 2H), 3.64 — 3.33 (m, 2H), 2.53 (t, J = 6.0 Hz, 2H), 2.24 (t, J = 7.0 Hz, 4H),
2.14 (t, J = 8.0 Hz, 2H), 1.51 (s, 4H), 1.42 — 1.09 (m, 27H), 0.88 (t, J = 7.0 Hz, 3H);
3C NMR (101 MHz, CDCls) 6 172.6, 172.4, 77.2, 77.0, 64.9, 64.8, 60.3, 36.3, 34.3,
33.7, 31.4, 29.1, 29.0, 28.9, 28.8, 28.7, 28.6, 28.5, 28.4, 28.3, 27.9, 27.9, 25.2, 22.2,
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18.8, 18.8, 13.8, 13.7; Anal. Found: C 75.49, H 10.61, N 3.17 (Calcd. for C2sH47NO3:
C 75.46, H 10.63, N 3.14).

Ethyl 3-nonadeca-6,8-diynamidopropanoate (ENDDP). The compound was
synthesized and purified according to the above procedure using 6,8-nonadecadiynoic
acid (0.30 g, 1.1 mmol), p-alanine ethyl ester hydrochloride (0.20 g, 1.3 mmol),
HOBteH,O (0.22 g, 1.6 mmol), EDC (0.31 g, 1.6 mmol) and triethylamine (0.91 mL,
6.5 mmol). The desired product, ENDDP, was obtained as a white solid (0.42 g,
98%yield); M.p. (DSC): 47.5°C;'H NMR (400 MHz, CDCls) & 6.08 (s, 1H), 4.15 (q,
J = 7.0 Hz, 2H), 3.57 - 3.44 (m, 2H), 2.52 (t, J = 6.0 Hz, 2H), 2.33 - 2.07 (m, J =
27.0, 14.5, 7.5 Hz, 6H), 1.72 — 1.66 (m, 2H), 1.51 (tt, J = 14.5, 7.0 Hz, 4H), 1.29 (dd,
J = 245, 17.0 Hz, 17H), 0.87 (t, J = 6.5 Hz, 3H); *C NMR (101 MHz, CDCl3) &
172.8,172.6,77.9, 77.5, 65.9, 65.3, 60.8, 60.5, 36.8, 36.1, 35.0, 34.2, 32.0, 29.6, 29.6,
29.4, 29.2, 28.9, 28.4, 28.0, 24.9, 24.0, 22.8, 19.3, 19.1, 14.3, 14.2; Anal. Found: C
73.45, H 10.23, N 3.70 (Calcd. for Cy4H3sNO3: C 73.99, H 10.09, N 3.60).

Ethyl 3-octadeca-5,7-diynamidopropanoate (EODDP). The compound was
synthesized and purified according to the above procedure using 5,7-
heptadecadiynoic acid (0.15 g, 0.54 mmol), -alanine ethyl ester hydrochloride (0.10
g, 0.65 mmol), HOBteH,O (0.11 g, 0.81 mmol), EDC (0.15 g, 0.81 mmol) and
triethylamine (0.45 mL, 3.25 mmol), The desired product, EODDP, was obtained as a
white solid (0.16 g, 80%yield). M.p. (DSC): 66°C; *H NMR (400 MHz, CDCls) &
6.07 (s, 1H), 4.16 (g, J = 7.0 Hz, 2H), 3.57 — 3.45 (m, 2H), 2.53 (t, J = 6.0 Hz, 2H),
2.36 —2.20 (m, 6H), 1.91 — 1.75 (m, J = 7.0 Hz, 2H), 1.54 — 1.46 (m, J = 15.0, 7.0 Hz,
2H), 1.43 - 1.17 (m, J = 25.0, 17.5 Hz, 17H), 0.87 (t, J = 6.5 Hz, 3H); *C NMR (101
MHz, CDCls) 8 172.7, 172.1, 78.1, 77.5, 66.4, 65.2, 60.8, 35.2, 35.0, 34.2, 32.0, 29.7,
29.6, 29.4, 29.2, 29.0, 28.4, 24.2, 22.8, 19.3, 18.8, 14.3, 14.2; Anal. Found: C 73.60,
H 10.34, N 3.90 (Calcd. for Cp3H37;NO3: C 73.56, H 9.93, N 3.73).

Ethyl 3-(3-pentacosa-10,12-diynamidopropanamido) propanoate
(EPCDPP). This was synthesized according to the above general procedure from 10,
12-pentacosadiynoic acid (0.64 g, 1.70 mmol), di-p-alanine ethyl ester (0.45 g, 2.38
mmol), HOBt*H,0 (0.34 g, 2.55 mmol), EDC (0.48 g, 2.55 mmol) and triethylamine
(1.42 mL, 10.21 mmol), purified by column chromatography with hexane and ethyl
acetate (1:1 v/v) as white solid (0.61 g, 66%yield). M.p. (DSC) 121°C; *H NMR (400
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MHz, CDCls) & 6.31 (s, 1H), 6.19 (s, 1H), 4.16 (q, J = 7.0 Hz, 2H), 3.57 — 3.46 (m,
2H), 2.52 (t, J = 6.0 Hz, 2H), 2.43 - 2.32 (m, 2H), 2.23 (t, J= 7.0 Hz, 4H), 2.14 (t, J =
7.5 Hz, 2H), 1.54 — 1.45 (m, 4H), 1.29 (dd, J = 25.0, 17.5 Hz, 31H), 0.88 (t, J = 7.0
Hz, 3H); *C NMR (101 MHz, CDCls) 6 173.4, 172.6, 171.8, 77.7, 77.6, 65.4, 65.4,
61.0, 36.9, 35.7, 35.5, 35.0, 34.2, 32.0, 29.8, 29.7, 29.7, 29.6, 29.5, 29.3, 29.3, 29.2,
29.0, 29.0, 28.9, 28.5, 28.4, 25.8, 22.8, 19.3, 19.3, 14.3, 14.2; Anal. Found: C 72.83,
H 10.30, N 5.29 (Calcd. for C33HsgN,O,4: C 72.75, H 10.36, N 5.14).

Ethyl 3-(3-tricosa-10, 12-diynamidopropanamido)propanoate (ETCDPP).
This was synthesized according to the above general procedure from 10, 12-
tricosadiynoic acid (0.58 g, 1.70 mmol), di-p-alanine ethyl ester (0.67 g, 2.34 mmol),
HOBteH,O (0.34 g, 2.51 mmol), EDC (0.48 g, 2.51 mmol) and triethylamine (1.40
mL, 10.0 mmol), purified by column chromatography with hexane and ethyl acetate
(1:1 v/v) as white solid (0.61 g, 70%yield) M.p. (DSC): 119°C; *H NMR (400 MHz,
CDCl3) & 6.31 (s, 2H), 6.19 (s, 1H), 4.16 (q, J = 7.0 Hz, 3H), 3.68 — 3.37 (m, 6H),
2.52 (t, J = 6.0 Hz, 2H), 2.43 - 2.29 (m, 2H), 2.24 (t, J = 7.0 Hz, 4H), 2.19 — 2.09 (m,
2H), 1.54 — 1.43 (m, 4H), 1.42 — 1.16 (m, 27H), 0.88 (t, J = 7.0 Hz, 3H); *C NMR
(101 MHz, CDCl3) & 172.5, 172.4, 171.7, 78.1, 77.5, 66.3, 65.2, 60.9, 35.7, 35.6,
35.2, 35.1, 34.2, 32.0, 31.6, 29.8, 29.6, 29.6, 29.4, 29.2, 29.0, 28.4, 24.2, 22.8, 19.3,
18.8, 14.3, 14.2; Anal. Found: C, 72.06; H, 10.26; N, 5.44 (Calcd. for C3;Hs,N204: C,
72.05; H, 10.14; N, 5.42).

Ethyl 3-(3-nonadeca-6,8-diynamidopropanamido)propanoate (ENDDPP).
This was synthesized according to the above general procedure from 6, 8-
nonadecadiynoic acid (0.36 g, 1.24 mmol), di-p-alanine ethyl ester (0.50 g, 1.74
mmol), HOBt*H,0 (0.25 g, 1.86 mmol), EDC (0.36 g, 1.86 mmol) and triethylamine
(1.0 mL, 7.44 mmol), purified by column chromatography with hexane and ethyl
acetate (1:1 v/v) as white solid (0.34 g, 60%yield); M.p. (DSC): 119.8°C; *H NMR
(400 MHz, CDs0D) § 4.14 (g, J = 7.0 Hz, 2H), 3.47 — 3.37 (m, 4H), 2.52 (t, J = 6.5
Hz, 2H), 2.37 (t, J = 7.0 Hz, 2H), 2.31 — 2.13 (m, 6H), 1.75 — 1.60 (m, 2H), 1.57 —
1.44 (m, J = 13.5, 7.0 Hz, 4H), 1.44 — 1.20 (m, 19H), 0.90 (t, J = 6.5 Hz, 3H); °C
NMR (101 MHz, CD3;0OD) ¢ 175.9, 173.7, 173.4, 78.1, 77.4, 66.7, 66.3, 61.7, 37.1,
37.0, 36.6, 36.5, 36.4, 36.4, 35.0, 34.4, 33.0, 30.6, 30.6, 30.4, 30.2, 29.9, 29.5, 29.0,
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26.1, 25.3, 23.7, 19.7, 19.5, 14.5, 14.4; Anal. Found: C, 70.45; H, 9.67; N, 6.05
(Calcd. for C7H4sN204: C, 70.40; H, 9.63; N, 6.08).

Ethyl 3-(3-octadeca-5, 7-diynamidopropanamido)propanoate(EODDPP).
This was synthesized according to the above general procedure from 5, 7-
heptadecadiynoic acid (0.59 g, 2.14 mmol), di-p-alanine ethyl ester (0.86 g, 3.0
mmol), HOBt*H,0 (0.43 g, 3.21 mmol), EDC (0.61 g, 3.21 mmol) and triethylamine
(1.78 mL, 12.84 mmol), purified by column chromatography with hexane and ethyl
acetate (1:1 v/v) as white solid (0.58 g, 61%yield); M.p. (DSC): 134.4°C; *H NMR
(400 MHz, CDs0D) § 4.15 (g, J = 7.0 Hz, 2H), 3.47 — 3.37 (m, 4H), 2.53 (t, J = 6.5
Hz, 2H), 2.37 (t, J = 6.5 Hz, 2H), 2.33 = 2.16 (m, 6H), 1.85 — 1.71 (m, 2H), 1.59 —
1.01 (m, J = 14.5, 7.5 Hz, 19H), 0.90 (t, J = 7.0 Hz, 3H); **C NMR (101 MHz, CDCl5)
0 1725, 172.4, 171.7, 78.1, 77.5, 66.3, 65.2, 60.9, 35.7, 35.6, 35.2, 35.1, 34.2, 32.0,
31.6, 29.8, 29.6, 29.6, 29.4, 29.2, 29.0, 28.4, 24.2, 22.8, 19.3, 18.8, 14.3, 14.2; Anal.
Found: C, 69.79; H, 9.67; N, 6.01 (Calcd. for C;sH42N,04: C, 69.92; H, 9.48; N, 6.27).

2.3 Preparation of paper-based diacetylene indicator and thermal sensing study
A piece of filter paper (Whatman No.1) (1 x 5 cm?) was dipped in adiacetylene
monomer solution (10 mM) in CH,Cl, and dried in the air for 2 h. Then, it was stored
at 4 °C for overnight. Next, the indicators were irradiated by 254 nm UV light for
specific periods of time depended on the time required for obtaining the maximum
blue phase, typically 10 sec to 2 min. The indicators were attached on the outside of a
glass beaker 600 mL filled with 400 mL of water. The beaker was gradually heated
from 30 °C to 90 °C while their color images were monitored by webcam and the
RGB values were determined from the centered crop area of 15 x 15 pixels by an

image-processing program.

2.4 Preparation of paper-based diacetylene indicator and UV sensing study

A piece of filter paper (Whatman No.1) (1 x 5 cm?) was dipped in a solution
of diacetylene monomer with designated concentration (10 mM) in CH,Cl, and dried
in the air for 2 h. Then, it was stored at 4 °C for overnight. The indicators were
irradiated by 254 nm UV light with the UV energy power of 1.4-1.5 mW/cm? for
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various periods of time. Their color images of the indicators were recorded by a
commercial scanner and the RGB values were determined from the centered crop area

of 50 x 50 pixels by an image-processing program.

2.5 Preparation of paper-based diacetylene indicator and solvent sensing study

A piece of filter paper (Whatman No.1) (1 x 5 cm?) was dipped in a solution
of diacetylene monomer with designated concentration (10 mM) in CH,Cl, and dried
in the air for 2 h. Then, it was stored at 4 °C for overnight. A paper-based indicator
was dipped into an organic solvent and surfactant tested at room temperature (~ 30
°C) for 1 min. The indicator pieces were withdrawn from the solvent and allowed to
dry in the air. Thirteen organic solvents were tested and deionized water was used for
the blank test. The colors of the indicators were recorded by a commercial scanner
(Epson Perfection VV33) in 3 pieces for each solvent.

2.6 Preparation of paper-based polydiacetylene humidity indicator and humidity
sensing study

2.6.1. Single coating of diacetylene carboxylate salts

The single coating of diacetylene carboxylate salts were prepared by using 0.2
M of carbonate salt solution (Na;CO3 and K,COs3) to dissolve diacetylene monomer
(TCDA) and sonicated for 10 minutes to obtain milky solution. The solution was left
overnight at room temperature. Then, the solution was dropped on the filter paper and

dried at 100 °C for 10 minutes. Next, the paper was irradiated by UV light for 1 min.

2.6.2. Layer-by-layer coating of diacetylene carboxylic acid/carbonate salt
The layer-by-layer coating of diacetylene carboxylic acid/carbonate salt was
prepared in two methods. In the first method, 20 uL of 5 mM of TCDA in CH,Cl,
was deposited on the filter paper by drop-casting technique and dried in room
temperature for 10 minutes. 20 pL of a saturated carbonate solution (Na,COj3 or
K,CO3) was dropped, dried at 100 °C and followed by irradiated with UV light for 1

minute. The second method exploited the opposite deposition sequences, 20 uL of the
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saturated carbonate solution followed by 20 uL of 5 mM of TCDA. After the layer-

by-layer deposition, the coated paper was irradiated with UV 254 nm for 1 min.

2.6.3 Zone coating of diacetylene carboxylic acid and carbonate salt

A filter paper strip was divided into 2 zones. The first zone was coated with
carbonate salt and the second zone was coated with TCDA monomer. The filter paper
strip was dipped into a saturated aqueous solution of the carbonate salt and dried at
100 °C. Then, the other end of the filter paper strip was dipped into a 5mM of TCDA
solution in CH,ClI, and the filter paper was dried in a desiccator for 10 minutes. The
coated paper was irradiated with 254 nm UV light for 1 minute to generate a humidity
indicator with blue PDA zone on one end and off-white zone of the carbonate salt on
the other end. The dipping process was performed with care to make sure that these
two zones are separated by 3 mm.



CHAPTER Il1

RESULTS AND DISCUSSION

This dissertation involved the study of diacetylene compounds with three
types of functional groups including carboxylic acid, amide and diamide. Each series
of the diacetylenes have four members with different number of methylene chains
(Scheme 3.1). The results of the synthesis and utilization of these diacetylene
compounds as sensing materials are reported and discussed in this chapter which is
divided into 5 sections i.e. synthesis, UV indicators, thermochromic study,

solvatochromic study and humidity indicators.

3.1 Synthesis of diacetylene monomers

The synthesis of the diacetylene monomers containing (3-alanine ethyl ester and
di-p-alanine ethyl ester were accomplished by condensing the commercially available
diacetylene fatty acids (PCDA, TCDA, NDDA, ODDA) with p-alanine ethyl ester
and di-p-alanine ethyl ester by using EDC and HOBt as coupling agents (Scheme 3.1,
see section 2.2 for detail synthetic procedures). The monoamides (EPCDP, ETCDP,
ENDDP, EODDP) were obtained in excellent yields (80-98%) and the diamides
(EPCDPP, ETCDPP, ENDDPP, EODDPP) were also obtained in satisfactory yields
(60-70%).

P o EDC, HOBt, 0°C, P
m‘%‘\\\ (0] / \ CH2C|2, N(Csz)j , 3h m\\\\ (0] O
\\‘_ + | . T P N . Q‘ ly ; \ ~
N L oy T N Jo \H o N \V'JLTO/ N
n p n\H ,
p
ODDA:m=9, n=3 p-alanine ethyl ester: p = 1 EODDP:m=9, n=3,p=1(80%)
NDDA:m =9, n=4 di-p-alanine ethyl ester: p = 2 ENDDP:m=9, n=4,p=1,(98%)
TCDA:m=9, n=8 ETCDP:m=9, n=8,p=1,(91%)
PCDA'm=11,n=8 EPCDP: m=11,n=8,p=1, (87%)
EODDPP:m=9, n=3,p=2(61%)
ENDDPP: m=9, n=4,p=2(60%)
ETCDPP: m=9, n=8,p=2(70%)
EPCDPP:m=11,n=8, p = 2 (66%)

Scheme 3.1 Synthesis of diacetylenes containing amide and diamide head groups.



35

The 'H NMR spectra of the diacetylene compounds comprising p-alanine ethyl
ester in CDCI; were shown in Figure 3.1. These monomers have a characteristic
quartet peak ~4.2 ppm corresponding to OCH; (d’) in the ethyl ester and triplet peak
~3.5 ppm belonging to NCH; in the amido group (b’). The signals of amido proton
appeared as a singlet peak (a’) near 6.1 ppm and those of methylene proton ¢’
appeared as triplet peak near 2.5 ppm. The chemical shift of the methylene protons
between the amide and the diacetylene group were observed in the range of 1.4-2.5
ppm.
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Figure 3.1 'H NMR spectra of mono-f-alanine ethyl ester diacetylene monomers a)
EPCDP, b) ETCDP, ¢) ENDDP, d) EODDP in CDCls.

The *H NMR spectra of the diacetylene monomers containing di-p-alanine ethyl
ester (Figure 3.2) have a characteristic quartet peak (g’) around 4.2 ppm and multiplet
peak around 3.5 ppm corresponding to the methylene groups b’ and e’. The signals
near 6.2 and 6.4 ppm, corresponding to the amido N-H protons (a’ and d’), and the
signals in the range of 1.4-2.6 ppm matched the methylene proton between the amide
and the diacetylene group.
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Figure 3.2 'H NMR spectra of dipropanamide diacetylene monomers a) EPCDPP in
CDCls3, b) ETCDPP in CDClIs3, ¢c) ENDDPP in CD3;0D, d) EODDPP in CDCl;

3.2 UV indicators

The UV sensing indicators were prepared from all 12 diacetylene monomers
having 3 different head groups including carboxylic acid (PCDA, TCDA, NDDA,
ODDA), p-alanine ethyl ester (EPCDP, ETCDP, ENDDP, EODDP), di-p-alanine
ethyl ester (EPCDPP, ETCDPP, ENDDPP, ODDPP). Typically, the indicator was
prepared by dipping a strip of filter paper (1 x 5 cm?) in a CH.Cl; solution of the
diacetylene monomer (10 mM) followed by air dry and stored in a refrigerator before
further sensing study.

3.2.1 UV sensing study

The white diacetylene coated paper strips were irradiated by 254 nm UV light
with the intensity of 1.4-1.5 mW/cm? for various periods of time. The paper strips
were periodically removed from the irradiation area and the color images were

recorded by a commercial scanner. Each image of the indicator was taken from
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individual sample. As shown in Figure 3.3, the color of all PDAs on the paper rapidly
changed their color from white to blue or purple within 10 seconds. With prolong
irradiation, the blue or purple PDAs gradually turned into red or orange color at
different irradiation time depending on the structures of the diacetylene monomers.
From the color images, the diacetylenes in the series of the same head group with
shorter alkyl chain, either between the diyne and carboxyl group or in the lipid tail
(lower n or m numbers), required shorter irradiation time to cause the blue-to-red
color transition indicating their greater UV sensitivity. Furthermore, the diacetylene
compounds with amide and diamide head groups are generally more sensitive than
those with carboxylic acid head group.

Diacetylenes (m,n,p) 10 20 30 40 S50 60 120 180 240 300 600 900 1800 (sec)
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Figure 3.3 Color images of PDA indicators obtained at different UV irradiation

times.

3.2.2 Determination of UV doses required for blue-to-red color transition
For the determination of the color transition of the paper-based

polydiacetylene indicators, the color transition images of the indicators (Figure 3.3)
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were converted to RGB values by image-processing program. The R, G and B values
represent the extent of the red, green and blue components in the image. The values
are varied from 0 to 255 that the greater the value is the higher the extent of the hue.
For examples, the RGB coordinate of (0, 0, 0) is white and (255, 255, 255) is black.
For better comparison of the colorimetric responses, the effects from the
background light and color depth were evened out by using the percentage value of
each RGB component calculated according to the following equation shown below,

instead of its absolute value.

%R (or %G or %B) = (2 (or G or B))I(R+G+F)=<100

To obtain the UV dose (md/em?), the irradiation time (s) was multiplied by
with the intensity (mW/cm?) of the UV light. The plot of %R and %B against the UV
dose clearly showed the increase of %R in the expense of %B while %G remained
relatively constant (Figure 3.4). The small error bars in the plots confirmed high

reproducibility of the indicator preparation and color measurement.
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Figure 3.4 Plots of %R (A), %G (#) and %B (®) against UV doses of PDA
indicators prepared from PCDA. Error bars represent standard deviations.

To apply the RGB values for the sensitivity evaluation, the UV dose required
at the intersection between %R and %B curves was assigned as the color transition
dose. As shown in Figure 3.5, the UV doses required for the blue-to-red color
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transition of all diacetylene monomers can be easily determined from the crossing
point. By visual observation, these color transition points correspond to purple color.
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Figure 3.5 Plots of %R (A) and %B (®) of the PDA indicators against UV

irradiation doses. Error bars represent standard deviations.

The blue-to-red color transition doses determined from the intersection point
of %R and %B are compiled in Table 3.1. The diacetylene that gives the lower dose
required for the color transition is more UV sensitive. For examples, TCDA, ETCDP
and ETCDPP required the exposure doses of 780+52 mJ/cm?, 264+32 mJ/cm? and
130+9 mJ/cm?, respectively, that represent the sensitivity order of TCDA < ETCDP <
ETCDPP.
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Table 3.1 UV doses required for blue-to-red color transition of the indicators

prepared from various diacetylene compounds

Compound (Lrjn\f] /g:):f) Compound (LrJn\g /3;8% Compound (Lrjn\g /?:?r??)
PCDA 918+19 EPCDP 27617 EPCDPP 309+3
TCDA 780£52 ETCDP 264+32 ETCDPP 130+9
NDDA 586124 ENDDP 39+11 ENDDPP 20+4
ODDA 98+22 EODDP 21+1 EODDPP 18+1

To realize the structure-activity relationships of the diacetylene compounds
with their UV induced color transition, the data in Table 3.1 were plotted into a bar
chart as shown in Figure 3.6. From the chart, there is a clear trend of the UV doses
required for the color transition within the series of the same head group. The
diacetylenes with shorter alkyl chain (lower n or m numbers), either between the
diyne and carboxyl group or in the lipid tail, required lower UV doses in causing the
blue-to-red color transition indicating their greater UV sensitivity. This result
suggested a photo-induced thermochromism, which will be described in more details
in section 3.3.

Comparing between the series of different head groups, the UV doses required
for the color transition of the fatty acid series (PCDA, TCDA, NDDA and ODDA) are
(EPCDP,
ETCDP, ENDDP and EODDP) and dipropanamide (EODDPP, ENDDPP, ETCDPP
and EPCDPP). The effects of the head group on the UV sensitivity are likely

generally greater than those of the corresponding monopropanamide

associated with the difference of orientation and strength of hydrogen bonding among
the carboxylic acid and amido head groups in the molar self-assemblies of the
diacetylene lipids. Since the blue-to-red transition of the amide series is faster in the
UV irradiation, their molecular assemblies are probably more readily to undergo the
conformational alteration during the topopolymerization process. Further details on
the roles of the head groups on the color transition sensitivity will be discussed in the

section 3.3 related to the thermochromism properties.
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Figure 3.6 Bar chart of UV doses required for causing blue-to-red color transition of
diacetylene-based paper sensors. The plots are the average data obtained from 3
independent samples with the error bars representing the standard deviation.

3.3.3 Morphology change of PDA upon UV irradiation

Scanning electron microscopy (SEM) of the blue and red PDA coated on
cellulose fibers of the filter paper strips revealed interesting microscopic phenomena.
The diacetylene containing carboxylic acid head group showed PDA film rupture
upon the UV induced color transition from blue to red (Figure 3.7 a and d). However,
no significant change was observed for the PDAs obtained from the diacetylene
containing mono- and diamide head groups. The rupture denoted that the blue-to-red
color transition was accompanied with a major and sudden change in the molecular

assembly [54].



42

Figure 3.7 SEM (5 kV) micrographs of filter paper coated with blue PDAs (a) PCDA
(b) EPCDP (c) EPCDPP and red PDAs of (d) PCDA (e) EPCDP (f) EPCDPP. The
scale bars represent 5 um.
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3.3 Thermochromic study
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Scheme 3.2 Steps in preparation and thermal sensing study of paper-based PDA
indicators: a) dip-coating, b) drying, ¢) UV irradiating, d) visualizing after UV
irradiation, e) apparatus set-up for thermal sensing study before heating, f) indicators
after heating, g) color images of indicators at various temperature and h) data

processing for determination of color transition temperature.

3.3.1 Preparation of paper-based diacetylene indicator for thermal
sensing study

For thermal sensing study, the indicators were prepared by a dip coating of
filter paper with a diacetylene monomer followed by UV irradiation according to the
scheme 3.2. Typically, a strip of filter paper was dipped into a solution of the

diacetylene monomer in CH,Cl,. The dry paper strip was irradiated with 254 nm UV
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light at room temperature to generate a blue paper-based PDA indicator (Table 3.2).

The formation of blue color indicated a successful polymerization of the diacetylene

monomer to its corresponding PDA. The irradiation period for each monomer was

varied depending on their UV sensitivity that has been described earlier in section 3.2.

After the photopolymerization process, the indicator was ready to be used in thermal

sensing study.

Table 3.2 Irradiation time and color appearance of paper-based PDA indicators

Diacetylenes '"iiera;m”
PCDA 60
TCDA 60
NDDA 180
ODDA 10

Color

Irradiation

Diacetylenes s
EPCDP 30
ETCDP 20
ENDDP 10
EODDP 10

Color

Irradiation

Diacetylenes e
EPCDPP 10
ETCDPP 10
ENDDPP 10
EODDPP 10

3.3.2 Color transition of PDA indicator by temperature

Color

The paper indicators were adhered to the side of the beaker 600 mL and they

were heated from 30 °C to 90 °C. The color images (Figure 3.9) of the indicators were

recorded by a commercial webcam.
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*m and n are the numbers of methylene groups while p is the the number of B-alanine units in the

diacetylene monomers (see Scheme 3.1)

Figure 3.8 Color images of PDA indicators captured at different temperatures.

As shown in Figure 3.8, the color transition temperatures of the PDAs from
the diacetylenes within the series of the same head group decrease with decreasing
methylene chain length (n or m numbers) showing the higher thermal sensitivity that
is in the same trend with the UV sensitivity of the diacetylenes. Furthermore, the
PDAs with amide and diamide functional groups generally changed their color from
blue to red at lower temperature than those with the same number of methylene
groups but consisting of carboxylic acid functional group.

3.3.3 Determination of color transition temperatures

Using the RGB values according to the procedures described in section 3.2.3,
the color transition temperatures were successfully determined from the color images
of the indicators (similar to Figure 3.8). The plots of %R and %B against the
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temperature gave the crossing point, assigned as the color transition temperatures

(Figure 3.9).
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Figure 3.9 Plots of %R (A) and %B (®) of the PDA indicators against temperature.

Error bars represent standard deviations.

The color transition temperatures determined from the crossing point of %R

and %B are listed in Table 3.3. The diacetylene that gives the lower temperature is
more thermal sensitive. For examples, TCDA, ETCDP and ETCDPP changed their
color from blue to red at 62.3+0.6 °C, 56.4+0.7 °C and 55.6+0.8 °C, respectively. The

trends of the color transition temperatures determined from the RGB values are in

good agreement with the trends of the color changes observed by naked eyes

described in section 3.3.1.
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Table 3.3 Color transition temperatures of the PDA indicators prepared from various
diacetylene compounds

Compound | T (°C) Compound T (°C) Compound | T (°C)
PCDA 69.7+0.9 EPCDP 63.1+0.6 EPCDPP 65.7+1.0
TCDA 62.3+0.6 ETCDP 56.4+0.7 ETCDPP 55.6+0.8
NDDA 49.6+1.2 ENDDP 34.5+0.9 ENDDPP 36.7+1.6
ODDA <30 EODDP <30 EODDPP <30

The color transition temperatures of the PDAs were plotted as the red dots in
Figure 3.10. The plot clearly shows the increase of temperature sensitivity with the
decrease of the aliphatic chain length. In thermochromism, the role of the alkyl side
chains on the temperature sensitivity has been attributed to the increase of their
hydrophobic interaction, which in turn stabilizes the st-conjugated backbone [5,9,37].
The plot also shows that the color transition temperatures of the carboxylic acid series
(PCDA, TCDA, NDDA and ODDA) are generally higher than those of the
corresponding monoamide (EPCDP, ETCDP, ENDDP and EODDP) and diamide
(EODDPP, ENDDPP, ETCDPP and EPCDPP). These quantitative results are well
correlated with the color changes observed by eyes (Figure 3.8). The effects of the
head group on the thermal sensitivity are related to the strength of hydrogen bonding
among the polar head groups in the molecular self-assemblies of the diacetylene
lipids[2,44]. The higher color transition temperatures of the carboxylic acid series
thus suggest that the hydrogen bonding of the carboxylic head groups is stronger than
that of the amide head groups.
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Figure 3.10 Color transition temperatures (®) and UV-doses (M) of diacetylene-
based paper sensors. The plots are the average data obtained from 3 independent
samples with the error bars representing the standard deviation.

To gain insight mechanism of the blue-to-red color transition induced by the
UV irradiation, the color transition UV-doses (purple bars) of the PDAs were plotted
in the same chart (Figure 3.10) with the color transition temperatures. Within each
series, the chart shows the same trend of the color transition temperature and color
transition UV-doses. This similarity suggests that the photo-induced thermochromism
[42] is responsible for the sensitivity trend of the PDAs with the same side chain head
groups observed during the UV irradiation. However, the comparison of thermal
sensitivity between the series is not well correlated with their UV sensitivity. For
example, the blue-to-red transition of EPCDP, a monopropanamide derivative, was
observed at a much lower UV dose comparing with TCDA while both of them
showed very similar color transition temperature. This difference is even more
pronounced when comparing EPCDPP, a dipropanamide derivative, with TCDA,; the
less thermally sensitive EPCDPP is significantly more UV sensitive than TCDA. The
results demonstrated that the color transition caused by UV irradiation is not solely
driven by the photo-induced thermochromism. The blue-to-red transition during the
UV irradiation of some PDAs has also been attributed to the conformational change
caused by the propagation of the polymer chain [44,55,56]
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3.3.4 Morphology change of PDAs upon heating

For SEM micrographs, the morphologies of polydiacetylene thermal indicators
are shown in Figure 3.11. The red phase of diacetylene containing carboxylic acid
head group showed PDA film rupture (Figure 3.11d) after being heated to 90 °C
similar to that observed in the photo process (Figure 3.7d). Moreover, there are no
morphology changes observed upon the thermochromic transition of PDAs with

mono- and diamide groups (Figure 3.11 e and f).

Figure 3.11 SEM (15 kV) micrographs of the filter paper coated with PDAs before
heating: (a) PCDA (b) EPCDP (c) EPCDPP, and after heating: (d) PCDA (red) (e)
EPCDRP (red) (f) EPCDPP (purple).
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3.4 Solvent sensing study

As PDAs are known to have solvatochromism, a color change upon a solvent
contact, the PDAs from 6 monomers i.e. TCDA, PCDA, ETCDP, EPCDP, ETCDPP
and EPCDPP were investigated for fabrication of an indicator array for solvent
detection and identification. The indicators were prepared on filter paper by dip-
coating technique from the diacetylene monomer solutions. The diacetylene coated
paper strips were irradiated with 254 nm UV light to obtain the blue PDA indicators.
To test the solvent sensing properties, the indicators were soaked with 14 solvents for
1 minute and allowed to dry in the air for 10 minutes. The color images of the
indicators before and after solvent testing were recorded by a commercial scanner to
determine the extent of their colorimetric responses.

As shown in Figure 3.12, the 6 PDA indicators show an array of colorimetric
responses upon the contact with various solvents. The RGB values of the color
images were evaluated by image processing software to provide a set of 756 RGB
numerical data (3 RGB values X 14 solvents x 6 indicators x 3 replicates) as tabulated
in Table D1-D6. These data were analyzed by principal component analysis (PCA) to
generate clusters of PCA scores as shown in Figure 3.13. The PC score plot showed
that the first and second components (PC1, PC2, PC3) accounted for 98.68%, 0.75%
and 0.27% of the data variance, respectively. To evaluate the classification accuracy,
linear discriminant analysis (LDA) was applied on the PC scores to cross validate the
discriminating ability using a leave-one-out technique. The LDA cross validation
gave 74% classification accuracy indicating relatively low discriminating ability of
this indicator array for the 14 solvents. With careful inspection of the cross validation
results, the problematic solvents, which cannot be discriminated, are ethylacetate,

acetone and toluene.
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Figure 3.12 Color images of PDA indicators obtained after exposure to different

solvents.
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Figure 3.13 PCA score plots of the RGB values obtained from water (control) and 13

organic solvents tested by a sensing array PDA indicators.

3.5 Humidity indicators

The designs of paper-based PDA humidity indicators are based on the
alkalinochromism of acidic PDAs using carbonate salts as the source of alkalinity.
Two carbonate salts, Na,CO3 and K,CO3; were tested with two acidic diacetylene
monomers, PCDA and TCDA. Three methods for the monomer and carbonate salt

deposition on filter paper (Whatman No. 3), i.e. 1) single coating of diacetylene
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carboxylate salts, 2) layer-by-layer coating of diacetylene carboxylic acid/carbonate
salt and 3) zone coating of diacetylene carboxylic acid and carbonate salt, were
investigated.

3.5.1 Single coating of diacetylene carboxylate salts

The diacetylene carboxylate salt was prepared by sonication of TCDA in a
carbonate salt solution (Na;CO3 or K,COs3) until a milky solution was formed. The
solution was left overnight at room temperature. The solution was then dropped on
the filter paper, dried and irradiated by UV light. The paper coated with TCDA-Na*
turned into sporadic black spots (Figure 3.14) while those of TCDA-K" indicators
showed uneven purple spots. After exposed to the ambient humidity, the TCDA-Na”
indicator did not show any apparent change while the color of TCDA-K" indicator
changed from purple to red. It seems that the TCDA-K" salt may be useful as a
moisture sensitive material, however this single coating of diacetylene carboxylate
salt did not give uniform color on the filter paper. Better fabrication technique is
needed.

TCDA-Na’ TCDA-K'

. ) .‘i; . -
¢ - ’ i
Before exposure &K A
S ~ ’ e
il
g
After exposure 3y

e ~‘

Figure 3.14 Images of indicators prepared from a single coating of TCDA
carboxylate salts before and after exposed to the ambient humidity for 24 h.

3.5.2 Layer-by-layer coating of diacetylene carboxylic acid/carbonate salt
The layer-by-layer coating of diacetylene carboxylic acid/carbonate salt was
performed in two ways. In the first method, TCDA was deposited on the filter paper
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first and followed by the deposition of carbonate salt (Na,CO3 or K,COs3). The second
method utilized the opposite deposition sequences, the carbonate salt followed by
TCDA. After the layer-by-layer deposition, the coated paper was irradiated with UV
254 nm for 1 min. In the first method, TCDA with Na,CO3 did not polymerize
(Figure 3.15) while that with K,CO3 polymerized to give a purple spot. After the
exposure to the ambient humidity, there was no change for the indicators with
Na,COj3 but the indicators with K,CO3; became more reddish. In the second method,
TCDA with Na,CO3 gave a red spot while that with K,CO3 gave a purple spot after
the UV irradiation. The indicator with Na,COj3 did not change its color while that with
K2CO3; became more reddish after the exposure to the ambient humidity. All the
results suggest that the K,COs salt is more appropriate for preparation of humidity
indicators. However, the color transition from purple to reddish-purple was not
satisfactory to indicate the change of humidity. Therefore, another fabrication method
was attempted as described in the next section.

Before exposure

1S
b M:

-

After exposure W = d .

¥

Top layer - Na,CO, K,CO, TCDA TCDA
Bottom layer TCDA TCDA Na,CO, K,CO,

Figure 3.15 Images of indicators prepared by layer-by-layer coating of TCDA and
carbonate salt before and after exposed to the ambient humidity for 24 h.

3.5.3 Zone coating of diacetylene carboxylic acid and carbonate salt

In this final preparation method, a filter paper strip was divided into 2 zones.
The first zone was coated with carbonate salt and the second zone was coated with
TCDA monomer. The filter paper strip was dipped into a saturated aqueous solution
of the carbonate salt and dried at 100 °C. Then, the other end of the filter paper strip
was dipped into a TCDA solution in CH,Cl, and the filter paper was dried in a

desiccator. The coated paper was irradiated with 254 nm UV light to generate a
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humidity indicator with blue PDA zone on one end and off-white zone of the
carbonate salt on the other end. The dipping process was performed with care to make
sure that these two zones are separated by 3 mm (See Scheme 3.3 for the preparation
steps).

To test the humidity sensitivity, the indicator samples were placed in the
chamber of which relative humidity (%RH) was controlled by a saturated NaBr
solution. The color images of the indicators were recorded by a webcam (1.4 Mpixel).
The %RH within the chamber was monitored with a hygrometer which showed
relatively constant humidity of 62+1 %RH throughout the entire experimental period
of 24 h. The color image of the blue zone was cropped and processed to obtain the
RGB values for further analysis of the color transition time.

Scheme 3.3 Steps in preparation and humidity indicators from TCDA and carbonate
salt using zone coating technique: a) dry filter paper strip coated with saturated
carbonate solution, b) dip-coating of TCDA solution, c) UV irradiation of the TCDA
zone, d) blue PDA zone appearance after UV irradiation, €) apparatus set-up for

humidity sensing study, f) color change of the indicators captured by a webcam.

In Figure 3.16, the blue TCDA zone fabricated next to Na,COsdid not change
its color within 24 hours of the humidity exposure. On the other hand, the blue TCDA
zone with K,COg started to turn red from the edge near the carbonate zone after 3

hours and the red color gradually expanded to fill the entire TCDA zone within 24 h.



55

An intersection point was observed in the plot of %R and %B against the exposure
time for the indicator coated with K,COsaround 6 h but not for the indicator using
Na,COj3 salt (Figure 3.17). This allows the determination of the color transition time
at specific relative humidity. The different colorimetric responses of the PDA to the
different carbonate salts may be rationalized by the fact that Na,COs is less
hygroscopic than K,COs [57] or the indicators fabricated with K,COs, the filter paper
became dampen after the humidity test while those fabricated with Na,CO3 remained
relatively dry. Furthermore, the blue TCDA zone fabricated next to K,COs in 75%
RH changed their color from blue to red within 3 h while those in 42% RH did not
change their color (Figure 3.18). The crossing point of the plot of %R and %B against
the exposure time in 75% RH for the indicator coated with K,CO3;was around 6 h but
not for the indicator in 42% (Figure 3.19). Comparing the different PDA, the PCDA
indicator with K,COj3 can change their color from blue to red in 62% RH and the plots
of %R and %B against time showed that the indicator prepared from PCDA had
similar humidity sensitivity as that from TCDA (Figure 3.20). After K,CO3 absorbs
moisture in the air, the base gradually diffused toward the less concentrated area and
attracted more moisture to the dry interface. By this mechanism and the
alkalinochromism effect, the blue color of the PDA turned into red color with good
time dependence. This time dependent colorimetric transition is highly desirable to
indicate when the moisture-protected products have unintentionally exposed to the

ambient humidity for an unacceptable period.
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Figure 3.16 Color images of TCDA zone of the humidity indicators prepared with (a)

Na,CO3; and (b) K,COj3 captured at different exposure times in a closed chamber
having 62+1%RH.
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Figure 3.17 Plots of %R (A) and %B (®) of the TCDA indicators with (a) Na,CO3

and (b) K,COj; against exposure times under controlled %RH (M). Error bars

represent standard deviations.
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Figure 3.18 Color images of TCDA zone of the humidity indicators prepared with

K2COj3 captured at different exposure times in a closed chamber having (a) 75+2%

RH and (b) 42+2% RH.
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Figure 3.19 Plots of %R (A) and %B (®) of the TCDA indicators with K,COj3
against exposure times under controlled %RH (M) by (a) NaCl (75+2% RH) and (b)
MgCl, (42+2% RH). Error bars represent standard deviations.
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K2COg3 captured at different exposure times in a closed chamber having 62+3% RH
and (b) Plots of %R (A) and %B (®) of the PCDA indicators with K,CO3 against
exposure times under controlled %RH (M) by NaBr (62+3% RH).



CHAPTER IV

CONCLUSION

In conclusion, a novel series of diacetylene lipid monomers containing mono-
and di-p-alanine ethyl ester with various length of methylene spacers were
successfully synthesized. The diacetylene lipids were fabricated onto filter paper and
photopolymerized by 254 nm UV light. The indicators were studied for 4 types of
applications i.e. UV-dose indicators, temperature indicators, solvent indicators and
humidity indicators. The color transitions of the indicators were determined from their
color images using the RGB color system in which the crossing point of %B and %R
curves from their plots against the independent variables such as time and
temperature.

In UV sensing study, the coarse tuning of the UV sensitivity was achieved by
converting the lipid head group from carboxylic acid to the amide or diamide, which
ably affects the photochromism sensitivity, while the fine tuning was possible by
varying the aliphatic chain length, which progressively affects the photo-induced
thermochromism sensitivity. The conversions of the head groups from the carboxylic
acid to the amide groups alter the intermolecular interaction and orientation in the
monomer assembly.

In the thermal sensing study, the color transition temperature of the indicator
increased with the aliphatic chain length. The carboxylic acid series (PCDA, TCDA,
NDDA and ODDA) generally gave higher color transition temperature than those of
the corresponding monoamide (EPCDP, ETCDP, ENDDP and EODDP) and diamide
(EODDPP, ENDDPP, ETCDPP and EPCDPP). Comparing between different
functional groups, thermal sensitivity was not always in line with UV sensitivity that
demonstrated other mechanisms beyond the photo-induced thermochromism for the
blue-to-red color transition induced by UV light.

In the solvent sensing study, 6 PDAs were used in the construction of the
indicator array for detecting and identifying 14 solvents. The colorimetric responses

were evaluated using RGB color system and analyzed by principal component
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analysis (PCA). The 756 RGB numerical values (3 RGB values x 14 solvents x 6
indicators x 3 replicates) were transformed into clusters of PCA scores corresponding
to each solvent. However, the LDA cross validation gave only 74% accuracy
indicating relatively low discriminating ability of this array for classification of all 14
solvents.

In humidity sensing study, the humidity indicator was successfully fabricated
by zone coating of TCDA and K;COgs. The edge of blue PDA zone next to the K,CO3
zone started to turn red after 3 hours and the red color gradually expanded to fill the
entire PDA zone within 24 h at 62% RH. The indicator exhibited faster color
transition at 75% RH where the entire PDA zone turned the color from blue to red
within 3 h while the indicator became essentially insensitive at 42% RH. The plots of
%R and %B against time showed that the indicator prepared from PCDA had similar
humidity sensitivity as that from TCDA. The humidity sensitivity is governed by the
alkalinochromism effect that depends on the rate of moisture absorption and diffusion
on the filter paper coated with the carbonate salt. This time dependent colorimetric
transition is highly desirable to indicate when the moisture-protected products have
unintentionally exposed to the ambient humidity for an unacceptable period.

The monomer structures, sensor preparation and evaluation techniques devised
in this dissertation should serve as guidelines for systematic study of PDA paper-
based indicators toward the development of economical and reliable colorimetric

sensors for various applications.
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APPENDIX A
NMR SPECTRA
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Figure Al 'H spectrum of Ethyl 3-(pentacosa-10,12-diynamido)propanoate (EPCDP)
in CDCls.
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Figure A2 3C spectrum of Ethyl 3-(pentacosa-10,12-diynamido)propanoate (EPCDP)
in CDCls.
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Figure A3 'H spectrum of Ethyl 3-tricosa-10,12-diynamidopropanoate (ETCDP) in
CDCls.
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Figure A4 3C spectrum of Ethyl 3-tricosa-10,12-diynamidopropanoate (ETCDP) in
CDCls.
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Figure A5 *H spectrum of Ethyl 3-nonadeca-6,8-diynamidopropanoate (ENDDP) in
CDCls.
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Figure A6 *C spectrum of Ethyl 3-nonadeca-6,8-diynamidopropanoate (ENDDP) in
CDCls.
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Figure A7 'H spectrum of Ethyl 3-octadeca-5,7-diynamidopropanoate (EODDP) in
CDCls.
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Figure A8 *3C spectrum of Ethyl 3-octadeca-5,7-diynamidopropanoate (EODDP) in
CDCls.
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Figure A9 H spectrum of Ethyl 3-(3-pentacosa-10,12-
diynamidopropanamido)propanoate (EPCDPP) in CDCls.

Izn Ansesene errrrrreerrm cegavan=
pns RESEIIRE SSSSESNINSSISANISRIINAS
EEE REEELSSS RARRARAARARAKARARRARNSE
 d f h | 4
_—
‘A__Vﬂ
B c e 9 i [ o
e P vz . o e
y I en_Leo 9
- | z [ f
e === 0 0

Figure  A10  C  spectrum of  Ethyl 3-(3-pentacosa-10,12-
diynamidopropanamido)propanoate (EPCDPP) in CDCls.



72

e ss22 Q3 IAGEARNARNTITAAARS ARN
e i3y e FrErprb bt ese
- v e IR -
b d ! h )
S T i L
$. 2.8 T RS AR I O | z
Q | t w | y
* m -] o) o
HO
bhmqz
CDC!
L¥] a
t
vs . 5t e ‘ ’ W f
KX ‘ ) i ] AN ‘
3 2 8 se2g o< O
3 > . < f i3 -
I'S IID I.Q : (-B ;3 X S.. l" - .'. ).5 l.l I‘S X )" |?5 - |jl y ‘f5
1 (gpem)

Figure A1l 'H spectrum of Ethyl 3-(3-tricosa-10,
propanoate (ETCDPP) in CDCls.
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Figure A13 'H spectrum of Ethyl 3-(3-nonadeca-6,8-diynamidopropanamido)
propanoate (ENDDPP) in CD3;0D.
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Figure A15 'H spectrum of Ethyl 3-(3-octadeca-5, 7-diynamidopropanamido)
propanoate(EODDPP) in CDCls.
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APPENDIX B
UV SENSING STUDY
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Figure B1 Photographs of UV sensing of PCDA indicators.

Table B1 RGB values of PCDA indicators

experiments)
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at various UV doses (3 independent

uv uv 2 uv 3
(n%?fgz) R G B | sum | nf\]‘,’csrfqz) R G B | Sum (n?f,’cs;z) R G B | Sum
14 140 | 162 | 212 | 514 14 134 | 157 | 203 | 494 14 138 | 163 | 211 | 512
28 123 | 136 | 188 | 447 28 138 | 152 | 197 | 487 28 130 | 146 | 197 | 473
42 128 | 138 | 187 | 453 42 133 | 144 | 188 | 465 42 126 | 137 | 182 | 445
56 130 | 139 | 185 | 454 56 127 | 135 | 179 | 441 56 125 | 133 | 178 | 436
70 124 | 130 | 176 | 430 70 128 | 133 | 173 | 434 70 120 | 126 | 167 | 413
84 118 | 121 | 164 | 403 84 128 | 132 | 172 | 432 84 118 | 122 | 162 | 402
168 | 121 | 124 | 161 | 406 | 168 | 117 | 117 | 152 | 386 | 168 | 122 | 127 | 162 | 411
252 | 119 | 121 | 155 | 395 | 252 | 127 | 128 | 160 | 415 | 252 | 120 | 120 | 147 | 387
33 | 121 | 122 | 153 | 396 | 336 | 125 | 128 | 155 | 408 | 336 | 128 | 129 | 155 | 412
420 | 120 | 119 | 143 | 382 | 420 | 124 | 123 | 145 | 392 | 420 | 122 | 122 | 145 | 389
840 | 130 | 117 | 133 | 380 | 840 | 138 | 127 | 141 | 406 | 840 | 136 | 125 | 139 | 400
1260 | 142 | 118 | 132 | 392 | 1260 | 140 | 117 | 126 | 383 | 1260 | 149 | 123 | 132 | 404
2520 | 161 | 118 | 123 | 402 | 2520 | 151 | 114 | 119 | 384 | 2520 | 156 | 123 | 134 | 413
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Table B2 %RGB values of PCDA indicators at various UV doses (3 independent

experiments)
uv 1 uv 2 uv 3
dose dose dose

%R %G %B %R %G %B %R %G %B

(mJ/cm?) (md/icm?) (md/cm?)

14 272 | 315 | 412 14 27.1 | 318 | 411 14 270 | 318 | 41.2

28 275 | 304 | 421 28 283 | 312 | 405 28 275 | 309 | 416

42 283 | 305 | 413 42 286 | 31.0 | 404 42 283 | 30.8 | 409

56 286 | 30.6 | 40.7 56 288 | 30.6 | 40.6 56 28.7 | 305 | 408

70 288 | 30.2 | 40.9 70 295 | 30.6 | 39.9 70 29.1 | 305 | 404

84 29.3 | 30.0 | 40.7 84 296 | 30.6 | 39.8 84 294 | 303 | 403

168 29.8 | 305 | 39.7 168 30.3 | 30.3 | 394 168 29.7 | 309 | 394

252 30.1 | 30.6 | 39.2 252 306 | 30.8 | 38.6 252 31.0 | 31.0 | 380

336 306 | 30.8 | 38.6 336 306 | 314 | 38.0 336 31.1 | 313 | 376

420 314 | 312 | 374 420 316 | 314 | 37.0 420 314 | 314 | 373

840 342 | 308 | 35.0 840 340 | 313 | 347 840 340 | 31.3 | 348

1260 36.2 | 30.1 | 337 1260 36.6 | 305 | 329 1260 369 | 304 | 32.7

2520 40.0 | 29.4 | 30.6 2520 39.3 | 29.7 | 31.0 2520 378 | 298 | 324

50.0 @) 50.0 ® 50.0 ©
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Figure B2 Plots of %RGB value of 3 independent PCDA indicators against UV dose

to determine the color transition UV dose.
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Figure B3 Photographs of UV sensing of TCDA indicators.

Table B3 RGB values of TCDA indicators at various UV doses (3 independent

experiments)

uv uv uv
(n%?fgz) R G B | Sum (nﬂﬁfﬁz) R G B | Sum (rg?:;z) R G B | Sum
14 134 | 154 | 207 | 495 14 136 | 154 | 200 | 490 14 128 | 149 | 201 | 478
28 127 | 141 | 193 | 461 28 133 | 144 | 188 | 465 28 127 | 139 | 188 | 454
42 127 | 138 | 192 | 457 42 128 | 136 | 180 | 444 42 129 | 138 | 186 | 453
56 127 | 136 | 186 | 449 56 124 | 129 | 167 | 420 56 122 | 131 | 178 | 431
70 128 | 137 | 186 | 451 70 127 | 133 | 173 | 433 70 126 | 133 | 180 | 439
84 125 | 133 | 181 | 439 84 123 | 129 | 168 | 420 84 125 | 132 | 179 | 436
168 | 121 | 128 | 175 | 424 | 168 | 118 | 123 | 163 | 404 | 168 | 128 | 133 | 172 | 433
252 | 118 | 123 | 165 | 406 | 252 | 126 | 131 | 160 | 417 | 252 | 114 | 118 | 153 | 385
33 | 127 | 132 | 168 | 427 | 336 | 120 | 124 | 153 | 397 | 336 | 126 | 130 | 163 | 419
420 | 115 | 115 | 134 | 364 | 420 | 133 | 132 | 154 | 419 | 420 | 136 | 136 | 156 | 428
840 | 131 | 112 | 126 | 369 | 840 | 149 | 131 | 143 | 423 | 840 | 149 | 135 | 149 | 433
1260 | 136 | 111 | 122 | 369 | 1260 | 141 | 111 | 120 | 372 | 1260 | 170 | 135 | 144 | 449
2520 | 179 | 119 | 122 | 420 | 2520 | 170 | 125 | 133 | 428 | 2520 | 163 | 122 | 132 | 417
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Table B4 %RGB values of TCDA indicators at various UV doses (3 independent

experiments)
uv 1 uv 2 uv 3
dose dose dose

%R %G %B %R %G %B %R %G %B

(mJ/cm?) (md/icm?) (md/cm?)

14 271 | 311 | 418 14 278 | 314 | 408 14 268 | 31.2 | 421

28 275 | 306 | 419 28 286 | 31.0 | 404 28 280 | 306 | 414

42 278 | 30.2 | 42.0 42 288 | 30.6 | 405 42 285 | 305 | 411

56 283 | 303 | 414 56 295 | 30.7 | 39.8 56 283 | 304 | 413

70 284 | 304 | 412 70 29.3 | 30.7 | 40.0 70 28.7 | 30.3 | 41.0

84 285 | 303 | 41.2 84 29.3 | 30.7 | 40.0 84 28.7 | 303 | 411

168 285 | 30.2 | 413 168 29.2 | 304 | 403 168 29.6 | 30.7 | 39.7

252 29.1 | 30.3 | 40.6 252 30.2 | 314 | 384 252 29.6 | 30.6 | 39.7

336 29.7 | 309 | 393 336 30.2 | 312 | 385 336 30.1 | 31.0 | 389

420 316 | 316 | 36.8 420 317 | 315 | 36.8 420 318 | 318 | 364

840 355 | 304 | 341 840 352 | 31.0 | 338 840 344 | 312 | 344

1260 369 | 30.1 | 33.1 1260 379 | 29.8 | 323 1260 379 | 301 | 321

2520 426 | 283 | 29.0 2520 39.7 | 29.2 | 311 2520 39.1 | 293 | 317
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Figure B4 Plots of %RGB value of 3 independent TCDA indicators against UV dose

to determine the color transition UV dose.
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Table B5 RGB values of NDDA indicators at various UV doses (3 independent

experiments)

uv uv uv
( rg?fiz) R G B | sum| rr%?csrf]Q) R G B | sum | n%‘/’friz) R G B | Sum
14 228 | 238 | 247 | 713 14 227 | 235 | 242 | 704 14 223 | 230 | 242 | 695
28 202 | 218 | 233 | 653 28 217 | 228 | 238 | 683 28 206 | 220 | 231 | 657
42 191 | 209 | 227 | 627 42 201 | 215 | 226 | 642 42 201 | 215 | 225 | 641
56 181 | 197 | 217 | 595 56 184 | 198 | 209 | 591 56 192 | 206 | 218 | 616
70 182 | 196 | 217 | 595 70 201 | 211 | 223 | 635 70 185 | 197 | 214 | 596
84 169 | 179 | 210 | 558 84 181 | 192 | 206 | 579 84 183 | 193 | 208 | 584
168 | 156 | 157 | 187 | 500 | 168 | 170 | 171 | 195 | 536 | 168 | 161 | 165 | 186 | 512
252 | 161 | 152 | 180 | 493 | 252 | 157 | 153 | 176 | 486 | 252 | 175 | 169 | 187 | 531
33 | 162 | 150 | 176 | 488 | 336 | 159 | 150 | 172 | 481 | 336 | 160 | 151 | 171 | 482
420 | 158 | 142 | 166 | 466 | 420 | 158 | 145 | 166 | 469 | 420 | 169 | 155 | 175 | 499
840 | 161 | 131 | 151 | 443 | 840 | 170 | 144 | 159 | 473 | 840 | 175 | 150 | 163 | 488
1260 | 177 | 137 | 149 | 463 | 1260 | 180 | 143 | 152 | 475 | 1260 | 171 | 139 | 149 | 459
2520 | 209 | 163 | 153 | 525 | 2520 | 207 | 158 | 150 | 515 | 2520 | 207 | 168 | 157 | 532
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Table B6 %RGB values of NDDA indicators at various UV doses (3 independent

experiments)
uv 1 uv 2 uv 3
dose dose dose

%R %G %B %R %G %B %R %G %B

(mJ/cm?) (md/icm?) (md/cm?)

14 320 | 334 | 346 14 322 | 334 | 344 14 321 | 331 | 348

28 309 | 334 | 357 28 318 | 334 | 348 28 314 | 335 | 352

42 305 | 333 | 36.2 42 313 | 335 | 352 42 314 | 335 | 351

56 304 | 331 | 365 56 31.1 | 335 | 354 56 312 | 334 | 354

70 306 | 329 | 365 70 31.7 | 332 | 351 70 31.0 | 331 | 359

84 303 | 321 | 376 84 313 | 332 | 356 84 313 | 330 | 356

168 312 | 314 | 374 168 31.7 | 319 | 364 168 314 | 322 | 36.3

252 32.7 | 308 | 36.5 252 323 | 315 | 36.2 252 330 | 318 | 352

336 332 | 30.7 | 36.1 336 331 | 312 | 358 336 332 | 313 | 355

420 339 | 305 | 356 420 337 | 309 | 354 420 339 | 311 | 351

840 36.3 | 296 | 34.1 840 359 | 304 | 336 840 359 | 30.7 | 334

1260 382 | 296 | 322 1260 379 | 30.1 | 32.0 1260 373 | 303 | 325

2520 39.8 | 31.0 | 29.1 2520 40.2 | 30.7 | 29.1 2520 389 | 316 | 295
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" 300 ° 300 " 300
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20.0 200 20.0
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Figure B6 Plots of %RGB value of 3 independent NDDA indicators against UV dose

to determine the color transition UV dose.
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Figure B7 Photographs of UV sensing of ODDA indicators.
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Table B7 RGB values of ODDA indicators at various UV doses (3 independent

experiments)

uv Y uv
(nff,’jgz) R | 6 | B |sum (nf‘;,’cs;z) R | 6 | B |sum (rﬁ‘,’j;z) R | 6 | B |sum
R G B Sum R G B Sum R G B Sum

14 | 176 | 154 | 183 | 513 | 14 | 188 | 174 | 201 | 563 | 14 | 182 | 167 | 197 | 546
28 | 176 | 156 | 184 | 516 | 28 | 167 | 150 | 175 | 492 | 28 | 189 | 173 | 200 | 562
42 | 168 | 146 | 174 | 488 | 42 | 180 | 162 | 187 | 520 | 42 | 178 | 150 | 184 | 521
56 | 185 | 165 | 193 | 543 | 56 | 174 | 152 | 174 | 500 | 56 | 179 | 156 | 184 | 519
70 | 182 | 160 | 186 | 528 | 70 | 178 | 156 | 180 | 524 | 70 | 178 | 154 | 182 | 514
84 | 172 | 152 | 179 | 503 | 84 | 180 | 155 | 179 | 514 | 84 | 186 | 163 | 187 | 536
168 | 177 | 144 | 169 | 400 | 168 | 178 | 147 | 167 | 42 | 168 | 101 | 150 | 182 | 532
252 | 104 | 153 | 177 | 524 | 252 | 188 | 148 | 167 | 503 | 252 | 188 | 145 | 168 | s01
33 | 102 | 138 | 161 | 491 | 336 | 194 | 145 | 164 | 503 | 336 | 100 | 141 | 163 | 494
420 | 194 | 138 | 158 | 490 | 420 | 104 | 133 | 151 | 478 | 420 | 208 | 148 | 166 | 522
840 | 211 | 141 | 160 | 512 | 840 | 210 | 127 | 142 | 479 | a0 | 218 | 140 | 156 | 514
1260 | 225 | 130 | 145 | 500 | 1260 | 229 | 134 | 148 | 511 | 1260 | 211 | 135 | 148 | 494
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Table B8 %RGB values of ODDA indicators at various UV doses (3 independent

experiments)
uv 1 uv 2 uv 3
(r,%$§;z) %R | %G | %B (rﬁ?ffqz) %R | %G | %B (rﬁ?ffqz) %R | %G | %B
14 343 | 300 | 357 14 334 | 309 | 357 14 333 | 306 | 361
28 341 | 302 | 357 28 339 | 305 | 356 28 33.6 | 308 | 356
42 344 | 299 | 357 42 340 | 306 | 353 42 342 | 305 | 353
56 341 | 304 | 355 56 348 | 304 | 348 56 345 | 301 | 355
70 345 | 303 | 352 70 346 | 304 | 350 70 346 | 300 | 354
84 342 | 302 | 356 84 350 | 30.2 | 348 84 347 | 304 | 349
168 36.1 | 29.4 | 345 168 36.2 | 29.9 | 339 168 359 | 209 | 342
252 370 | 29.2 | 338 252 374 | 294 | 332 252 375 | 289 | 335
336 39.1 | 28.1 | 328 336 38.6 | 28.8 | 32.6 336 385 | 285 | 33.0
420 39.6 | 282 | 322 420 406 | 27.8 | 316 420 398 | 284 | 318
840 412 | 275 | 313 840 438 | 265 | 29.6 840 424 | 272 | 304
1260 450 | 26.0 | 29.0 1260 448 | 262 | 29.0 1260 | 42.7 | 27.3 | 30.0
2520 47.0 | 225 | 304 2520 453 | 264 | 284 2520 | 459 | 259 | 283
50.0 50.0 50.0
(b) R == © -G R =-0—=%B
) 0] ] 0
450 45.0 450
40.0 40.0 400
3 -5 5
8 35.0 8 350 8 350
R R R
30.0 30.0 30.0
250 250 250
20.0 20.0 200
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
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Figure B8 Plots of %RGB value of 3 independent ODDA indicators against UV dose

to determine the color transition UV dose.
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Figure B9 Photographs of UV sensing of EPCDP indicators

Table B9 RGB values of EPCDP indicators at various UV doses (3 independent

experiments)

uv uv uv
(n%?fgz) R G B | sum | nf;,’cs;z) R G B | Sum (n?f,’cs;z) R G B | Sum
14 114 | 130 | 173 | 417 14 117 | 133 | 175 | 425 14 121 | 137 | 176 | 434
28 114 | 131 | 173 | 418 28 120 | 136 | 172 | 428 28 123 | 139 | 176 | 438
42 121 | 136 | 171 | 428 42 107 | 123 | 160 | 390 42 110 | 126 | 164 | 400
56 107 | 121 | 153 | 381 56 109 | 124 | 161 | 394 56 109 | 121 | 155 | 385
70 117 | 132 | 168 | 417 70 106 | 118 | 147 | 371 70 106 | 119 | 151 | 376
84 117 | 131 | 166 | 414 84 124 | 133 | 161 | 418 84 110 | 119 | 147 | 376
168 | 114 | 121 | 151 | 386 | 168 | 110 | 115 | 141 | 366 | 168 | 102 | 109 | 135 | 346
252 | 130 | 122 | 143 | 395 | 252 | 129 | 116 | 130 | 375 | 252 | 121 | 113 | 131 | 365
33 | 147 | 118 | 132 | 397 | 336 | 146 | 120 | 132 | 398 | 336 | 155 | 122 | 130 | 407
420 | 159 | 125 | 134 | 418 | 420 | 147 | 116 | 128 | 391 | 420 | 150 | 118 | 131 | 399
840 | 193 | 123 | 128 | 444 | 840 | 177 | 118 | 126 | 421 | 840 | 174 | 118 | 126 | 418
1260 | 181 | 116 | 125 | 422 | 1260 | 203 | 114 | 117 | 434 | 1260 | 191 | 112 | 117 | 420
2520 | 198 | 116 | 119 | 433 | 2520 | 197 | 110 | 114 | 421 | 2520 | 198 | 114 | 118 | 430
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Table B10 %RGB values of EPCDP indicators at various UV doses (3 independent

experiments)
uv 1 uv 2 uv 3
(r,%$§;z) %R | %G | %B (rﬁ?ffqz) %R | %G | %B (rﬁ?ffqz) %R | %G | %B
14 273 | 312 | 415 14 275 | 313 | 41.2 14 27.9 | 316 | 406
28 273 | 313 | 414 28 28.0 | 31.8 | 40.2 28 28.1 | 31.7 | 40.2
42 283 | 31.8 | 400 42 274 | 315 | 41.0 42 275 | 315 | 41.0
56 28.1 | 31.8 | 40.2 56 27.7 | 315 | 40.9 56 283 | 314 | 403
70 28.1 | 31.7 | 403 70 286 | 31.8 | 396 70 282 | 31.6 | 40.2
84 283 | 316 | 40.1 84 29.7 | 31.8 | 385 84 293 | 316 | 39.1
168 295 | 313 | 39.1 168 30.1 | 314 | 385 168 295 | 315 | 39.0
252 329 | 309 | 36.2 252 344 | 309 | 347 252 332 | 31.0 | 359
336 37.0 | 29.7 | 33.2 336 36.7 | 30.2 | 33.2 336 38.1 | 30.0 | 31.9
420 380 | 299 | 321 420 376 | 29.7 | 327 420 376 | 296 | 32.8
840 435 | 27.7 | 28.8 840 420 | 280 | 29.9 840 416 | 282 | 30.1
1260 | 429 | 275 | 296 | 1260 | 468 | 263 | 27.0 | 1260 | 455 | 26.7 | 27.9
2520 | 457 | 268 | 275 | 2520 | 46.8 | 26.1 | 27.1 | 2520 | 46.0 | 265 | 27.4
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Figure B10 Plots of %RGB value of 3 independent EPCDP indicators against UV

dose to determine the color transition UV dose.
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Figure B11 Photographs of UV sensing of ETCDP indicators.

Table B11 RGB values of ETCDP indicators at various UV doses (3 independent

experiments)

uv uv uv
(nff,’fgz) R G B | Sum (n%?ffqz) R G B | Sum (n?f,’cs;z) R G B | Sum
14 113 | 129 | 172 | 414 14 116 | 133 | 176 | 425 14 117 | 133 | 177 | 427
28 118 | 133 | 173 | 424 28 111 | 124 | 159 | 394 28 112 | 125 | 163 | 400
42 116 | 129 | 166 | 411 42 109 | 117 | 147 | 373 42 108 | 118 | 150 | 376
56 110 | 115 | 142 | 367 56 108 | 117 | 148 | 373 56 109 | 120 | 155 | 384
70 113 | 118 | 149 | 380 70 113 | 113 | 134 | 360 70 113 | 114 | 137 | 364
84 114 | 114 | 138 | 366 84 112 | 118 | 137 | 362 84 114 | 116 | 144 | 374
168 | 120 | 111 | 131 | 362 | 168 | 121 | 113 | 136 | 370 | 168 | 118 | 110 | 132 | 360
252 | 123 | 113 | 135 | 372 | 252 | 131 | 110 | 125 | 366 | 252 | 124 | 114 | 137 | 375
33 | 157 | 116 | 129 | 402 | 336 | 157 | 117 | 130 | 404 | 336 | 156 | 118 | 135 | 409
420 | 154 | 113 | 129 | 396 | 420 | 162 | 111 | 120 | 393 | 420 | 158 | 111 | 123 | 392
840 | 186 | 113 | 120 | 419 | 840 | 177 | 108 | 113 | 398 | 840 | 189 | 115 | 122 | 426
1260 | 194 | 114 | 120 | 428 | 1260 | 189 | 120 | 127 | 436 | 1260 | 197 | 115 | 122 | 434
2520 | 222 | 118 | 120 | 460 | 2520 | 216 | 110 | 108 | 434 | 2520 | 220 | 118 | 120 | 458
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Table B12 %RGB values of ETCDP indicators at various UV doses (3 independent

experiments)
uv 1 uv 2 uv 3
dose dose dose

%R %G %B %R %G %B %R %G %B

(mJ/cm?) (md/icm?) (md/cm?)

14 273 | 31.2 | 415 14 273 | 313 | 414 14 274 | 311 | 415

28 278 | 314 | 408 28 282 | 315 | 404 28 28.0 | 31.3 | 408

42 282 | 314 | 404 42 29.2 | 314 | 394 42 28.7 | 314 | 399

56 300 | 313 | 387 56 29.0 | 314 | 397 56 284 | 313 | 404

70 29.7 | 311 | 39.2 70 314 | 314 | 372 70 31.0 | 313 | 376

84 31.1 | 311 | 377 84 309 | 312 | 378 84 305 | 31.0 | 385

168 33.1 | 30.7 | 36.2 168 32.7 | 305 | 36.8 168 328 | 306 | 36.7

252 332 | 305 | 364 252 358 | 30.1 | 34.2 252 33.1 | 304 | 365

336 39.1 | 289 | 321 336 389 | 29.0 | 322 336 381 | 289 | 33.0

420 389 | 285 | 326 420 412 | 28.2 | 30.5 420 40.3 | 283 | 314

840 444 | 27.0 | 286 840 445 | 271 | 284 840 444 | 27.0 | 28.6

1260 453 | 26.6 | 28.0 1260 433 | 2715 | 29.1 1260 454 | 265 | 281

2520 483 | 25.7 | 26.1 2520 49.8 | 253 | 249 2520 48.0 | 258 | 26.2
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Figure B12 Plots of %RGB value of 3 independent ETCDP indicators against UV

dose to determine the color transition UV dose.
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Figure B13 Photographs of UV sensing of ENDDP indicators

Table B13 RGB values of ENDDP indicators at various UV doses (3 independent

experiments)

uv Y uv
(nff,’fgz) R | G | B |sum (nf;,)cs;z) R | G | B |sum (rﬁ‘,’j;z) R | 6 | B | sum
14 | 157 | 141 | 182 | 480 | 14 | 155 | 131 | 168 | 454 | 14 | 161 | 146 | 186 | 493
28 | 161 | 140 | 172 | 473 | 28 | 156 | 125 | 155 | 436 | 28 | 166 | 145 | 178 | 489
42 | 165 | 137 | 167 | 469 | 42 | 157 | 123 | 149 | 429 | 42 | 167 | 137 | 168 | 472
56 | 172 | 137 | 167 | 476 | 56 | 158 | 123 | 151 | 432 | 56 | 176 | 142 | 172 | 490
70 | 173 | 133 | 160 | 466 | 70 | 160 | 121 | 145 | 435 | 70 | 182 | 142 | 160 | 493
84 | 176 | 133 | 161 | 470 | 84 | 173 | 123 | 146 | 442 | 84 | 101 | 131 | 146 | 468
168 | 196 | 130 | 151 | 477 | 168 | 206 | 137 | 153 | 49 | 168 | 222 | 153 | 166 | 541
252 | 211 | 134 | 150 | 495 | 250 | 223 | 137 | 149 | 500 | 252 | 221 | 141 | 150 | 512
336 | 223 | 140 | 152 | 515 | 336 | 218 | 126 | 135 | 479 | 33 | 225 | 136 | 142 | 503
420 | 233 | 137 | 145 | 515 | 420 | 223 | 128 | 130 [ 400 | 420 | 231 | 145 | 154 | 530
840 | 244 | 132 | 134 | 510 | 840 | 246 | 136 | 135 | 517 | 840 | 249 | 149 | 148 | 546
1260 | 248 | 142 | 143 | 533 | 1260 | 250 | 132 | 127 | 509 | 1260 | 250 | 161 | 158 | 569
2520 | 250 | 137 | 134 | 521 | 2500 | 252 | 141 | 132 | 525 | 2500 | 252 | 150 | 142 | 544
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Table 14 %RGB values of ENDDP indicators at various UV doses (3 independent

experiments)
uv 1 uv 2 uv 3
(r,%$§;z) %R | %G | %B (rﬁ?ffqz) %R | %G | %B (rﬁ?ffqz) %R | %G | %B
14 327 | 29.4 | 37.9 14 341 | 289 | 370 14 327 | 296 | 37.7
28 340 | 296 | 36.4 28 358 | 28.7 | 356 28 339 | 29.7 | 36.4
42 352 | 29.2 | 356 42 36.6 | 28.7 | 347 42 354 | 29.0 | 35.6
56 36.1 | 288 | 35.1 56 36.6 | 285 | 350 56 359 | 29.0 | 35.1
70 37.1 | 285 | 343 70 389 | 278 | 333 70 369 | 288 | 34.3
84 374 | 283 | 343 84 39.1 | 27.8 | 33.0 84 408 | 280 | 312
168 411 | 273 | 317 168 415 | 276 | 30.8 168 410 | 283 | 30.7
252 426 | 271 | 303 252 438 | 269 | 29.3 252 432 | 275 | 29.3
336 433 | 272 | 295 336 455 | 26.3 | 28.2 336 447 | 270 | 282
420 452 | 266 | 28.2 420 455 | 26.1 | 28.4 420 436 | 27.4 | 29.1
840 478 | 259 | 26.3 840 476 | 263 | 26.1 840 456 | 273 | 271
1260 | 465 | 266 | 26.8 | 1260 | 49.1 | 259 | 250 | 1260 | 439 | 283 | 27.8
2520 | 480 | 263 | 257 | 2520 | 48.0 | 269 | 251 | 2520 | 46.3 | 276 | 26.1
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Figure B14 Plots of %RGB value of 3 independent ENDDP indicators against UV

dose to determine the color transition UV dose.
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Figure B15 photographs of UV sensing of EODDP indicators

Table B15 RGB values of EODDP indicators at various UV doses (3 independent

experiments)

uv uv uv
(rg?fgz) R G B | sum | n%?:gz) R G B | Sum (n?f,’cs;z) R G B | Sum
14 164 | 138 | 173 | 475 14 149 | 125 | 160 | 434 14 171 | 143 | 175 | 489
28 176 | 140 | 169 | 485 28 154 | 120 | 143 | 417 28 174 | 138 | 167 | 479
42 178 | 133 | 154 | 465 42 172 | 125 | 144 | 441 42 180 | 135 | 157 | 472
56 179 | 134 | 154 | 467 56 170 | 128 | 150 | 448 56 180 | 135 | 155 | 470
70 209 | 144 | 150 | 503 70 186 | 127 | 133 | 446 70 210 | 147 | 155 | 512
84 218 | 149 | 151 | 518 84 198 | 133 | 139 | 470 84 219 | 151 | 155 | 525
168 | 230 | 142 | 129 | 501 | 168 | 225 | 147 | 137 | 509 | 168 | 231 | 144 | 132 | 507
252 | 247 | 156 | 138 | 541 | 252 | 238 | 148 | 127 | 513 | 252 | 237 | 148 | 132 | 517
33 | 252 | 157 | 133 | 542 | 336 | 245 | 143 | 118 | 506 | 336 | 248 | 149 | 130 | 527
420 | 251 | 156 | 130 | 537 | 420 | 251 | 157 | 132 | 540 | 420 | 252 | 158 | 126 | 536
840 | 252 | 163 | 134 | 549 | 840 | 253 | 156 | 121 | 530 | 840 | 252 | 163 | 139 | 554
1260 | 252 | 165 | 132 | 549 | 1260 | 253 | 160 | 119 | 532 | 1260 | 252 | 169 | 145 | 566
2520 | 252 | 164 | 127 | 543 | 2520 | 253 | 163 | 118 | 534 | 2520 | 252 | 170 | 134 | 556
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Table B16 %RGB values of EODDP indicators at various UV doses (3 independent

experiments)
uv 1 uv 2 uv 3
(r,%$§;z) %R | %G | %B (rﬁ?ffqz) %R | %G | %B (rﬁ?ffqz) %R | %G | %B
14 | 327 | 2904 | 379 14 | 341 | 289 | 370 14 | 350 | 292 | 358
28 | 340 | 296 | 364 | 28 | 358 | 287 | 356 | 28 | 363 | 288 | 349
42 352 | 292 | 356 | 42 36.6 | 287 | 347 | 42 | 381 | 286 | 333
56 | 361 | 288 | 351 56 | 36.6 | 285 | 350 | 56 | 383 | 287 | 330
70 [ 371 | 285 | 343 | 70 | 389 | 278 | 333 | 70 | 410 | 287 | 303
84 | 374 | 283 | 343 | 84 | 391|278 | 330 | 84 | 417 | 288 | 295
168 | 411 | 273 | 317 | 168 | 415 | 276 | 308 | 168 | 456 | 284 | 260
252 | 426 | 271 | 303 | 252 | 438 | 269 | 293 | 252 | 458 | 286 | 255
336 | 433 | 272 | 295 | 336 | 455 | 263 | 282 | 336 | 471 | 283 | 247
420 | 452 | 266 | 282 | 420 | 455 | 261 | 284 | 420 | 470 | 295 | 235
840 | 478 | 259 | 263 | 840 | 476 | 263 | 261 | 840 | 455 | 294 | 251
1260 | 465 | 266 | 268 | 1260 | 491 | 259 | 250 | 1260 | 445 | 299 | 256
2520 | 480 | 263 | 257 | 2520 | 480 | 269 | 251 | 2520 | 453 | 306 | 241
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Figure B16 Plots of %RGB value of 3 independent EODDP indicators against UV

dose to determine the color transition UV dose.
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Figure B17 Photographs of UV sensing of EPCDPP indicators.

Table B17 RGB values of EPCDPP indicators at various UV doses (3 independent

experiments)

uv uv uv
(nff,’fgz) R G B | sum | n%?fgz) R G B | Sum (n?f,’cs;z) R G B | Sum
14 125 | 139 | 184 | 448 14 121 | 135 | 179 | 435 14 122 | 134 | 180 | 436
28 114 | 127 | 170 | 411 28 115 | 128 | 170 | 413 28 110 | 119 | 162 | 391
42 112 | 124 | 167 | 403 42 112 | 123 | 163 | 398 42 110 | 116 | 155 | 381
56 113 | 122 | 161 | 396 56 116 | 125 | 161 | 402 56 116 | 124 | 162 | 402
70 108 | 117 | 155 | 380 70 118 | 123 | 156 | 397 70 111 | 112 | 141 | 364
84 110 | 115 | 150 | 375 84 121 | 127 | 159 | 407 84 117 | 122 | 161 | 400
168 | 112 | 108 | 127 | 347 | 168 | 124 | 120 | 143 | 387 | 168 | 110 | 108 | 134 | 352
252 | 127 | 115 | 132 | 374 | 252 | 119 | 109 | 125 | 353 | 252 | 129 | 116 | 136 | 381
33 | 138 | 119 | 135 | 392 | 336 | 142 | 121 | 139 | 402 | 336 | 139 | 118 | 136 | 393
420 | 134 | 110 | 121 | 365 | 420 | 146 | 117 | 133 | 396 | 420 | 142 | 109 | 117 | 368
840 | 141 | 108 | 122 | 371 | 840 | 158 | 115 | 124 | 397 | 840 | 167 | 109 | 112 | 388
1260 | 172 | 118 | 126 | 416 | 1260 | 161 | 108 | 115 | 384 | 1260 | 174 | 113 | 121 | 408
2520 | 178 | 110 | 116 | 404 | 2520 | 197 | 119 | 119 | 435 | 2520 | 213 | 127 | 127 | 467
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Table B18 %RGB values of EPCDPP indicators at various UV doses (3 independent

experiments)
uv 1 uv 2 uv 3
dose dose dose

%R %G %B %R %G %B %R %G %B

(mJ/cm?) (md/icm?) (md/cm?)

14 279 | 31.0 | 411 14 278 | 31.0 | 411 14 28.0 | 30.7 | 413

28 27.7 | 309 | 414 28 278 | 31.0 | 41.2 28 281 | 304 | 414

42 278 | 308 | 414 42 28.1 | 309 | 410 42 289 | 304 | 407

56 285 | 30.8 | 40.7 56 289 | 311 | 40.0 56 289 | 30.8 | 403

70 284 | 30.8 | 40.8 70 29.7 | 31.0 | 393 70 305 | 308 | 387

70 29.3 | 30.7 | 40.0 84 29.7 | 312 | 391 84 29.3 | 305 | 403

70 323 | 311 | 36.6 168 320 | 31.0 | 37.0 168 31.3 | 30.7 | 381

70 340 | 30.7 | 353 252 33.7 | 309 | 354 252 339 | 304 | 357

70 352 | 304 | 344 336 353 | 30.1 | 346 336 354 | 300 | 346

70 36.7 | 30.1 | 33.2 420 369 | 295 | 33.6 420 386 | 296 | 318

70 380 | 29.1 | 329 840 39.8 | 29.0 | 31.2 840 43.0 | 281 | 28.9

70 413 | 284 | 303 1260 419 | 28.1 | 29.9 1260 426 | 27.7 | 29.7

70 441 | 27.2 | 287 2520 453 | 274 | 274 2520 456 | 27.2 | 27.2
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Figure B18 Plots of %RGB value of 3 independent EPCDPP indicators against UV

dose to determine the color transition UV dose.
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Figure B19 Photographs of UV sensing of ETCDPP indicators

Table B19 RGB values of ETCDPP indicators at various UV doses (3 independent

experiments)

uv uv uv
(n%?fgz) R G B | sum (n%?fgz) R G B | Sum (n?f,’:;z) R G B | Sum
14 132 | 143 | 183 | 458 14 109 | 115 | 157 | 381 14 133 | 142 | 177 | 452
28 129 | 133 | 167 | 429 28 112 | 113 | 146 | 371 28 135 | 137 | 168 | 440
42 130 | 128 | 156 | 414 42 117 | 114 | 143 | 374 42 124 | 123 | 153 | 400
56 131 | 127 | 155 | 413 56 132 | 121 | 145 | 398 56 142 | 133 | 160 | 435
70 139 | 130 | 155 | 424 70 124 | 115 | 137 | 376 70 140 | 128 | 150 | 418
84 129 | 120 | 147 | 396 84 120 | 111 | 136 | 367 84 139 | 125 | 148 | 412
168 | 161 | 131 | 150 | 442 | 168 | 145 | 110 | 124 | 379 | 168 | 150 | 124 | 143 | 417
252 | 159 | 129 | 154 | 442 | 252 | 157 | 112 | 120 | 389 | 252 | 160 | 124 | 141 | 425
33 | 165 | 125 | 144 | 434 | 336 | 163 | 112 | 121 | 396 | 336 | 170 | 125 | 142 | 437
420 | 160 | 119 | 140 | 419 | 420 | 161 | 107 | 113 | 381 | 420 | 171 | 126 | 143 | 440
840 | 186 | 123 | 136 | 445 | 840 | 179 | 106 | 107 | 392 | 840 | 188 | 126 | 139 | 453
1260 | 184 | 117 | 132 | 433 | 1260 | 201 | 117 | 117 | 435 | 1260 | 184 | 118 | 129 | 431
2520 | 212 | 123 | 130 | 465 | 2520 | 202 | 108 | 103 | 413 | 2520 | 213 | 129 | 136 | 478
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Table B20 %RGB values of ETCDPP indicators at various UV doses (3 independent

experiments)
uv 1 uv 2 uv 3
(r,%$§;z) %R | %G | %B (rﬁ?ffqz) %R | %G | %B (rﬁ?ffqz) %R | %G | %B
14 288 | 31.2 | 400 14 286 | 302 | 41.2 14 294 | 31.4 | 39.2
28 30.1 | 31.0 | 389 28 302 | 305 | 39.4 28 307 | 311 | 382
42 314 | 309 | 37.7 42 313 | 305 | 38.2 42 310 | 308 | 383
56 317 | 30.8 | 375 56 332 | 304 | 364 56 326 | 306 | 36.8
70 328 | 30.7 | 366 70 33.0 | 306 | 364 70 335 | 306 | 35.9
84 326 | 303 | 37.1 84 327 | 302 | 371 84 337 | 303 | 35.9
168 36.4 | 29.6 | 33.9 168 383 | 290 | 327 168 36.0 | 29.7 | 34.3
252 36.0 | 29.2 | 3438 252 404 | 288 | 30.8 252 376 | 29.2 | 33.2
336 380 | 288 | 33.2 336 412 | 283 | 30.6 336 389 | 286 | 325
420 382 | 28.4 | 334 420 423 | 281 | 29.7 420 389 | 286 | 325
840 418 | 276 | 306 840 457 | 270 | 27.3 840 415 | 278 | 30.7
1260 | 425 | 27.0 | 305 | 1260 | 462 | 269 | 269 | 1260 | 427 | 27.4 | 29.9
2520 | 456 | 265 | 280 | 2520 | 48.9 | 262 | 249 | 2520 | 44.6 | 270 | 285
500 (a) =R —=%8 00 T p)  —a—%R —e=%8 007 ) iR SO=NE
450 45.0 450
40.0 40.0 400
5 o — S
é?% 350 é:) 0 LOg 350
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30.0 0 30.0
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200 20.0 20.0
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Figure B20 Plots of %RGB value of 3 independent ETCDPP indicators against UV

dose to determine the color transition UV dose.
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Figure B21 Photographs of UV sensing of ENDDPP indicators

Table B21 RGB values of ENDDPP indicators at various UV doses (3 independent

experiments)

uv uv uv
( rg?fiz) R G B | sum | rﬂ‘l)jﬁqz) R G B | sum | n%‘/’friz) R G B | Sum
14 199 | 184 | 204 | 587 14 195 | 181 | 203 | 579 14 194 | 178 | 195 | 567
28 197 | 174 | 191 | 562 28 197 | 178 | 194 | 569 28 202 | 178 | 194 | 574
42 204 | 173 | 188 | 565 42 207 | 182 | 199 | 588 42 196 | 171 | 183 | 550
56 212 | 185 | 197 | 594 56 205 | 175 | 191 | 571 56 209 | 181 | 193 | 583
70 213 | 179 | 189 | 581 70 213 | 185 | 198 | 596 70 211 | 180 | 190 | 581
84 219 | 181 | 193 | 593 84 218 | 182 | 195 | 595 84 216 | 179 | 189 | 584
168 | 224 | 174 | 182 | 580 | 168 | 221 | 176 | 185 | 582 | 168 | 212 | 175 | 179 | 566
252 | 234 | 185 | 100 | 609 | 252 | 239 | 189 | 196 | 624 | 252 | 232 | 177 | 183 | 592
33 | 238 | 179 | 185 | 602 | 336 | 231 | 177 | 183 | 591 | 336 | 239 | 181 | 186 | 606
420 | 241 | 176 | 181 | 598 | 420 | 246 | 182 | 189 | 617 | 420 | 232 | 173 | 176 | 581
840 | 249 | 184 | 186 | 619 | 840 | 240 | 175 | 178 | 593 | 840 | 251 | 184 | 187 | 622
1260 | 246 | 172 | 173 | 591 | 1260 | 249 | 182 | 184 | 615 | 1260 | 250 | 182 | 182 | 614
2520 | 249 | 180 | 179 | 608 | 2520 | 251 | 177 | 176 | 604 | 2520 | 251 | 187 | 185 | 623
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Table B22 %RGB values of ENDDPP indicators at various UV doses (3 independent

experiments)
uv 1 uv 2 uv 3
dose dose dose

%R %G %B %R %G %B %R %G %B

(mJ/cm?) (md/icm?) (md/cm?)

14 339 | 313 | 3438 14 33.7 | 313 | 351 14 342 | 314 | 344

28 351 | 31.0 | 34.0 28 346 | 313 | 341 28 352 | 31.0 | 338

42 36.1 | 306 | 333 42 352 | 31.0 | 338 42 356 | 31.1 | 333

56 35.7 | 31.1 | 332 56 359 | 30.6 | 335 56 358 | 31.0 | 331

70 36.7 | 308 | 325 70 35.7 | 31.0 | 33.2 70 36.3 | 31.0 | 327

84 369 | 305 | 325 84 36.6 | 30.6 | 328 84 370 | 30.7 | 324

168 386 | 300 | 314 168 380 | 30.2 | 318 168 375 | 309 | 316

252 384 | 304 | 312 252 383 | 303 | 314 252 39.2 | 299 | 309

336 395 | 29.7 | 30.7 336 39.1 | 299 | 31.0 336 394 | 299 | 30.7

420 40.3 | 294 | 303 420 399 | 295 | 30.6 420 399 | 29.8 | 303

840 40.2 | 29.7 | 30.0 840 40.5 | 29.5 | 30.0 840 404 | 29.6 | 30.1

1260 416 | 29.1 | 29.3 1260 405 | 29.6 | 29.9 1260 40.7 | 29.6 | 29.6

2520 41.0 | 296 | 294 2520 416 | 293 | 29.1 2520 40.3 | 30.0 | 29.7

500 | (a) 500 |y  —amr —e—us 50.0 1 ey R —e=%B
=R —-e=%B
45.0 450 45.0
40.0 40.0 40.0
3 5 5
Q Q 35 Q
8 350 8 350 g 30
& S ®
30.0 30.0 30.0
250 25.0 250
200 20.0 200
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
UV dose(mJ/cm?) UV dose(mJicm?) UV dose(mJicm?)

Figure B22 Plots of %RGB value of 3 independent ENDDPP indicators against UV

dose to determine the color transition UV dose.
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Figure B23 Photographs of UV sensing of EODDPP indicators.

Table B23 RGB values of EODDPP indicators at various UV doses (3 independent

experiments)

oV v oV
(nff,’jgz) R | 6 | B |sum (n%?cs;z) R | 6 | B |sum (rﬁ‘,’:;z) R | 6 | B |sum
14 | 172 | 141 | 176 | 489 | 14 | 170 | 142 | 177 |40 | 14 | 172 | 142 | 175 | 40
28 | 174 | 134 | 162 | 470 | 28 | 178 | 130 | 166 | 483 | 28 | 178 | 136 | 164 | 478
42 | 180 | 136 | 160 | 476 | 42 | 174 | 132 | 150 | 465 | 42 | 190 | 135 | 155 | 4g0
56 | 186 | 138 | 157 | 481 | 56 | 180 | 127 | 147 | 454 | 56 | 194 | 134 | 150 | 478
70 | 189 | 130 | 158 | 486 | 70 | 183 | 135 | 156 | 474 | 70 | 202 | 142 | 158 | 502
84 | 103 | 130 | 154 | 486 | 84 | 190 | 133 | 150 | 473 | 84 | 205 | 135 | 144 | 4es
168 | 210 | 138 | 143 | 401 | 168 | 101 | 129 | 125 | 435 | 168 | 218 | 144 | 147 | 509
250 | 218 | 145 | 148 | 510 | 250 | 214 | 136 | 135 | 485 | 252 | 223 | 147 | 145 | 515
33 | 226 | 144 | 142 | 512 | 336 | 223 | 139 | 135 | 497 | 336 | 235 | 146 | 135 | 516
420 | 232 | 143 | 134 | 509 | 420 | 217 | 133 | 128 | 478 | 420 | 234 | 144 | 134 | 512
840 | 237 | 145 | 132 | 514 | 840 | 242 | 145 | 120 | 516 | a0 | 237 | 147 | 136 | 520
1260 | 239 | 125 | 125 | 489 | 1260 | 237 | 137 | 119 | 493 | 1260 | 242 | 143 | 130 | 515
2520 | 247 | 132 | 132 | 511 | 2520 | 246 | 145 | 128 | 519 | 2520 | 245 | 146 | 133 | 504
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Table B24 %RGB values of EODDPP indicators at various UV doses (3 independent

experiments)
uv 1 uv 2 uv 3
dose dose dose

%R %G %B %R %G %B %R %G %B

(mJ/cm?) (md/icm?) (md/cm?)

14 352 | 288 | 36.0 14 348 | 29.0 | 36.2 14 352 | 29.0 | 358

28 370 | 285 | 345 28 369 | 28.8 | 344 28 372 | 285 | 343

42 378 | 286 | 33.6 42 374 | 284 | 342 42 396 | 281 | 323

56 38.7 | 28.7 | 326 56 39.6 | 28.0 | 324 56 40.6 | 28.0 | 314

70 389 | 286 | 325 70 386 | 285 | 329 70 40.2 | 283 | 315

84 39.7 | 286 | 317 84 40.2 | 28.1 | 317 84 424 | 279 | 29.8

168 428 | 281 | 29.1 168 439 | 274 | 287 168 428 | 283 | 28.9

252 42,7 | 284 | 29.0 252 441 | 280 | 278 252 433 | 285 | 282

336 441 | 281 | 2717 336 449 | 280 | 27.2 336 455 | 28.3 | 26.2

420 456 | 28.1 | 26.3 420 454 | 278 | 26.8 420 45.7 | 281 | 26.2

840 46.1 | 28.2 | 25.7 840 46.9 | 28.1 | 25.0 840 456 | 28.3 | 26.2

1260 48.9 | 25.6 | 25.6 1260 48.1 | 278 | 24.1 1260 47.0 | 278 | 25.2

2520 48.3 | 25.8 | 258 2520 474 | 2719 | 247 2520 46.8 | 27.9 | 254

0.0 @) 50.0 (b} B B 1] 50.0 (c) R —-e—H
—-—%R =-o=%B
45.0 450 450
40.0 40.0 40.0
3 s 5
Q 350 Q 350 Q 350
(&) Q (6]
] P R
0.0 30.0 30.0
250 25.0 25.0
200 20.0 200
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
UV dose(mJ/cm?) UV dose(mJicm?) UV dose(mJ/cm?)

Figure B24 Plots of %RGB value of 3 independent EODDPP indicators against UV

dose to determine the color transition UV dose.
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Figure C1 Photographs of Thermal sensing of PCDA indicators

Table C1 RGB values of PCDA indicators at various Temperatures (3 independent

experiments)

TC) R G B Sum ! R G B Sum 0 R G B Sum
30 70 | 81 | 143 | 294 | g4 112 | 117 | 189 | 418 30 109 | 122 | 189 | 420
35 86 | 99 | 162 | 347 35 99 | 111 | 180 | 390 35 105 | 116 | 184 | 405
20 95 | 107 | 172 | 374 40 106 | 113 | 179 | 398 40 104 | 114 | 182 | 400
45 83 | 95 | 155 | 333 45 108 | 115 | 180 | 403 5 106 | 114 | 183 | 403
50 89 | 96 | 153 | 338 50 106 | 109 | 171 | 386 50 105 | 108 | 172 | 385
55 o1 | 89 | 147 | 327 55 109 | 103 | 163 | 375 55 113 | 108 | 170 | 391
60 105 | 100 | 151 | 356 60 110 | 100 | 153 | 363 60 111 | 99 | 154 | 364
65 112 | 96 | 139 | 347 65 128 | 99 | 146 | 373 65 128 | 105 | 153 | 386
70 124 | 94 | 128 | 346 70 157 | 111 | 146 | 414 70 139 | 100 | 138 | 377
75 150 | 97 | 115 | 362 75 176 | 108 | 125 | 409 75 159 | 103 | 121 | 383
80 185 | 104 | 105 | 394 80 210 | 122 | 114 | 446 80 196 | 112 | 116 | 424
85 224 | 122 | 92 | 438 85 230 | 134 | 109 | 473 85 227 | 132 | 105 | 464
9 229 | 131 | 95 | 455 | g 225 | 132 | 97 | 454 90 250 | 151 | 107 | 508
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Table C2 %RGB values of PCDA indicators at various temperatures (3 independent

experiments)
1 2 3
0 %R %G %B TC) %R %G %B TC) %R %G %B
30 238 | 27.6 | 486 30 26.8 | 280 | 452 30 26.0 | 29.0 | 450
35 248 | 285 | 46.7 35 25.4 | 285 | 46.2 35 259 | 286 | 454
20 25.4 | 286 | 46.0 20 266 | 284 | 450 20 260 | 285 | 455
45 249 | 285 | 465 45 26.8 | 285 | 44.7 45 263 | 283 | 454
50 263 | 284 | 453 50 275 | 282 | 443 50 273 | 281 | 447
55 278 | 272 | 450 55 291 | 275 | 435 55 289 | 27.6 | 435
60 295 | 281 | 424 60 303 | 275 | 421 60 305 | 27.2 | 423
65 323 | 27.7 | 401 65 343 | 265 | 30.1 65 332 | 27.2 | 396
70 358 | 272 | 370 70 37.9 | 268 | 353 70 | 369 | 265 | 3656
75 414 | 268 | 318 75 430 | 264 | 306 75 415 | 269 | 316
80 470 | 264 | 266 80 471 | 214 | 256 80 462 | 264 | 274
85 511 | 27.9 | 210 85 486 | 283 | 230 85 489 | 284 | 226
90 50.3 | 28.8 | 20.9 90 496 | 291 | 214 90 492 | 297 | 211
591 @ ——r—R —e=0H 550 1) —.—R —e—%E %97 @ —_=R =8
50.0 50.0 50.0
45,0 45.0 45.0
S 40.0 5 400 S 400
§ 35.0 § 35.0 §, 35.0
°~ 30.0 ; 30.0 ; 30.0
250 25.0 25.0
20.0 200 20.0
30 35 40 45 50 5560 65 70 75 80 85 90 30 3540 4550 5560 65 70 75 80 8590 3035404550 5560 6570 75 80 8590
Temperature(°C) Temperature(°C) Temperature(°C)

Figure C2 Plots of %RGB value of 3 independent PCDA indicators against

temperature to determine the color transition temperature.
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Figure C3 Photographs of Thermal sensing of TCDA indicators.
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Table C3 RGB values of TCDA indicators at various Temperatures (3 independent

experiments)

TC) R G B Sum T¢0) R G B Sum 0 R G B Sum
30 77 90 143 310 30 88 102 163 353 30 107 119 188 414
35 97 107 166 370 35 89 100 158 347 35 99 113 185 397
40 109 116 176 401 40 88 96 154 338 40 98 111 180 389
45 98 104 158 360 45 90 98 151 339 45 101 110 178 389
50 103 105 153 361 50 90 90 149 329 50 102 106 165 373
55 111 100 148 359 55 101 88 141 330 55 115 104 161 380
60 129 111 150 390 60 117 90 134 341 60 124 98 140 362
65 147 107 132 386 65 142 92 118 352 65 164 106 133 403
70 177 111 124 412 70 il77l 91 107 369 70 198 107 118 423
75 206 117 116 439 75 208 107 111 426 75 217 116 104 437
80 218 126 108 452 80 220 113 95 428 80 232 131 104 467
85 225 134 105 464 85 231 126 92 449 85 238 138 105 481
90 226 138 112 476 90 230 126 87 443 90 246 146 110 502
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Table C4 %RGB values of TCDA indicators at various temperatures (3 independent

experiments)
1 2 3
TCC) %R %G %B T(C) %R %G %B T(C) %R %G %B
30 24.8 29.0 46.1 30 24.9 28.9 46.2 30 25.8 28.7 45.4
35 26.2 28.9 44.9 35 25.6 28.8 45,5 35 24.9 285 46.6
40 27.2 28.9 43.9 40 26.0 28.4 45.6 40 25.2 285 46.3
45 27.2 28.9 43.9 45 26.5 28.9 445 45 26.0 28.3 45.8
50 285 29.1 42.4 50 274 274 45.3 50 27.3 28.4 44.2
55 30.9 27.9 41.2 55 30.6 26.7 42.7 55 30.3 274 42.4
60 33.1 285 385 60 34.3 26.4 39.3 60 34.3 27.1 38.7
65 38.1 27.7 34.2 65 40.3 26.1 335 65 40.7 26.3 33.0
70 43.0 26.9 30.1 70 46.3 24.7 29.0 70 46.8 25.3 27.9
75 46.9 26.7 26.4 75 48.8 25.1 26.1 75 49.7 26.5 23.8
80 48.2 27.9 23.9 80 514 26.4 22.2 80 49.7 28.1 22.3
85 48.5 28.9 22.6 85 514 28.1 205 85 49.5 28.7 21.8
90 47.5 29.0 235 90 51.9 284 19.6 920 49.0 29.1 21.9
.01 (@) R i e (b)) =R —e=up 550 1 (0 ——— R =Sl
50.0 500 50.0
45.0 450 450
. 40.0 -
8 40,0 3 35 400
8 B 8
2 350 P00 2 350
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Figure C4 Plots of %RGB value of 3 independent TCDA indicators against

temperature to determine the color transition temperature.
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Figure C5 Photographs of Thermal sensing of NDDA indicators.

Table C5 RGB values of NDDA indicators at various Temperatures (3 independent

experiments)

TC) R G B Sum o R G B Sum 0 R G B Sum
30 105 109 138 352 30 140 149 169 458 30 146 150 180 476
35 124 124 161 409 35 147 151 174 | 472 35 141 143 178 462
40 136 134 169 439 40 147 153 169 469 40 141 141 172 454
45 130 122 151 403 45 154 dil 169 474 45 150 141 169 460
50 141 123 145 409 50 165 150 159 474 50 158 135 158 451
55 166 122 136 424 55 204 158 138 500 55 185 139 157 481
60 212 152 137 501 60 214 170 135 519 60 205 141 134 480
65 218 155 129 502 65 215 172 135 522 65 228 158 137 523
70 220 156 126 502 70 218 171 137 526 70 223 154 134 511
75 219 158 126 503 75 228 181 148 557 75 219 154 126 499
80 219 157 123 499 80 215 174 138 527 80 223 159 132 514
85 216 158 126 500 85 224 178 141 543 85 225 164 134 523
90 218 162 128 508 90 224 179 147 550 90 235 170 140 545
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Table C6 %RGB values of NDDA indicators at various temperatures (3 independent

experiments)
1 2 3
TCC) %R %G %B TCC) %R %G %B TCC) %R %G %B
30 298 | 31.0 | 39.2 30 306 | 325 | 36.9 30 30.7 | 315 | 378
35 30.3 | 303 | 394 35 31.1 | 320 | 36.9 35 305 | 31.0 | 385
40 31.0 | 305 | 385 40 31.3 | 326 | 36.0 40 311 | 311 | 379
45 323 | 303 | 375 45 325 | 319 | 357 45 326 | 30.7 | 36.7
50 345 | 301 | 355 50 348 | 316 | 335 50 350 | 299 | 350
55 39.2 | 288 | 321 55 40.8 | 316 | 276 55 385 | 289 | 326
60 423 | 303 | 27.3 60 41.2 | 328 | 26.0 60 427 | 294 | 27.9
65 434 | 30.9 | 257 65 41.2 | 330 | 259 65 436 | 30.2 | 26.2
70 438 | 311 | 251 70 414 | 325 | 26.0 70 43.6 | 30.1 | 26.2
75 435 | 314 | 250 75 40.9 | 325 | 26.6 75 439 | 309 | 253
80 439 | 315 | 246 80 40.8 | 330 | 26.2 80 434 | 309 | 257
85 432 | 316 | 252 85 413 | 328 | 26.0 85 43.0 | 314 | 25.6
90 429 | 319 | 252 90 40.7 | 325 | 26.7 90 431 | 312 | 257
5501 (@) ——r—tR —e=iLE PO —dr= %R =B %91 @ ———R ==
50.0 500 50.0
45.0 45.0 45.0
. 40,0 -
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2 35.0 2300 2 350
30.0 250 30.0
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Figure C6 Plots of %RGB value of 3 independent NDDA indicators against

temperature to determine the color transition temperature.
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Figure C7 Photographs of Thermal sensing of ODDA indicators
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Table C7 RGB values of ODDA indicators at various Temperatures (3 independent

experiments)

TC0) R G B Sum o) R G B Sum 0 R G B Sum
30 178 | 118 | 129 | 425 30 153 | 110 | 151 | 414 30 187 143 161 491
35 199 | 133 | 149 | 481 35 168 | 114 | 143 | 425 35 199 140 158 | 497
40 218 | 146 | 160 | 524 40 202 | 118 | 136 | 456 40 214 139 152 505
45 214 | 137 | 145 | 496 45 212 | 121 | 135 | 468 45 226 144 152 522
50 216 | 140 | 145 | 501 50 217 | 120 | 131 | 468 50 226 141 147 514
55 219 | 134 | 144 | 497 55 220 | 124 | 131 | 475 55 238 144 154 536
60 225 | 149 | 153 | 527 60 220 | 124 | 131 | 475 60 226 137 145 508
65 222 | 145 | 149 | 516 65 217 | 121 | 129 | 467 65 234 144 151 529
70 223 | 145 | 150 | 518 70 223 | 123 | 132 | 478 70 226 137 147 510
75 220 | 143 | 148 | 511 75 225 | 129 | 139 | 493 75 221 134 140 | 495
80 220 | 143 | 147 | 510 80 219 | 121 | 130 | 470 80 223 137 146 506
85 217 | 140 | 148 | 505 85 219 | 128 | 137 | 484 85 224 141 150 515
90 219 | 145 | 156 | 520 90 223 | 131 | 140 | 494 90 231 147 156 534
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Table C8 %RGB values of ODDA indicators at various temperatures (3 independent

experiments)

TCO | or | we | ws | TCO) (0O

%R %G %B %R %G %B

30 419 | 27.8 | 304 30 370 | 26.6 | 365 30 381 | 29.1 | 328

35 414 | 27.7 | 31.0 35 395 | 26.8 | 336 35 40.0 | 28.2 | 31.8

40 416 | 27.9 | 305 40 443 | 259 | 29.8 40 424 | 275 | 301

45 431 | 276 | 29.2 45 453 | 259 | 288 45 433 | 276 | 291

50 431 | 27.9 | 289 50 46.4 | 256 | 28.0 50 440 | 274 | 28.6

55 441 | 27.0 | 29.0 55 46.3 | 26.1 | 27.6 55 444 | 269 | 28.7

60 42,7 | 283 | 29.0 60 46.3 | 26.1 | 27.6 60 445 | 27.0 | 285

65 43.0 | 281 | 289 65 46.5 | 259 | 276 65 442 | 27.2 | 285

70 431 | 28.0 | 29.0 70 46.7 | 25.7 | 27.6 70 443 | 269 | 28.8

75 431 | 28.0 | 29.0 75 456 | 26.2 | 282 75 446 | 271 | 283

80 431 | 28.0 | 288 80 46.6 | 25.7 | 271.7 80 441 | 271 | 28.9

85 43.0 | 27.7 | 29.3 85 452 | 264 | 283 85 435 | 274 | 291

90 421 | 27.9 | 30.0 90 451 | 265 | 283 90 433 | 275 | 29.2

55.0 55,0 55.0
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Figure C8 Plots of %RGB value of 3 independent ODDA indicators against

temperature to determine the color transition temperature.
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Figure C9 Photographs of Thermal sensing of EPCDP indicators.
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Table C9 RGB values of EPCDP indicators at various Temperatures (3 independent

experiments)

TC) R G B Sum o R G B Sum 0 R G B Sum
30 75 86 140 301 30 93 98 158 349 30 105 120 180 405
35 92 102 161 355 35 98 102 171 371 35 93 107 168 368
40 89 99 154 342 40 96 100 161 357 40 95 107 164 366
45 91 102 154 347 45 98 98 155 351 45 97 103 156 356
50 93 93 139 325 50 98 93 150 341 50 97 99 146 342
55 104 94 137 335 55 106 91 147 344 55 111 100 147 358
60 117 94 131 342 60 110 83 129 322 60 118 94 133 345
65 134 97 126 357 65 133 91 127 351 65 144 97 126 367
70 164 98 118 380 70 174 94 120 388 70 178 103 122 403
75 191 100 109 400 75 200 101 116 417 75 202 101 108 411
80 224 118 107 449 80 219 102 98 419 80 231 119 102 452
85 230 123 94 447 85 235 125 98 458 85 243 135 96 474
90 238 131 100 469 90 242 130 97 469 90 245 136 102 483




Table C10

independent experiments)

%RGB values of EPCDP

indicators at various

108

temperatures (3

1 2 3
TCC) %R %G %B TCC) %R %G %B TCC) %R %G %B
30 249 | 286 | 465 30 266 | 28.1 | 453 30 259 | 296 | 444
35 259 | 28.7 | 454 35 264 | 275 | 46.1 35 253 | 29.1 | 457
40 26.0 | 289 | 45.0 40 269 | 28.0 | 45.1 40 260 | 29.2 | 448
45 262 | 29.4 | 44.4 45 279 | 279 | 442 45 272 | 289 | 438
50 286 | 286 | 428 50 28.7 | 27.3 | 44.0 50 284 | 289 | 427
55 31.0 | 28.1 | 40.9 55 308 | 26,5 | 427 55 310 | 279 | 411
60 342 | 275 | 383 60 342 | 258 | 40.1 60 342 | 272 | 386
65 375 | 272 | 353 65 379 | 259 | 36.2 65 39.2 | 264 | 343
70 432 | 258 | 311 70 448 | 242 | 309 70 442 | 256 | 30.3
75 478 | 25.0 | 27.3 75 48.0 | 242 | 2718 75 49.1 | 246 | 26.3
80 49.9 | 26.3 | 238 80 523 | 243 | 234 80 51.1 | 263 | 226
85 515 | 275 | 21.0 85 513 | 273 | 214 85 51.3 | 285 | 20.3
90 50.7 | 279 | 213 90 516 | 27.7 | 20.7 90 50.7 | 282 | 211
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Figure C10 Plots of %RGB value of 3 independent EPCDP indicators against

temperature to determine the color transition temperature.
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Figure C11 Photographs of Thermal sensing of ETCDP indicators.
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Table C11 RGB values of ETCDP indicators at various Temperatures (3 independent

experiments)

TC) R G B Sum T¢0) R G B Sum 0 R G B Sum
30 66 72 124 262 30 90 89 145 324 30 92 109 173 374
35 82 86 149 317 35 90 93 144 327 35 81 94 159 334
40 82 85 143 310 40 94 94 146 334 40 86 91 154 331
45 88 85 140 313 45 101 89 144 334 45 88 87 149 324
50 93 74 124 291 50 100 80 127 307 50 96 81 135 312
55 117 78 122 317 o 127 85 EFE 343 55 123 81 136 340
60 151 81 116 348 60 155 86 119 360 60 143 78 123 344
65 178 88 111 377 65 189 86 108 383 65 190 87 114 391
70 213 97 102 412 70 214 97 98 409 70 218 102 106 426
75 225 105 94 424 75 223 104 97 424 75 228 106 94 428
80 236 120 95 451 80 230 113 93 436 80 238 118 94 450
85 231 116 88 435 85 230 120 92 442 85 243 126 95 464
90 238 122 95 455 90 231 128 94 453 90 242 127 96 465




Table C12

independent experiments)
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%RGB values of ETCDP indicators at various temperatures (3

1 2 3
0 %R %G %B TC) %R %G %B TC) %R %G %B
30 25.2 275 | 473 30 27.8 275 44.8 30 24.6 29.1 46.3
35 25.9 27.1 47.0 35 275 28.4 44.0 35 243 28.1 47.6
40 26.5 274 | 46.1 40 28.1 28.1 43.7 40 26.0 275 46.5
45 28.1 27.2 44.7 45 30.2 26.6 43.1 45 27.2 26.9 46.0
50 32.0 254 | 426 50 32.6 26.1 41.4 50 30.8 26.0 43.3
55 36.9 24.6 38.5 55 37.0 248 38.2 55 36.2 23.8 40.0
60 43.4 23.3 333 60 43.1 23.9 33.1 60 41.6 22.7 35.8
65 47.2 233 29.4 65 49.3 225 28.2 65 48.6 22.3 29.2
70 51.7 235 248 70 52.3 23.7 24.0 70 51.2 23.9 24.9
75 53.1 24.8 22.2 75 52.6 245 22.9 75 53.3 24.8 22.0
80 52.3 26.6 21.1 80 52.8 25.9 213 80 52.9 26.2 20.9
85 53.1 26.7 20.2 85 52.0 27.1 20.8 85 52.4 27.2 20.5
90 52.3 26.8 20.9 90 51.0 28.3 20.8 90 52.0 27.3 20.6
55.0 550
50.0 500
45.0 45.0
- 400
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Figure C12 Plots of %RGB value of 3 independent ETCDP indicators against

temperature to determine the color transition temperature.
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Figure C13 Photographs of Thermal sensing of ENDDP indicators.
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Table C13 RGB values of ENDDP indicators at various Temperatures (3 independent

experiments)

TC) R G B Sum T¢0) R G B Sum 0 R G B Sum
30 110 81 125 316 30 126 98 150 374 30 125 105 157 387
35 145 99 140 384 35 145 97 142 384 35 132 91 138 361
40 179 100 128 407 40 178 98 138 414 40 172 92 128 392
45 209 114 123 446 45 208 105 127 440 45 208 101 112 421
50 217 116 106 439 50 218 111 111 440 50 225 115 96 436
55 227 128 105 460 o 231 EFE 112 474 55 236 128 102 466
60 227 134 107 468 60 232 138 112 482 60 233 126 98 457
65 224 139 110 473 65 228 136 115 479 65 237 132 100 469
70 227 141 113 481 70 232 143 113 488 70 233 137 104 474
75 225 135 109 469 75 236 145 119 500 75 229 128 98 455
80 229 143 116 488 80 231 144 118 493 80 233 135 101 469
85 222 135 108 465 85 234 144 112 490 85 235 138 103 476
90 228 139 119 486 90 232 145 120 497 90 235 138 110 483




Table C14

independent experiments)

%RGB values of ENDDP

112

indicators at various temperatures (3

1 2 3
TCC) %R %G %B TCC) %R %G %B TCC) %R %G %B
30 348 | 256 | 39.6 30 33.7 | 26.2 | 40.1 30 323 | 27.1 | 406
35 378 | 258 | 365 35 378 | 253 | 37.0 35 366 | 252 | 382
40 440 | 246 | 314 40 43.0 | 23.7 | 333 40 439 | 235 | 327
45 46.9 | 25.6 | 276 45 473 | 239 | 289 45 494 | 24.0 | 26.6
50 494 | 264 | 241 50 495 | 252 | 252 50 516 | 264 | 220
55 493 | 27.8 | 228 55 48.7 | 276 | 236 55 506 | 275 | 219
60 485 | 28.6 | 229 60 48.1 | 286 | 232 60 510 | 276 | 214
65 474 | 294 | 233 65 47.6 | 284 | 24.0 65 505 | 28.1 | 21.3
70 472 | 293 | 235 70 475 | 293 | 232 70 49.2 | 289 | 21.9
75 48.0 | 28.8 | 232 75 472 | 29.0 | 238 75 50.3 | 28.1 | 215
80 46.9 | 29.3 | 238 80 46.9 | 29.2 | 239 80 49.7 | 288 | 215
85 47.7 | 29.0 | 232 85 478 | 294 | 229 85 494 | 29.0 | 21.6
90 46.9 | 28.6 | 245 90 46.7 | 292 | 241 90 48.7 | 28,6 | 22.8
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Figure C14 Plots of %RGB value of 3 independent ENDDP indicators against

temperature to determine the color transition temperature.
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Figure C15 Photographs of Thermal sensing of EODDP indicators.
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Table C15 RGB values of EODDP indicators at various Temperatures (3 independent

experiments)

TC0) R G B Sum o) R G B Sum 0 R G B Sum
30 136 98 114 | 348 30 140 | 108 | 131 | 379 30 166 128 157 | 451
35 175 | 116 | 127 | 418 35 183 | 115 | 118 | 416 35 179 122 136 | 437
40 205 | 123 | 112 | 440 40 204 | 127 | 119 | 450 40 211 135 126 | 472
45 225 | 142 | 112 | 479 45 2345 =134 99 465 45 227 142 113 | 482
50 223 | 133 98 454 50 235 | 141 93 469 50 232 146 108 | 486
55 228 | 141 | 104 | 473 55 239 | 148 | 103 | 490 55 238 151 117 506
60 228 | 144 | 108 | 480 60 237 | 147 | 102 | 486 60 233 146 113 | 492
65 224 | 145 | 108 | 477 65 241 | 147 | 106 | 494 65 239 151 119 509
70 233 | 146 | 112 | 491 70 240 | 146 | 107 | 493 70 233 152 120 | 505
75 224 | 142 | 110 | 476 75 234 | 142 | 118 | 494 75 227 146 115 | 488
80 234 | 149 | 117 | 500 80 238 | 146 | 107 | 491 80 233 151 118 | 502
85 224 | 141 | 110 | 475 85 228 | 145 99 472 85 233 152 117 502
90 231 | 145 | 117 | 493 90 233 | 150 | 108 | 491 90 237 154 124 | 515




Table C16

independent experiments)

%RGB values of EODDP

114

indicators at various temperatures (3

1 2 3
TCC) %R %G %B TCC) %R %G %B TCC) %R %G %B
30 39.1 | 282 | 328 30 369 | 285 | 346 30 36.8 | 284 | 348
35 419 | 278 | 304 35 440 | 276 | 284 35 41.0 | 279 | 311
40 46.6 | 28.0 | 255 40 453 | 282 | 264 40 447 | 28.6 | 26.7
45 47.0 | 29.6 | 234 45 49.7 | 29.0 | 21.3 45 471 | 295 | 234
50 49.1 | 293 | 216 50 50.1 | 30.1 19.8 50 47.7 | 30.0 | 22.2
55 48.2 | 29.8 | 220 55 48.8 | 30.2 | 21.0 55 47.0 | 29.8 | 231
60 475 | 30.0 | 225 60 48.8 | 30.2 | 21.0 60 474 | 29.7 | 23.0
65 47.0 | 304 | 226 65 48.8 | 29.8 | 215 65 47.0 | 29.7 | 234
70 475 | 29.7 | 228 70 48.7 | 296 | 21.7 70 46.1 | 30.1 | 23.8
75 471 | 29.8 | 231 75 474 | 28.7 | 239 75 465 | 29.9 | 23.6
80 46.8 | 29.8 | 234 80 485 | 29.7 | 218 80 46.4 | 30.1 | 235
85 472 | 29.7 | 232 85 483 | 30.7 | 21.0 85 46.4 | 303 | 233
90 46.9 | 294 | 237 90 475 | 305 | 220 90 46.0 | 29.9 | 241
550 1 (a) ———tR —e—%E 55.0 | (b) s T 550 1 (0 ~4=%R =®=%B
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45.0 45.0 45.0
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20.0 15.0 20.0
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Figure C16 Plots of %RGB value of 3 independent EODDP indicators against

temperature to determine the color transition temperature.
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Figure C17 Photographs of Thermal sensing of EPCDPP indicators.

Table C17 RGB values of EPCDPP

independent experiments)

indicators at various

Temperatures

@3

TC) R G B Sum o R G B Sum 0 R G B Sum
30 70 81 141 292 30 107 114 190 411 30 86 101 161 451
35 81 92 157 330 35 104 114 186 404 35 88 99 154 437
40 87 94 155 336 40 102 104 179 385 40 90 97 149 472
45 88 88 147 323 45 114 109 184 | 407 45 93 97 149 482
50 100 89 151 340 50 108 101 167 376 50 97 92 145 486
55 103 85 147 335 55 113 99 158 370 55 111 93 139 506
60 114 84 133 331 60 130 96 155 381 60 103 81 126 492
65 129 90 134 353 65 132 91 138 361 65 123 83 121 509
70 138 83 124 345 70 145 84 132 361 70 138 80 118 505
75 151 85 116 352 75 164 90 124 378 75 156 90 121 488
80 182 95 128 405 80 188 96 132 416 80 170 87 114 502
85 190 89 112 391 85 198 97 126 421 85 188 96 108 502
90 206 96 114 416 90 216 101 122 439 90 194 87 105 515




Table C18 %RGB values of EPCDPP

independent experiments)

116

indicators at various temperatures (3

1 2 3
TCC) %R %G %B T(C) %R %G %B T(C) %R %G %B

30 24.0 27.7 48.3 30 26.0 27.7 46.2 30 19.1 224 35.7
35 245 27.9 47.6 35 25.7 28.2 46.0 35 20.1 22.7 35.2
40 25.9 28.0 46.1 40 26.5 27.0 46.5 40 19.1 20.6 316
45 27.2 27.2 45,5 45 28.0 26.8 45.2 45 19.3 20.1 30.9
50 294 26.2 44.4 50 28.7 26.9 44.4 50 20.0 18.9 29.8
55 30.7 254 43.9 55 30.5 26.8 42.7 55 21.9 18.4 275
60 344 254 40.2 60 34.1 25.2 40.7 60 20.9 16.5 25.6
65 36.5 255 38.0 65 36.6 25.2 38.2 65 24.2 16.3 23.8
70 40.0 24.1 35.9 70 40.2 23.3 36.6 70 27.3 15.8 234
75 42.9 24.1 33.0 75 43.4 23.8 32.8 75 32.0 18.4 24.8
80 44.9 235 316 80 45.2 23.1 317 80 33.9 17.3 22.7
85 48.6 22.8 28.6 85 47.0 23.0 29.9 85 375 19.1 215
90 49.5 23.1 274 90 49.2 23.0 27.8 920 37.7 16.9 20.4
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Figure C18 Plots of %RGB value of 3 independent EPCDPP indicators against

temperature to determine the color transition temperature.
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Figure C19 Photographs of Thermal sensing of ETCDPP indicators

Table C19 RGB values of ETCDPP indicators at various Temperatures (3

independent experiments)

TCC) R G B Sum TCC) R G B Sum TC) R G B Sum
30 81 85 138 304 30 102 108 176 386 30 96 98 155 349
35 99 99 155 353 35 102 106 168 376 35 100 95 154 349
40 106 101 154 361 40 112 103 171 386 40 108 94 154 356
45 110 94 144 348 45 116 103 162 381 45 111 89 144 344
50 127 98 144 369 50 127 99 157 383 50 122 91 144 357
55 136 95 142 373 55 137 91 140 368 55 128 83 133 344
60 149 96 134 379 60 151 88 135 374 60 141 77 120 338
65 168 102 135 405 65 168 92 130 390 65 152 80 118 350
70 175 96 127 398 70 177 89 124 390 70 166 78 110 354
75 181 98 121 400 75 188 89 123 400 75 178 80 108 366
80 201 106 130 437 80 202 100 127 429 80 195 94 113 402
85 203 102 118 423 85 209 103 119 431 85 204 96 107 407
90 212 108 121 441 90 213 98 112 423 90 206 93 104 403




Table C20 %RGB values of ETCDPP

independent experiments)

118

indicators at various temperatures (3

1 2 3
TCC) %R %G %B T(C) %R %G %B T(C) %R %G %B

30 26.6 28.0 45.4 30 26.4 28.0 45.6 30 275 28.1 44.4
35 28.0 28.0 43.9 35 27.1 28.2 44.7 35 28.7 27.2 44.1
40 294 28.0 42.7 40 29.0 26.7 44.3 40 30.3 26.4 43.3
45 316 27.0 41.4 45 304 27.0 42,5 45 32.3 25.9 41.9
50 344 26.6 39.0 50 33.2 25.8 41.0 50 34.2 255 40.3
55 36.5 255 38.1 55 37.2 24.7 38.0 55 37.2 24.1 38.7
60 39.3 25.3 354 60 40.4 235 36.1 60 41.7 22.8 355
65 415 25.2 33.3 65 43.1 23.6 33.3 65 43.4 22.9 33.7
70 44.0 24.1 31.9 70 45.4 22.8 31.8 70 46.9 22.0 311
75 45.3 245 30.3 75 47.0 22.3 30.8 75 48.6 21.9 295
80 46.0 24.3 29.7 80 47.1 23.3 29.6 80 48.5 234 28.1
85 48.0 24.1 27.9 85 48.5 23.9 27.6 85 50.1 23.6 26.3
90 48.1 245 274 90 50.4 23.2 26.5 920 51.1 23.1 25.8
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Figure C20 Plots of %RGB value of 3 independent ETCDPP indicators against

temperature to determine the color transition temperature.



|

119

30 35 40 45 50 55 60 65 70 75 80 85 90 (°C)

Figure C21 Photographs of Thermal sensing of ENDDPP indicators.

Table C21 RGB values of EPCDP indicators at various Temperatures (3 independent

experiments)

TCC) R G B Sum TCC) R G B Sum TCC) R G B Sum
30 138 120 148 406 30 182 167 184 533 30 176 163 180 519
35 166 143 169 478 35 181 166 182 529 35 176 157 176 509
40 171 143 166 480 40 184 164 179 527 40 187 166 175 528
45 175 142 162 479 45 188 168 179 535 45 189 161 170 520
50 190 146 165 501 50 194 161 177 532 50 189 161 169 519
55 193 144 165 502 55 199 159 178 536 55 202 164 171 537
60 198 147 160 505 60 203 163 167 533 60 212 163 172 547
65 208 154 163 525 65 202 161 163 526 65 211 167 167 545
70 208 151 156 515 70 205 159 160 524 70 211 167 167 545
75 206 151 150 507 75 209 165 163 537 75 217 168 160 545
80 218 163 164 545 80 216 169 163 548 80 219 169 160 548
85 214 156 152 522 85 211 170 159 540 85 215 164 157 536
90 218 160 158 536 90 216 170 164 550 90 211 171 162 544




Table C22 %RGB values of ENDDPP

independent experiments)

120

indicators at various temperatures (3

1 2 3
TCC) %R %G %B TCC) %R %G %B TCC) %R %G %B
30 340 | 296 | 365 30 341 | 313 | 345 30 33.9 314 | 347
35 34.7 299 | 354 35 342 | 314 | 344 35 346 | 308 | 346
40 356 | 29.8 | 346 40 349 | 311 34.0 40 354 | 314 | 331
45 365 | 296 | 33.8 45 351 | 314 | 335 45 36.3 | 31.0 | 327
50 37.9 29.1 | 329 50 365 | 303 | 333 50 36.4 | 310 | 326
55 384 | 28.7 | 329 55 37.1 | 29.7 33.2 55 376 | 305 | 318
60 39.2 29.1 | 317 60 38.1 | 30.6 31.3 60 388 | 298 | 314
65 396 | 29.3 | 31.0 65 384 | 306 | 31.0 65 38.7 306 | 306
70 404 | 29.3 | 30.3 70 39.1 | 303 | 305 70 38.7 306 | 306
75 40.6 | 29.8 | 29.6 75 389 | 30.7 30.4 75 39.8 | 308 | 294
80 40.0 | 29.9 | 30.1 80 394 | 308 | 29.7 80 40.0 | 30.8 | 29.2
85 41.0 | 299 | 29.1 85 39.1 | 315 | 294 85 40.1 306 | 29.3
90 40.7 299 | 295 90 39.3 | 30.9 29.8 90 388 | 314 | 298
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Figure C22 Plots of %RGB value of 3 independent ENDDPP indicators against

temperature to determine the color transition temperature.



o | | | [
N | | | | [
- IEEENNEEE

121

30 35 40 45 50 55 60 65 70 75 80 85 90 (°C)

Figure C23 Photographs of Thermal sensing of EODDPP indicators.

Table C23 RGB values of EODDPP indicators at various Temperatures (3

independent experiments)

TCC) R G B Sum TCC) R G B Sum TC) R G B Sum
30 160 | 125 | 159 | 444 30 157 122 156 | 435 30 164 123 153 440
35 175 128 152 455 35 174 125 151 450 35 173 127 150 450
40 185 128 145 458 40 183 126 142 451 40 188 126 140 454
45 200 124 134 458 45 199 123 134 456 45 200 126 140 466
50 214 132 129 475 50 211 132 130 473 50 211 132 134 477
55 219 | 137 | 120 | 476 55 215 135 119 | 469 55 215 136 125 476
60 226 141 124 491 60 223 140 127 490 60 223 141 131 495
65 224 143 115 482 65 219 142 116 477 65 221 144 121 486
70 227 150 115 492 70 224 148 117 489 70 223 148 120 491
75 230 157 118 505 75 226 154 117 497 75 227 155 123 505
80 229 154 119 502 80 226 153 117 496 80 227 154 122 503
85 234 163 120 517 85 232 161 121 514 85 232 161 125 518
90 222 | 158 | 109 | 489 90 218 158 111 | 487 90 221 159 119 499




Table C24 %RGB values of EODDPP

independent experiments)

122

indicators at various temperatures (3

1 2 3
TCC) %R %G %B TCC) %R %G %B TCC) %R %G %B
30 36.0 | 282 | 358 30 36.1 | 28.0 | 35.9 30 37.3 | 280 | 348
35 385 | 28.1 | 334 35 38.7 | 278 | 336 35 384 | 282 | 333
40 404 | 279 | 317 40 40.6 | 279 | 315 40 414 | 27.8 | 30.8
45 437 | 271 | 29.3 45 436 | 270 | 294 45 429 | 27.0 | 30.0
50 451 | 27.8 | 27.2 50 446 | 279 | 2715 50 442 | 27.7 | 281
55 46.0 | 28.8 | 25.2 55 458 | 288 | 254 55 452 | 28.6 | 26.3
60 46.0 | 28.7 | 25.3 60 455 | 286 | 259 60 451 | 285 | 265
65 465 | 29.7 | 239 65 459 | 29.8 | 243 65 455 | 29.6 | 24.9
70 46.1 | 305 | 234 70 458 | 30.3 | 239 70 454 | 30.1 | 244
75 455 | 311 | 234 75 455 | 31.0 | 235 75 45.0 | 30.7 | 244
80 456 | 30.7 | 23.7 80 456 | 308 | 236 80 451 | 30.6 | 243
85 453 | 315 | 232 85 451 | 31.3 | 235 85 448 | 311 | 241
90 454 | 323 | 223 90 448 | 324 | 228 90 443 | 319 | 238
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Figure C24 Plots of %RGB value of 3 independent EODDPP indicators against

temperature to determine the color transition temperature.
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APPENDIX D
SOLVENT SENSING STUDY

Acetone
Ether
EtOAc
DMSO
Toluene
CH.CI,
DMF
CHCI3
THF

Figure D1 Color images of TCDA indicators obtained after exposure to different

solvents.

Table D1 RGB values of TCDA indicators obtained after exposure to different

solvents (3 independent experiments)

Solvent Solvent Solvent
R G B sum R G B sum R G B sum

Water | 138 | 132 | 160 | 430 Water | 134 | 128 | 155 | 417 Water | 143 | 135 | 166 | 444

Hexane | 163 | 129 | 148 | 440 | Hexane | 176 | 140 | 158 | 474 | Hexane | 162 | 130 | 146 | 438

MeCN | 167 | 130 | 148 | 445 MeCN | 173 | 134 | 149 | 456 MeCN | 159 | 125 | 142 | 426

MeOH | 191 | 131 | 142 | 464 MeOH | 186 | 131 | 141 | 458 MeOH | 211 | 136 | 142 | 489

EtOH 205 | 133 | 141 | 479 EtOH 211 | 143 | 154 | 508 EtOH 222 | 145 | 151 | 518

Acetone | 248 | 144 | 144 | 536 | Acetone | 249 | 147 | 150 | 546 | Acetone | 254 | 148 | 148 | 550

Ether 254 | 145 | 146 | 545 Ether 245 | 143 | 145 | 533 Ether 254 | 155 | 155 | 564

EtOAc | 253 | 145 | 147 | 545 EtOAc | 249 | 135 | 133 | 517 EtOAc | 254 | 140 | 140 | 534

DMSO | 252 | 131 | 130 | 513 | DMSO | 248 | 133 | 131 | 512 | DMSO | 249 | 135 | 134 | 518

Toluene | 252 | 138 | 139 | 529 | Toluene | 253 | 141 | 142 | 536 | Toluene | 254 | 143 | 143 | 540

CH.Cl, | 254 | 141 | 142 | 537 | CH.Cl, | 254 | 143 | 144 | 541 | CH)Cl, | 254 | 146 | 147 | 547
DMF 254 | 147 | 147 | 548 DMF 254 | 142 | 140 | 536 DMF 254 | 150 | 149 | 553

CHCI; | 254 | 145 | 148 | 547 CHCI; | 254 | 143 | 144 | 541 CHCI; | 254 | 148 | 148 | 550

THF 254 | 149 | 150 | 553 THF 254 | 147 | 148 | 549 THF 254 | 147 | 145 | 546
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Figure D2 Color images of PCDA indicators obtained after exposure to different

solvents.
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Table D2 RGB values of PCDA indicators obtained after exposure to different

solvents (3 independent experiments)

1 2 3

Solvent Solvent Solvent
R G B sum R G B sum R G B sum
Water 130 | 126 | 159 | 415 Water 140 | 135 | 165 | 440 Water 142 | 139 | 179 | 460
Hexane | 145 | 139 | 161 | 445 | Hexane | 158 | 141 | 170 | 469 | Hexane | 157 | 136 | 166 | 459
MeCN 146 | 132 | 161 | 439 MeCN 165 | 143 | 169 | 477 MeCN 153 | 135 | 164 | 452
MeOH | 148 | 124 | 143 | 415 MeOH | 169 | 142 | 162 | 473 MeOH | 161 | 134 | 157 | 452
EtOH 162 | 130 | 149 | 441 EtOH 188 | 150 | 167 | 505 EtOH 182 | 134 | 150 | 466
Acetone | 179 | 132 | 143 | 454 | Acetone | 200 | 146 | 155 | 501 | Acetone | 196 | 137 | 146 | 479
Ether 216 | 137 | 138 | 491 Ether 240 | 155 | 158 | 553 Ether 254 | 152 | 151 | 557
EtOAc | 185 | 130 | 137 | 452 EtOAc | 194 | 141 | 152 | 487 EtOAc | 184 | 135 | 148 | 467
DMSO | 249 | 139 | 135 | 523 DMSO | 248 | 143 | 147 | 538 DMSO | 244 | 141 | 141 | 526
Toluene | 186 | 129 | 136 | 451 | Toluene | 206 | 146 | 156 | 508 | Toluene | 195 | 137 | 147 | 479
CH,Cl, | 218 | 137 | 138 | 493 | CH.CI, | 248 | 156 | 160 | 564 | CH)Cl, | 242 | 141 | 142 | 525
DMF 253 | 144 | 141 | 538 DMF 253 | 157 | 158 | 568 DMF 254 | 152 | 149 | 555
CHCI; | 253 | 138 | 131 | 522 CHCI; | 252 | 154 | 155 | 561 CHCI; | 250 | 141 | 137 | 528
THF 254 | 152 | 146 | 552 THF 254 | 154 | 155 | 563 THF 254 | 145 | 141 | 540
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Figure D3 Color images of ETCDP indicators obtained after exposure to different

solvents.

Table D3 RGB values of ETCDP indicators obtained after exposure to different

solvents (3 independent experiments)

Solvent Solvent Solvent
R G B sum R G B sum R G B sum

Water | 129 | 127 | 162 | 418 Water | 127 | 124 | 158 | 409 Water | 134 | 132 | 165 | 431

Hexane | 181 | 125 | 149 | 455 | Hexane | 187 | 119 | 135 | 441 | Hexane | 226 | 130 | 145 | 501

MeCN | 231 | 123 | 130 | 484 MeCN | 250 | 135 | 146 | 531 MeCN | 245 | 131 | 141 | 517

MeOH | 251 | 135 | 143 | 529 MeOH | 253 | 138 | 146 | 537 MeOH | 248 | 133 | 144 | 525

EtOH 248 | 132 | 140 | 520 EtOH 253 | 137 | 146 | 536 EtOH 254 | 136 | 145 | 535

Acetone | 254 | 137 | 142 | 533 | Acetone | 253 | 133 | 139 | 525 | Acetone | 254 | 136 | 140 | 530

Ether 254 | 138 | 143 | 535 Ether 254 | 138 | 141 | 533 Ether 254 | 143 | 151 | 548

EtOAc | 254 | 136 | 143 | 533 | EtOAc | 254 | 137 | 142 | 533 | EtOAc | 254 | 135 | 141 | 530

DMSO | 167 | 121 | 142 | 430 | DMSO | 186 | 123 | 145 | 454 | DMSO | 152 | 102 | 130 | 384

Toluene | 254 | 137 | 144 | 535 | Toluene | 254 | 143 | 152 | 549 | Toluene | 254 | 133 | 138 | 525

CH.CIl, | 254 | 135 | 139 | 528 | CH,Cl, | 253 | 136 | 144 | 533 | CH)Cl, | 254 | 137 | 143 | 534

DMF 254 | 141 | 148 | 543 DMF 253 | 136 | 142 | 531 DMF 253 | 135 | 140 | 528

CHCI; | 254 | 136 | 142 | 532 CHCI; | 254 | 134 | 140 | 528 CHCI; | 254 | 137 | 143 | 534

THF 254 | 139 | 142 | 535 THF 254 | 136 | 142 | 532 THF 254 | 134 | 139 | 527
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Figure D4 Color images of EPCDP indicators obtained after exposure to different

solvents.

Table D4 RGB values of EPCDP indicators obtained after exposure to different

solvents (3 independent experiments)

Solvent Solvent Solvent
R G B sum R G B sum R G B sum

Water | 123 | 129 | 167 | 419 Water | 105 | 110 | 143 | 358 Water | 123 | 127 | 162 | 412

Hexane | 145 | 123 | 154 | 422 | Hexane | 155 | 131 | 158 | 444 | Hexane | 153 | 125 | 152 | 430

MeCN | 164 | 127 | 153 | 444 MeCN | 157 | 125 | 149 | 431 MeCN | 155 | 122 | 145 | 422

MeOH | 171 | 124 | 147 | 442 MeOH | 157 | 121 | 143 | 421 | MeOH | 168 | 126 | 145 | 439

EtOH 174 | 121 | 136 | 431 EtOH 180 | 129 | 148 | 457 EtOH 181 | 123 | 140 | 444

Acetone | 248 | 136 | 141 | 525 | Acetone | 247 | 136 | 141 | 524 | Acetone | 248 | 137 | 142 | 527

Ether 254 | 139 | 146 | 539 Ether 246 | 132 | 137 | 515 Ether 254 | 134 | 134 | 522
EtOAc | 248 | 135 | 144 | 527 | EtOAc | 252 | 135 | 138 | 525 | EtOAc | 243 | 136 | 141 | 520
DMSO | 124 | 113 | 147 | 384 | DMSO | 137 | 126 | 154 | 417 | DMSO | 124 | 114 | 150 | 388

Toluene | 253 | 131 | 134 | 518 | Toluene | 254 | 138 | 144 | 536 | Toluene | 254 | 137 | 140 | 531

CH.CIl, | 254 | 131 | 129 | 514 | CH)CIl, | 254 | 130 | 132 | 516 | CH)Cl, | 254 | 138 | 139 | 531

DMF 196 | 125 | 137 | 458 DMF 204 | 132 | 149 | 485 DMF 200 | 136 | 152 | 488

CHCI; | 254 | 139 | 145 | 538 CHCI; | 254 | 137 | 142 | 533 CHCI; | 254 | 147 | 151 | 552

THF 254 | 141 | 145 | 540 THF 254 | 138 | 141 | 533 THF 254 | 139 | 143 | 536
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Figure D5 Color images of ETCDPP indicators obtained after exposure to different

solvents.

Table D5 RGB values of ETCDPP indicators obtained after exposure to different

solvents (3 independent experiments)

Solvent Solvent Solvent
R G B sum R G B sum R G B sum

Water | 140 | 141 | 179 | 460 Water | 130 | 137 | 174 | 441 Water | 140 | 140 | 183 | 463

Hexane | 137 | 138 | 179 | 454 | Hexane | 142 | 147 | 183 | 472 | Hexane | 145 | 143 | 182 | 470

MeCN | 144 | 140 | 177 | 461 MeCN | 147 | 143 | 175 | 465 MeCN | 144 | 136 | 172 | 452

MeOH | 142 | 133 | 170 | 445 | MeOH | 147 | 139 | 170 | 456 | MeOH | 146 | 135 | 172 | 453

EtOH 148 | 139 | 172 | 459 EtOH 147 | 137 | 166 | 450 EtOH 137 | 127 | 163 | 427

Acetone | 149 | 137 | 170 | 456 | Acetone | 150 | 141 | 173 | 464 | Acetone | 146 | 133 | 169 | 448

Ether 151 | 143 | 176 | 470 Ether 144 | 141 | 171 | 456 Ether 156 | 146 | 179 | 481

EtOAc | 148 | 140 | 173 | 461 | EtOAc | 152 | 142 | 172 | 466 | EtOAc | 143 | 131 | 165 | 439

DMSO | 131 | 124 | 161 | 416 | DMSO | 130 | 122 | 150 | 402 | DMSO | 135 | 127 | 165 | 427

Toluene | 141 | 129 | 160 | 430 | Toluene | 153 | 142 | 172 | 467 | Toluene | 149 | 135 | 169 | 453

CH.CIl, | 183 | 130 | 148 | 461 | CH,Cl, | 171 | 204 | 148 | 523 | CH)Cl, | 208 | 141 | 157 | 506

DMF 149 | 133 | 164 | 446 DMF 143 | 128 | 155 | 426 DMF 146 | 130 | 165 | 441

CHCI; | 208 | 135 | 151 | 494 CHCI; | 226 | 148 | 162 | 536 CHCI; | 227 | 138 | 149 | 514

THF 153 | 127 | 155 | 435 THF 168 | 143 | 166 | 477 THF 168 | 138 | 168 | 474
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Figure D6 Color images of EPCDPP indicators obtained after exposure to different

solvents.

Table D6 RGB values of EPCDPP indicators obtained after exposure to different

solvents (3 independent experiments)

Solvent Solvent Solvent
R G B sum R G B sum R G B sum

Water | 137 | 142 | 186 | 465 Water | 134 | 146 | 191 | 471 Water | 142 | 148 | 190 | 480

Hexane | 116 | 121 | 167 | 404 | Hexane | 137 | 150 | 194 | 481 | Hexane | 137 | 144 | 191 | 472

MeCN | 132 | 138 | 181 | 451 MeCN | 140 | 149 | 194 | 483 MeCN | 144 | 147 | 188 | 479

MeOH | 134 | 136 | 178 | 448 | MeOH | 146 | 152 | 196 | 494 | MeOH | 145 | 146 | 189 | 480

EtOH 139 | 140 | 182 | 461 EtOH 146 | 149 | 190 | 485 EtOH 150 | 151 | 189 | 490

Acetone | 144 | 143 | 182 | 469 | Acetone | 155 | 157 | 197 | 509 | Acetone | 149 | 146 | 185 | 480

Ether 140 | 141 | 180 | 461 Ether 135 | 141 | 182 | 458 Ether 146 | 149 | 189 | 484

EtOAc | 132 | 134 | 176 | 442 | EtOAc | 145 | 150 | 192 | 487 | EtOAc | 147 | 148 | 186 | 481

DMSO | 129 | 132 | 177 | 438 | DMSO | 126 | 128 | 165 | 419 | DMSO | 136 | 138 | 182 | 456

Toluene | 137 | 139 | 179 | 455 | Toluene | 146 | 147 | 185 | 478 | Toluene | 148 | 146 | 187 | 481

CH.CIl, | 154 | 136 | 168 | 458 | CH,Cl, | 164 | 145 | 174 | 483 | CH)Cl, | 166 | 146 | 178 | 490

DMF 140 | 138 | 180 | 458 DMF 155 | 142 | 141 | 438 DMF 156 | 155 | 195 | 506

CHCI; | 174 | 135 | 161 | 470 CHCI; | 183 | 142 | 165 | 490 CHCI; | 180 | 150 | 180 | 510

THF 146 | 138 | 176 | 460 THF 146 | 140 | 175 | 461 THF 150 | 144 | 182 | 476
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Table E1 RGB values of TCDA indicators with Na,CO; after exposure at 62% RH

for 24 h (7 independent experiments)

Time Time 2 Time Time

Q) R G B | sum Q) R G B [sum | M R G B [sum | O R G B | sum
0 79 77 | 129 | 285 0 7 | 73 | 126 | 276 0 80 75 | 125 | 280 0 74 70 | 119 | 263
3 79 73 | 125 | 217 3 76 | 69 | 121 | 266 3 77 7 | 12 | 270 3 72 68 | 113 | 253
6 80 | 72 | 124 | 276 6 77 | 69 | 121 | 267 6 78 72 | 121 | 6 75 67 | 111 | 253
9 77 75| 121 | 213 9 M| 7| 17 | 262 9 76 74 | 114 | 264 9 70 70 | 107 | 247
12 80 | 73 | 125 | 278 12 77 | 70 | 120 | 267 12 79 71 | 120 | 270 12 74 68 | 113 | 255
15 78 | 75 | 120 | 273 15 75| 7| 117 | 263 15 76 73 | 115 | 264 15 71 69 | 107 | 247
18 80 | 73 | 124 | 2m 18 7 | 70 | 120 | 267 18 80 72 | 19 | 211 18 74 68 | 110 | 252
21 79 73 | 121 | 213 21 76 | 69 | 117 | 262 21 7 7n | 15 | 263 | 21 72 68 | 105 | 245
24 81 74 | 121 | 282 24 78 | 70 | 124 | 272 24 81 72 | 123 | 216 | 24 76 69 | 115 | 260
Time Time 6 Time

(h) R G B Sum (h) R G B | sum (h) R G B | sum

0 7% | 76 | 126 | 278 0 78 | 77 | 123 | 218 0 71 72 | 120 | 263

3 75 | 72 | 120 | 267 3 78 | 74 | 118 | 270 3 71 68 | 112 | 251

6 76 | 72 | 120 | 268 6 79 | 73 | 117 | 269 6 72 68 | 112 | 252

9 76 | 73 | 116 | 265 9 78 | 76 | 112 | 266 9 71 70 | 106 | 247

12 77 73 | 118 | 268 12 80 | 74 | 116 | 270 12 74 68 | 113 | 255

15 76 | 74 | 115 | 265 15 77 | 75 | 111 | 263 15 71 70 | 108 | 249

18 77 73 | 118 | 268 18 81 | 75 | 115 | 27 18 73 69 | 110 | 252

21 75 | 73 | 115 | 263 21 78 | 74 | 111 | 263 21 72 68 | 108 | 248

24 79 74 | 112 | 265 24 82 | 75 | 119 | 276 24 74 69 | 116 | 259
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Table E2 %RGB values of TCDA indicators with Na,COg after exposure at 62% RH

for 24 h (7 independent experiments)

Time 1 Time 2 Time 3 Time 4
) R G B ) R G B ) R G B ) R G B
0 | 277 | 270 | 453 | o | 279 | 270 | 457 | o | 286 | 268 | 446 | 0 | 281 | 266 | 452
3 | 285 | 264 | 451 | 3 | 286 | 286 | 455 | 3 | 285 | 263 | 452 | 3 | 285 | 269 | 447
6 | 290 | 261 | 449 | 6 | 288 | 288 | 453 | 6 | 288 | 266 | 446 | 6 | 206 | 265 | 439
9 | 282 | 275 | 43 | 9 | 282 | 282 | 447 | 9 | 288 | 280 | 432 | 9 | 283 | 283 | 433
12 | 288 | 263 | 450 | 12 | 288 | 288 | 449 | 12 | 203 | 263 | 444 | 12 | 200 | 267 | 443
15 | 286 | 275 | 440 | 15 | 285 | 285 | 445 | 15 | 288 | 277 | 436 | 15 | 287 | 279 | 433
18 | 289 | 264 | 448 | 18 | 288 | 288 | 449 | 18 | 205 | 266 | 439 | 18 | 204 | 270 | 437
21 | 289 | 267 | 443 | 20 | 200 | 200 | 447 | 20 | 203 | 270 | 437 | 21 | 204 | 278 | 429
24 | 287 | 262 | 450 | 24 | 287 | 287 | 456 | 24 | 293 | 261 | 446 | 24 | 292 | 265 | 442
Time 5 Time 6 Time 7

) R G B ) R G B o R G B

0 | 273 | 273 | 483 | o0 | 281 | 277 | 442 | 0 | 270 | 274 | 456

3 | 281 | 270 | 449 | 3 | 289 | 274 | 437 | 3 | 283 | 271 | 446

6 | 284 | 269 | 448 | 6 | 204 | 2724 | 435 | 6 | 286 | 270 | 444

9 | 287 | 275 | 438 | 9 | 203 | 286 | 421 | 9 | 287 | 283 | 429

12 | 287 | 272 | 440 | 12 | 206 | 274 | 430 | 12 | 200 | 267 | 443

15 | 287 | 279 | 434 | 15 | 203 | 285 | 422 | 15 | 285 | 281 | 434

18 | 287 | 272 | 440 | 18 | 200 | 277 | 424 | 18 | 200 | 274 | 437

21 | 285 | 278 | 437 | 2 | 207 | 281 | 422 | 21 | 200 | 27.4 | 435

24 | 208 | 279 | 423 | 24 | 207 | 272 | 431 | 24 | 286 | 266 | 448

Table E3 RGB values of TCDA indicators with K,CO3 after exposure at 62% RH for

24 h (7 independent experiments)

Time 1 Time 2 Time Time 4

(h) R G B Sum (h) R G B | sum (h) R G B [sum | M R G B Sum
0 82 83 | 128 | 293 0 8 | 77 | 126 | 281 0 73 70 | 122 | 265 0 69 70 | 121 | 260
3 105 | 91 | 123 | 319 3 102 | 8 | 116 | 304 3 90 78 | 120 | 288 3 88 77 | 122 | 287
6 123 | o1 | 119 | 333 6 122 | 87 | 113 | 322 6 111 | 81 | 114 | 306 6 112 | 78 | 113 | 303
9 130 | 92 | 109 | 332 9 130 | 89 | 103 | 322 9 116 | 81 | 104 | 301 9 119 | 79 | 102 | 300
12 133 | 85 | 102 | 320 12 137 | 80 | 96 | 313 12 119 | 73 | 97 | 289 12 126 | 7 9 | 287
15 149 | o1 | 102 | 342 15 144 | 86 | 99 | 329 15 128 | 79 | 99 | 306 15 137 | 77 93 | 307
18 149 | 92 92 | 333 18 146 | 87 | 89 | 322 18 134 | s0 | 88 | 302 18 139 | 77 81 | 297
21 151 | o1 97 | 339 21 146 | 85 | 92 | 323 21 13 | 79 | 90 | 305 | 21 139 | 76 83 | 298
24 155 | 92 | 101 | 348 24 151 | 87 | 98 | 336 24 144 | 80 | 95 | 319 | 24 145 | 77 o1 | 313
Time 5 Time 6 Time

Q) R G B_ | sum Q) R G B [sum| M R G B_ | Sum

0 82 83 | 128 | 293 0 8 | 77 | 126 | 281 0 73 70 | 122 | 265

3 105 | 91 | 123 | 319 3 102 | 8 | 116 | 304 3 90 78 | 120 | 288

6 123 | o1 | 119 | 333 6 122 | 87 | 113 | 322 6 111 | 81 | 114 | 306

9 130 | 92 | 100 | 332 9 130 | 89 | 103 | 322 9 116 | 81 | 104 | 301

12 133 | 85 | 102 | 320 12 137 | 80 | 96 | 313 12 119 | 73 | 97 | 289

15 149 | o1 | 102 | 342 15 144 | 86 | 99 | 329 15 128 | 79 | 99 | 306

18 149 | 92 92 | 333 18 146 | 87 | 89 | 322 18 134 | s0 | 88 | 302

21 151 | o1 97 | 339 21 146 | 85 | 92 | 323 21 13 | 79 | 90 | 305

24 155 | 92 | 101 | 348 24 151 | 87 | 98 | 336 24 144 | 80 | 95 | 319
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Table E4 %RGB values of TCDA indicators with K,COj3 after exposure at 62% RH

for 24 h (7 independent experiments)

Time 1 Time 2 Time 3 Time 4
) R G B ) R G B ) R G B ) R G B
0 | 280 | 283 | 437 | o | 278 | 278 | 448 | 0 | 275 | 264 | 460 | 0 | 265 | 269 | 465
3 | 320 | 285 | 386 | 3 | 336 | 336 | 382 | 3 | 313 | 271 | 417 | 3 | 307 | 268 | 425
6 | 369 | 273 | 357 | 6 | 379 | 379 | 31 | 6 | 363 | 265 | 373 | 6 | 370 | 257 | 373
9 | 395 | 277 | 328 | 9 | 404 | 404 | 320 | 9 | 385 | 269 | 346 | 9 | 307 | 263 | 340
12 | 416 | 266 | 319 | 12 | 438 | 438 | 307 | 12 | 412 | 253 | 336 | 12 | 439 | 247 | 314
15 | 436 | 266 | 298 | 15 | 438 | 438 | 301 | 15 | 418 | 258 | 324 | 15 | 446 | 251 | 303
18 | 447 | 276 | 276 | 18 | 453 | 453 | 276 | 18 | 444 | 265 | 201 | 18 | 468 | 259 | 273
21 | 445 | 268 | 286 | 20 | 452 | 452 | 285 | 20 | 446 | 259 | 205 | 21 | 466 | 255 | 279
24 | 445 | 264 | 200 | 24 | 449 | 449 | 202 | 24 | 451 | 250 | 208 | 24 | 463 | 246 | 291
Time 5 Time 6 Time 7
) R G B ) R G B o R G B
0 | 268 | 268 | 463 | 0 | 266 | 27.0 | 465 | 0 | 268 | 280 | 451
3 | 312 | 270 | 418 | 3 | 302 | 273 | 424 | 3 | 316 | 27.7 | 408
6 | 371 | 258 | 371 | 6 | 365 | 20 | 375 | 6 | 371 | 271 | 358
9 | 399 | 270 | 381 | 9 | 396 | 270 | 334 | 9 | 309 | 27.7 | 324
12 | 430 | 254 | 317 | 12 | 426 | 255 | 319 | 12 | 429 | 261 | 310
15 | 442 | 254 | 304 | 15 | 433 | 260 | 307 | 15 | 450 | 267 | 283
18 | 465 | 263 | 273 | 18 | 455 | 267 | 277 | 18 | 460 | 272 | 268
21 | 475 | 254 | 270 | 20 | 465 | 259 | 276 | 21 | 465 | 267 | 267
24 | 466 | 249 | 284 | 24 | 460 | 254 | 286 | 24 | 462 | 258 | 280

Table E5 RGB values of TCDA indicators with K,CO3 after exposure at 75% RH for

24 h (7 independent experiments)

Time 1 Time 2 Time Time 4
™ R | G B [sm | M R | G [ B [sm| M R [ G [ B [sm]| ® R G B[ sum
0 76 | 69 | 126 | 271 0 74 | 68 | 124 | 266 0 71 | 66 | 123 | 260 0 70 66 | 117 | 253
3 159 | 86 82 | 327 3 150 | 83 | 81 | 314 3 148 | 80 | 81 | 309 3 140 | 79 | 79 | 298
6 158 | 88 9 | 336 6 159 | 85 | 8 | 330 6 164 | 85 | 85 | 334 6 156 | 83 | 83 | 322
9 156 | 89 85 | 330 9 158 | 8 | 79 | 323 9 162 | 87 | 78 | 327 9 154 | 84 | 78 | 316
12 157 | 89 87 | 333 12 159 | 85 | 83 | 327 12 162 | 86 | 81 | 329 | 12 | 156 | 8 | 79 | 319
15 156 | 92 87 | 335 15 156 | 88 | 82 | 326 15 160 | 89 | 80 | 329 | 15 | 153 | 87 | 79 | 319
18 155 | 92 8 | 333 18 155 | 89 | 81 | 325 18 160 | 89 | 80 | 329 | 18 | 153 | &7 | 77 | a7
21 159 | 93 94 | 346 21 156 | 90 | 88 | 334 21 160 | 90 | 87 | 338 | 21 | 156 | 87 | 87 | 33
24 160 | 98 9% | 354 24 159 | 94 | 89 | 342 24 163 | 95 | 88 | 346 | 24 | 158 | 93 | 88 | 339
Time 5 Time 6 Time
Q) R G B | sum Q) R G B [sum| M R G B_ | Sum
0 70 | 65 | 116 | 251 0 71 | 67 | 115 | 253 0 65 | 63 | 113 | 241
3 135 | 77 79 | 201 3 129 | 77 | 82 | 288 3 136 | 75 | 76 | 287
6 153 | 80 80 | 313 6 151 | 81 | 84 | 316 6 141 | 76 | 80 | 297
9 151 | 83 76 | 310 9 147 | 83 | 76 | 306 9 139 | 718 | 75 | 292
12 150 | 82 79 | 3 12 149 | 82 | 78 | 309 12 139 | 77 | 76 | 292
15 151 | 84 78 | 313 15 145 | 84 | 78 | 307 15 138 | 79 | 76 | 208
18 151 | 86 75 | 312 18 144 | 85 | 76 | 305 18 136 | 79 | 73 | 288
21 151 | 86 83 | 320 21 149 | 86 | 82 | 317 21 140 | 79 | 80 | 299
24 155 | 90 84 | 329 24 151 | 91 | 8 | 327 24 143 | 8 | 83 | 311
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Table E6 %RGB values of TCDA indicators with K,COj3 after exposure at 75% RH

for 24 h (7 independent experiments)

Time 1 Time 2 Time 3 Time 4
) R G B ) R G B ) R G B ) R G B
0 | 280 | 255 | 465 | o | 278 | 278 | 466 | 0 | 2723 | 254 | 473 | o | 277 | 261 | 462
3 | 486 | 263 | 251 | 3 | 478 | 478 | 258 | 3 | 479 | 259 | 262 | 3 | 470 | 265 | 265
6 | 470 | 262 | 268 | 6 | 482 | 482 | 261 | 6 | 491 | 254 | 254 | 6 | 484 | 258 | 258
9 | 473 | 270 | 258 | 9 | 489 | 489 | 245 | 9 | 495 | 266 | 289 | 9o | 487 | 266 | 247
12 | 471 | 267 | 261 | 12 | 486 | 486 | 254 | 12 | 492 | 261 | 246 | 12 | 489 | 263 | 248
15 | 466 | 275 | 260 | 15 | 479 | 479 | 252 | 15 | 486 | 271 | 243 | 15 | 480 | 273 | 248
18 | 465 | 276 | 258 | 18 | 477 | 477 | 249 | 18 | 486 | 271 | 243 | 18 | 483 | 274 | 243
21 | 460 | 269 | 272 | 21 | 467 | 467 | 263 | 20 | 476 | 266 | 257 | 21 | 473 | 264 | 264
24 | 452 | 277 | 271 | 24 | 465 | 465 | 260 | 24 | 471 | 275 | 254 | 24 | 466 | 27.4 | 260
Time 5 Time 6 Time 7
) R G B ) R G B o R G B
0 | 279 | 259 | 462 | 0 | 281 | 265 | 455 | 0 | 27.0 | 261 | 469
3 | 464 | 265 | 271 | 3 | 448 | 267 | 285 | 3 | 474 | 261 | 265
6 | 489 | 256 | 256 | 6 | 478 | 256 | 266 | 6 | 475 | 256 | 269
9 | 487 | 268 | 245 | 9 | 480 | 271 | 248 | 9 | 476 | 267 | 257
12 | 482 | 264 | 254 | 12 | 482 | 265 | 252 | 12 | 476 | 264 | 260
15 | 482 | 268 | 249 | 15 | 472 | 274 | 254 | 15 | 471 | 270 | 259
18 | 484 | 276 | 240 | 18 | 472 | 279 | 249 | 18 | 472 | 274 | 253
21 | 472 | 269 | 269 | 2 | 470 | 270 | 259 | 21 | 468 | 264 | 268
24 | 471 | 274 | 255 | 24 | 462 | 278 | 260 | 24 | 460 | 27.3 | 267

Table E7 RGB values of TCDA indicators with K,CO3 after exposure at 42% RH for

24 h (7 independent experiments)

Time 1 Time 2 Time Time 4

Q) R G B | sum Q) R G B [sum | M R G B [sum | O R G B | sum
0 71 68 | 120 | 259 0 69 | 66 | 117 | 252 0 70 67 | 121 | 258 0 68 65 | 113 | 246
3 72 67 | 119 | 258 3 69 | 64 | 117 | 250 3 71 66 | 121 | 258 3 69 64 | 115 | 248
6 74 | 67 | 123 | 264 6 70 | 64 | 116 | 250 6 71 66 | 118 | 255 6 68 65 | 113 | 246
9 76 72 | 124 | 212 9 70 | 70 | 120 | 260 9 73 71 | 121 | 265 9 68 69 | 117 | 254
12 71 68 | 118 | 257 12 68 | 65 | 114 | 247 12 70 67 | 117 | 254 12 65 65 | 111 | 241
15 72 67 | 118 | 257 15 68 | 65 | 113 | 246 15 69 66 | 115 | 250 15 66 65 | 111 | 242
18 72 68 | 117 | 257 18 67 | 65 | 114 | 246 18 70 66 | 116 | 252 18 67 66 | 111 | 244
21 75 | 68 | 112 | 255 21 71 | 64 | 118 | 253 21 73 66 | 121 | 260 | 21 70 64 | 116 | 250
24 73 68 | 118 | 259 24 69 | 65 | 117 | 251 24 70 68 | 116 | 254 | 24 67 66 | 114 | 247
Time 5 Time 6 Time

(h) R G B Sum (h) R G B | sum (h) R G B | sum

0 65 | 66 | 113 | 244 0 66 | 65 | 112 | 243 0 65 63 | 108 | 236

3 67 65 | 120 | 252 3 67 | 65 | 114 | 246 3 66 63 | 109 | 238

6 68 64 | 117 | 249 6 66 | 64 | 111 | 241 6 63 63 | 106 | 232

9 71 71 | 117 | 259 9 67 | 70 | 114 | 251 9 65 68 | 109 | 242

12 67 66 | 113 | 246 12 64 | 64 | 109 | 237 12 62 63 | 104 | 220

15 67 66 | 111 | 244 15 64 | 65 | 109 | 238 15 63 63 | 105 | 231

18 67 67 | 112 | 246 18 64 | 65 | 110 | 239 18 62 64 | 105 | 231

21 69 66 | 117 | 252 21 67 | 64 | 114 | 245 21 66 62 | 111 | 239

24 68 67 | 112 | 247 24 65 | 65 | 109 | 239 24 63 64 | 106 | 233
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Table E8 %RGB values of TCDA indicators with K,COj3 after exposure at 42% RH

for 24 h (7 independent experiments)

Time 1 Time 2 Time 3 Time 4
) R G B ) R G B ) R G B ) R G B
0 | 274 | 263 | 463 | o0 | 274 | 274 | 464 | o | 271 | 260 | 469 | 0 | 27.6 | 264 | 459
3 | 279 | 260 | 461 | 3 | 276 | 276 | 468 | 3 | 275 | 256 | 469 | 3 | 27.8 | 258 | 464
6 | 280 | 254 | 466 | 6 | 280 | 280 | 464 | 6 | 278 | 259 | 463 | 6 | 27.6 | 264 | 459
9 | 279 | 265 | 456 | 9 | 269 | 269 | 462 | 9 | 275 | 268 | 457 | o | 268 | 272 | 461
12 | 276 | 265 | 459 | 12 | 275 | 275 | 462 | 12 | 276 | 264 | 461 | 12 | 270 | 270 | 461
15 | 280 | 261 | 459 | 15 | 27.6 | 276 | 459 | 15 | 276 | 264 | 460 | 15 | 273 | 269 | 459
18 | 280 | 265 | 455 | 18 | 27.2 | 272 | 463 | 18 | 278 | 262 | 460 | 18 | 275 | 270 | 455
21 | 204 | 267 | 439 | 20 | 281 | 281 | 466 | 201 | 281 | 254 | 465 | 21 | 280 | 256 | 464
24 | 282 | 263 | 456 | 24 | 275 | 275 | 466 | 24 | 276 | 268 | 457 | 24 | 270 | 267 | 462
Time 5 Time 6 Time 7
) R G B ) R G B o R G B
0 | 266 | 270 | 463 | o | 272 | 267 | 461 | 0 | 275 | 267 | 458
3 | 266 | 258 | 476 | 3 | 272 | 264 | 463 | 3 | 27.7 | 265 | 458
6 | 273 | 257 | 470 | 6 | 274 | 26 | 461 | 6 | 272 | 272 | 457
9 | 274 | 274 | 452 | 9 | 267 | 279 | 454 | 9 | 269 | 281 | 450
12 | 272 | 268 | 459 | 12 | 270 | 270 | 460 | 12 | 271 | 275 | 454
15 | 275 | 270 | 455 | 15 | 269 | 273 | 458 | 15 | 273 | 273 | 455
18 | 272 | 272 | 455 | 18 | 268 | 272 | 460 | 18 | 268 | 277 | 455
21 | 274 | 262 | 464 | 20 | 273 | 261 | 465 | 21 | 276 | 259 | 464
24 | 275 | 271 | 453 | 24 | 272 | 272 | 456 | 24 | 270 | 275 | 455

Table E9 RGB values of PCDA indicators with K,COs after exposure at 62% RH for

24 h (7 independent experiments)

Time 1 Time 2 Time Time 4

Q) R G B | sum Q) R G B [sum | M R G B [sum | O R G B | sum
0 71 68 | 120 | 259 0 69 | 66 | 117 | 252 0 70 67 | 121 | 258 0 68 65 | 113 | 246
3 72 67 | 119 | 258 3 69 | 64 | 117 | 250 3 71 66 | 121 | 258 3 69 64 | 115 | 248
6 74 | 67 | 123 | 264 6 70 | 64 | 116 | 250 6 71 66 | 118 | 255 6 68 65 | 113 | 246
9 76 72 | 124 | 212 9 70 | 70 | 120 | 260 9 73 71 | 121 | 265 9 68 69 | 117 | 254
12 71 68 | 118 | 257 12 68 | 65 | 114 | 247 12 70 67 | 117 | 254 12 65 65 | 111 | 241
15 72 67 | 118 | 257 15 68 | 65 | 113 | 246 15 69 66 | 115 | 250 15 66 65 | 111 | 242
18 72 68 | 117 | 257 18 67 | 65 | 114 | 246 18 70 66 | 116 | 252 18 67 66 | 111 | 244
21 75 | 68 | 112 | 255 21 71 | 64 | 118 | 253 21 73 66 | 121 | 260 | 21 70 64 | 116 | 250
24 73 68 | 118 | 259 24 69 | 65 | 117 | 251 24 70 68 | 116 | 254 | 24 67 66 | 114 | 247
Time 5 Time 6 Time

(h) R G B Sum (h) R G B | sum (h) R G B | sum

0 65 | 66 | 113 | 244 0 66 | 65 | 112 | 243 0 65 63 | 108 | 236

3 67 65 | 120 | 252 3 67 | 65 | 114 | 246 3 66 63 | 109 | 238

6 68 64 | 117 | 249 6 66 | 64 | 111 | 241 6 63 63 | 106 | 232

9 71 71 | 117 | 259 9 67 | 70 | 114 | 251 9 65 68 | 109 | 242

12 67 66 | 113 | 246 12 64 | 64 | 109 | 237 12 62 63 | 104 | 220

15 67 66 | 111 | 244 15 64 | 65 | 109 | 238 15 63 63 | 105 | 231

18 67 67 | 112 | 246 18 64 | 65 | 110 | 239 18 62 64 | 105 | 231

21 69 66 | 117 | 252 21 67 | 64 | 114 | 245 21 66 62 | 111 | 239

24 68 67 | 112 | 247 24 65 | 65 | 109 | 239 24 63 64 | 106 | 233
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Table E10 %RGB values of PCDA indicators with K,COj3 after exposure at 62% RH

for 24 h (7 independent experiments)

Time 1 Time 2 Time 3 Time 4
) R G B ) R G B ) R G B ) R G B
0 | 274 | 263 | 463 | o0 | 274 | 274 | 464 | o | 271 | 260 | 469 | 0 | 27.6 | 264 | 459
3 | 279 | 260 | 461 | 3 | 276 | 276 | 468 | 3 | 275 | 256 | 469 | 3 | 27.8 | 258 | 464
6 | 280 | 254 | 466 | 6 | 280 | 280 | 464 | 6 | 278 | 259 | 463 | 6 | 27.6 | 264 | 459
9 | 279 | 265 | 456 | 9 | 269 | 269 | 462 | 9 | 275 | 268 | 457 | o | 268 | 272 | 461
12 | 276 | 265 | 459 | 12 | 275 | 275 | 462 | 12 | 276 | 264 | 461 | 12 | 270 | 270 | 461
15 | 280 | 261 | 459 | 15 | 27.6 | 276 | 459 | 15 | 276 | 264 | 460 | 15 | 273 | 269 | 459
18 | 280 | 265 | 455 | 18 | 27.2 | 272 | 463 | 18 | 278 | 262 | 460 | 18 | 275 | 270 | 455
21 | 204 | 267 | 439 | 20 | 281 | 281 | 466 | 201 | 281 | 254 | 465 | 21 | 280 | 256 | 464
24 | 282 | 263 | 456 | 24 | 275 | 275 | 466 | 24 | 276 | 268 | 457 | 24 | 270 | 267 | 462
Time 5 Time 6 Time 7
) R G B ) R G B o R G B
0 | 266 | 270 | 463 | o | 272 | 267 | 461 | 0 | 275 | 267 | 458
3 | 266 | 258 | 476 | 3 | 272 | 264 | 463 | 3 | 27.7 | 265 | 458
6 | 273 | 257 | 470 | 6 | 274 | 26 | 461 | 6 | 272 | 272 | 457
9 | 274 | 274 | 452 | 9 | 267 | 279 | 454 | 9 | 269 | 281 | 450
12 | 272 | 268 | 459 | 12 | 270 | 270 | 460 | 12 | 271 | 275 | 454
15 | 275 | 270 | 455 | 15 | 269 | 273 | 458 | 15 | 273 | 273 | 455
18 | 272 | 272 | 455 | 18 | 268 | 272 | 460 | 18 | 268 | 277 | 455
21 | 274 | 262 | 464 | 20 | 273 | 261 | 465 | 21 | 276 | 259 | 464
24 | 275 | 271 | 453 | 24 | 272 | 272 | 456 | 24 | 270 | 275 | 455



135

APPENDIX F
AWARD

SCG <>

CHEWCALS

™

tf’

Figure F1 Winning the 2" award from 5" Sci & Tech initiative and Sustainability

Award by The Thai Institute of Chemical Engineering and Applied Chemistry, SCG
Chemicals and Dow Chemical (From left to right : Mr. Jettapong Klaharn, Mr.
Natdanai Suta, Mr. Pracharat Sa-ngadsup and Mr. Watcharin Ngampeungpis)
(“System for real time monitoring of environmental parameters via optical

responses”)
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Abstract

A series of paper-based polydiacetylene UV sensors containing with p-alanine ethyl
ester and di-p-alanine ethyl ester were fabricated and investigated by photo scanner and
analyzed by an image processing software. The tuning of the UV sensitivity was achieved by
converting the lipid head group from carboxylic acid to the amide or diamide.
KEYWORDS: Polydiacetylene, UV Sensor, RGB
1. Introduction

Ultraviolet radiation is a very useful electromagnetic wave, which is commonly

applied in germicidal and chemical curing processes of many products such as foods,



medicines, polymers and printing materials. On the other hand, excessive UV exposure is
very harmful to human health, animals and plant life. For useful applications and hazardous
precaution, the amount of radiation or so-called UV dose should be monitored and controlled.
Therefore, development of a tool which can detect and record UV doses in real time is of
importance. Currently, available techniques used in UV dose determination include
photoelectric measurement [1] and colorimetric methods. The colorimetric method offers an
attractive feature in the possibility for instrumentless naked eye detection or warning labels.
Classes of compounds commonly used in colorimetric display of UV doses are spiropyran or
spirooxazine [2]. This type of compounds change from colorless to darker color upon
exposure to UV radiation that is not easily judged for the critical UV dose [3]. Furthermore,
tunable sensitivity of the sensing materials is highly desirable but it has not been well
established for such compounds.

Diacetylenes are a promising class of colorimetric UV responsive compounds due to
their distinct color change with tunable sensitivity [4]. Color transitions of polydiacetylenes
(PDASs) by heat [5], solvent [6], mechanical stress [7], molecular recognition [8], and pH [9]
have been extensively investigated and PDAs have been applied as sensing materials in
various form [10]. Self-assembled amphiphilic diacetylene lipids are readily polymerized to
form conjugated PDAs with intense color. Although the color change of PDAs from blue to
red by prolong UV irradiation have been noted, their color transition mechanism remains a
topic under debate [11] and their applications for UV dose sensors have not been directed.
Here, we would like to report our study on two series of diacetylene amido lipids (Figure 1)
containing mono- and diamide head groups with variable lengths of methylene spacers in
comparison with their diacetylene fatty acid analogue aiming for tunable colorimetric UV
responsive materials.

2. Experimental



2.1 Materials and equipment

10,12-Pentacosadynoic acid (PCDA), 10,12-tricosadiynoic acid (TCDA), 6,8-
nonadecadiynoic acid (NDDA) and 5,7-octadecadiynoic acid (ODDA) were purchased from
GFS Chemicals USA, and other reagents were purchased from Sigma-Aldrich and Fluka.
Analytical grade solvents were used without further purification. For extraction and
chromatography, solvents were commercial grade and they were distilled prior to use.
Column chromatography was performed on Merck silica gel 60 (70-230 mesh). Thin layer
chromatography (TLC) was carried out using Merck 60 F254 plates with a thickness of 0.25
mm. All diacetylene monomers were dissolved in chloroform and filtered before use, to
remove the unintentionally polymerized monomers. The *H and *C NMR spectra were
collected on a 400 MHz NMR spectrometer (Murcury 400, Varian). The color transitions of
PDAs were monitored and recorded by a scanner (Epson Perfection VV33) for UV sensing or a
webcam (ICON228, 14M pixels) linked to a commercial laptop computer.
2.2 Synthesis of diacetylene monomers
2.2.1 Ethyl 3-(pentacosa-10,12-diynoylamido)propanoate (EPCDP)

10,12-Pentacosadiynoic acid (0.38g, 1.0 mmol) and 1-hydroxybenzotriazole hydrate
(HOBteH,0; 0.20 g, 1.5 mmol) were stirred to dissolve in CH,Cl, (3 mL). The solution was
then added with a solution of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC; 0.29 g,
1.5 mmol) in CH.CI; (5 mL) and stirred for 1 h. The mixture of ethyl 3-aminopropanoate
hydrochloride (0.18 g, 1.2 mmol) and triethylamine (0.56 mL, 4.0 mmol) in CH,Cl;, (5 mL)
was added dropwise into the mixture at 0 °C. The resulting mixture was stirred at room
temperature for 3 h. The mixture was evaporated and the crude product was eluted through a
silica gel column using hexane and ethyl acetate (1:1 v/v) as the eluent. After the solvent
removal, ethyl-3-pentacosa-10,12-diynamidopropanoate (EPCDP) was obtained as a white

solid (0.41 g, 87% yield).



2.3 Preparation of paper-based diacetylene indicator and UV sensing study

A piece of filter paper (Whatman No.1) (1 x 5 cm?) was dipped in a solution of
diacetylene monomer with designated concentration (10 mM) in CH,Cl, and dried in the air
for 2 h. Then, it was stored at 4 °C for overnight. The indicators were irradiated by 254 nm
UV light with the UV energy power of 1.4-1.5 mW/cm? for various periods of time. Their
color images of the indicators were recorded by a commercial scanner and the RGB values
were determined from the centered crop area of 50 x 50 pixels by an image-processing
program.
2.4 Preparation of paper-based diacetylene indicator and thermal sensing study

A piece of filter paper (Whatman No.1) (1 x 5 cm?) was dipped in a diacetylene
monomer solution (10 mM) in CH,Cl, and dried in the air for 2 h. Then, the indicators were
irradiated by 254 nm UV light for specific periods of time depended on the time required for
obtaining the maximum blue phase, typically 10 sec to 2 min. The indicators were attached
on the outside of a glass beaker 600 mL filled with 400 mL of water. The beaker was
gradually heated from 30 °C to 90 °C while their color images were monitored by webcam
and the RGB values were determined from the centered crop area of 15 x 15 pixels by an
image-processing program.
Results and discussion

The diacetylene fatty acids i.e. ODDA, NDDA, TCDA and PCDA (Figure 1) were
commercially available. The ethyl-3-amidopropanoate derivatives (EODDP, ENDDP,
ETCDP and EPCDP) and the corresponding diamides (EODDPP, ENDDPP, ETCDPP and
EPCDPP) of the diacetylene fatty acids were synthesized from the carboxyl/amino
condensation between the fatty acids and the mono- and di-B-alanine ethyl esters using 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) and hydroxybenzotriazole hydrate

(HOBLt) as the coupling reagents (Scheme S1). For portable and disposable applications,



paper is a very practical substrate for preparation of colorimetric sensors as it is omnipresent
in white color, inexpensive and easy to be stored, transported and handled [12]. We have
successfully fabricated PDA paper-based sensors by simple dipping filter paper (Whatman
No.1) into the diacetylene monomer solutions (10 mM) followed by UV irradiation [13]. In
this work, after an air dry, the monomer coated paper strips were stored at 4 °C for at least 12
h before their UV sensing properties were studied at 26.5+1.5 °C by irradiation with a 254
nm UV lamp at a power intensity of 1.40+0.05 mW/cm?. At designated time intervals, the
paper strips were removed from the irradiation zone and their colors were recorded by a
photo scanner (300 dpi). The white diacetylenes coated paper initially turned blue or purple
within ten seconds of the irradiation (Figure 2) signifying efficient topopolymerization of the
diacetylene monomers to form the corresponding blue phase PDAs [14]. Extending the UV
exposure time, the blue color changed to red at different irradiation time depending on the
diacetylene structures. It is important to mention here that UV-vis absorption spectroscopy is
not applicable for paper based sensors although it is a standard technique for colorimetric
analysis of transparent samples of PDAs [15]. The related UV reflectance technique also did
not give reproducible measurements for these rough surface samples. We thus opted to use a
commercial photo scanner, which has a capability of wide image area capturing that gave
more reproducible color data.

The RGB color system has been successfully used to analyze digital images of
various colorimetric paper-based sensors [12,16]. The color images of the PDA sensors were
thus converted to the RGB values by an image-processing program. With the numerical RGB
data in hand, we would also like to propose here a method to translate the RGB values for
sensitivity evaluation of the PDA paper-based sensors. The R, G and B values represent the
extent of the red, green and blue components in the image. The values are varied from 0 to

255 that the greater the value is the higher the extent of the hue. For better comparison of the



colorimetric responses, the effects from the background light and color depth were evened
out by using the percentage value of each RGB component calculated according to the
following equation below, instead of its absolute value.
%R (or %G or %B) = (R (or G or B))/(R + G + B)x100

The plot of %R and %B against the UV dose clearly showed the increase of %R in the
expense of %B (Figure 3) while %G remained relatively constant (Figure S17). The small
error bars in the plots confirmed high reproducibility of the indicator preparation and color
measurement.

To apply the RGB values for the sensitivity evaluation, we assigned the UV dose
required at the intersection between %R and %B curves as the color transition UV dose.
According to this assignment, the color transition point corresponds to a purple color. The
diacetylene that turns to this color with less UV exposure dose is more UV sensitive. For
examples, TCDA, ETCDP and ETCDPP required the exposure doses of 780+52 mJ/cm?,
264+32 mJ/cm? and 130+9 mJ/cm?, respectively, that represent the sensitivity order of TCDA
< ETCDP < ETCDPP. The UV doses required for color transition of all paper-based sensors
from all 12 diacetylene monomers were determined (Table S1) and plotted into a bar chart as
shown in Figure 4. Within the series of the same head group, the diacetylenes with shorter
alkyl chain (lower n or m numbers), either between the diyne and carboxyl group or in the
lipid tail, required lower UV doses to cause the blue-to-red color transition indicating their
greater UV sensitivity. The photo-induced thermochromism has been proposed for the blue-
to-red color transition of several PDAs under prolong UV exposure [17]. In thermochromism,
the role of the alkyl side chains on the temperature sensitivity has been attributed to the
increase of their hydrophobic interaction, which in turn stabilizes the m-conjugated backbone
[4,15,18]. We therefore conducted a thermochromism study of the blue PDAs obtained from

all 12 monomers (see supporting information for detail experiments of the thermochromism



study). The blue-to-red color transition temperatures of the PDAs, depicted as the dots in
Figure 4, within each series gave the same trend with the color transition UV doses. The
results suggested that, the photo-induced thermochromism is responsible for the sensitivity
trend of the PDAs with the same side chain head groups observed during the UV irradiation.
Comparing between the series of different head groups, the UV doses required for the color
transition of the fatty acid series (PCDA, TCDA, NDDA and ODDA) are generally greater
than those of the corresponding monopropanamide (EPCDP, ETCDP, ENDDP and EODDP)
and dipropanamide (EODDPP, ENDDPP, ETCDPP and EPCDPP). Interestingly, the
comparison of UV sensitivity between the series is not well correlated with their thermal
sensitivity. For example, the Dblue-to-red transition of EPCDP, a monopropanamide
derivative, was observed at a much lower UV dose comparing with TCDA while both of
them showed very similar color transition temperature. This difference is even more
pronounced when comparing EPCDPP, a dipropanamide derivative, with TCDA; the less
thermally sensitive EPCDPP is more UV sensitive than TCDA. The results demonstrated that
the color transition caused by UV irradiation is not solely driven by the photo-induced
thermochromism. The blue-to-red transition during the UV irradiation of some PDASs has also
been attributed to the conformational change caused by the propagation of the polymer chain
[19]. The orientation and strength of hydrogen bonding among the head groups in the molar
self-assemblies of the diacetylene amido lipids are likely to be quite different from those of
the diacetylene containing carboxylic acid groups. Since the blue-to-red transition of the
amide series is faster in the UV irradiation but not in the heating process, their molecular
assemblies are thus more readily to undergo the conformational alteration during the
topopolymerization process.

Scanning electron microscopy (SEM) of the blue and red PDA coated on cellulose

fibers of the filter paper strips revealed interesting microscopic phenomena. The diacetylene



containing carboxylic acid head group showed PDA film rupture upon the color transition
from blue to red (Figure 5a and d). However, no significant change was observed for the
PDAs obtained from the diacetylene containing mono- and diamide head groups. Similar
results were also observed in the thermochromic color transition (Fig. S25). The rupture
denoted that the blue-to-red color transition was accompanied with a major and sudden

change in the molecular assembly [20]

Conclusion

At room temperature, both photo-induced thermochromism and direct photochromism
cooperate in the UV-induced blue-to-red color transition of the PDAs generated from the
diacetylene lipids containing carboxylic acid and amide head groups. The coarse tuning of
the UV sensitivity was achieved by converting the lipid head group from carboxylic acid to
the amide or diamide, which ably affects the photochromism sensitivity, while the fine tuning
was possible by varying the aliphatic chain length, which progressively affects the photo-
induced thermochromism sensitivity. The conversions of the head groups from the carboxylic
acid to the amide groups alter the intermolecular interaction and orientation in the monomer
assembly. The monomer structures, sensor preparation and evaluation techniques devised in
this work should serve as guidelines for systematic study of solid-state chromic materials

toward the development of economical and reliable colorimetric sensors.
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Fig. 1 Structures of diacetylene fatty acids and diacetylene amidolipids

10 20 30 40 50 60 120 180 240 300 600 900 1800 (sec)

roon NN ENEEE
oo T IR - T
NDDA 1 O D A
oDDA IIIIIIIIIIIII
ercor (060 TN IR SR 1T
evcor 5] T O (0
enoor - (5 R G 0
cooor INIMENENERERS 0
epcor [N I 1
ETCORP Ill!lllllllll
enoor+ [N N I
cooor I N




Fig. 2 The photographs of UV sensing of PDA indicators
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Fig. 3 Plots of %R and %B of paper coated with three representative diacetylenes, (a) TCDA,
(b) ETCDP and (c) ETCDPP, upon UV-irradiation. The plots are the average data obtained

from 3 independent samples with the error bars representing the standard deviation.
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Fig. 4 Bar chart of UV doses required for causing blue-to-red color transition of diacetylene-
based paper sensors comparing to their color transition temperatures (dot). The plots are the

average data obtained from 3 independent samples with the error bars representing the

standard deviation.

Fig. 5 SEM (5 kV) micrographs of filter paper coated with blue PDAs (a) PCDA (b) EPCDP
(c) EPCDPP and red PDAs of (d) PCDA (e) EPCDP (f) EPCDPP. The scale bars represent 5

pm.
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