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Abstract

The topochemical reactivity of diacetylene monomers has long been established and involves
the 1,4-addition polymerization reaction. This reaction is governed by well-defined parameters
that allow the synthesis of diacetylene polymers. Polydiacetylenes are conjugated polymers that
display unique colorimetric and fluorescent transitions when exposed to a range of stimuli,
allowing them to be easily exploited in biosensors, chemosensors, and radiochromic dosimeters.
In this review, we summarize recent work on polydiacetylene systems, focusing on examples
involving 10,12-pentacosadiynoic acid (PCDA) that can be structured as polymerized vesicles,

films, gels, and powders. Synthetic derivatives of PCDA are also reviewed, along with the effect



of incorporating guest molecules to a diacetylene system and establishing the important

relationship between reversible thermochromism and noncovalent interactions.
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Introduction

Diacetylenes are a well-studied class of photoactive compound, with 10,12-pentacosadiynoic
acid (PCDA, Figure 1) as a common example.' Irradiation of PCDA with ultraviolet light, X-rays,
or y-radiation results in photopolymerization to give a polydiacetylene with an alternating ene-yne
backbone.?? This monomer-to-polymer conversion is accompanied by a visible color change from
colorless to blue, with additional perturbations further changing the color of the polydiacetylene

from blue, to purple, to red, to yellow, and sometimes green depending on the polymer



conformation and ordering, and hence extent of delocalization of the conjugated backbone.*¢
Diacetylenes undergo topochemical photopolymerization not only as crystalline solids, but also in
semi-ordered media such as liquid crystals,” thin films,'*!® vesicles,'*!® and gels.'”"!” The
chromic properties of the resulting polydiacetylenes are typically exploited in dosimeters,

biosensors, and chemosensors.?%2?
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Figure 1. The structure of monomeric PCDA.

The first report of topochemical reactivity in the solid state was in 1964 by Schmidt and
coworkers who investigated the [2+2] cycloaddition of trans-cinnamic acid polymorphs.?*~2® From
extensive crystallographic and photochemical studies, Schmidt formulated the topochemical
postulate which states that the carbon-carbon double bonds must be separated by a maximum
distance of 4.2 A for polymerization to be successful.?’ Five years after the postulate was described
for alkene systems, Wegner reported the first example of diacetylene polymerization in the solid

28.29 with Enkelmann proposing strict criteria for diacetylene reactivity in 1984 (Scheme 1).*°

state,
Enkelmann’s conditions suggest that adjacent diacetylene monomers react at a distance less than
or equal to the van der Waals contact distance (d) of 3.8 A, with a translational period repeat
spacing () of 4.9 A or less, along with the monomers at an orientation angle (#) to the crystal axis
at 45°.3° These parameters for diacetylene polymerization aid in understanding the importance of
molecular organization in the topochemical reaction.’!: 3> There are two possible mechanisms
responsible for the topochemical polymerization of a diacetylene, known as the ‘turnstile’ and

‘swinging gate’ mechanisms, outlined in Figure 2. In the turnstile mechanism, when the monomers

are exposed to radiation or heat, they pivot approximately 1 A around the centroid of the



diacetylene at 30° to bring carbon atoms C1 and C4’ together to create a new bond.>* This
mechanism is most favored for disubstituted diacetylenes,**-*¢ while the swinging gate mechanism
is typical for terminal diacetylenes.?’ In the swinging gate mechanism, the monomers pivot at C4’

(with the R-group remaining stationary) allowing the C1 to move approximately 3 A to join the

rest of the polymer.> 34
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Scheme 1. Parameters required for the topochemical polymerization of diacetylene monomers to
result in a polydiacetylene. The C1-C4’ distance (d) of the monomers must be <3.8 A, and within

the translational repeat distance () of <4.9 A, with a tilt angle (6) of 45 °. Scheme reproduced

from reference 38.
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Figure 2. A simplified illustration of the two possible mechanisms of diacetylene polymerization.

Diacetylene Topochemistry

There is an abundance of diacetylene crystal structures in the literature, with some of the earlier

structures arising from work by Enkelmann, that includes two bis(N-phenylcarbamate) diacetylene



(DA-mPhC) structures that only differ by an alkyl spacer length (m) of one carbon atom in DA-
1PhC (Figure 3) and four carbon atoms in DA-4PhC.* Both structures photopolymerize, as the
inter-alkyne distances are 3.65 and 3.53 A,* respectively, and are within the topochemical
postulate of 3.8 A.>* Monomer crystals of bis(N-phenylcarbamate) with a five (DA-5PhC) and six
(DA-6PhC) alkyl spacer groups have also been structurally characterized, with inter-alkyne
distances of 5.20 A and 3.57 A, respectively.*® The large carbon-carbon distance of DA-5PhC is
out of the range for topochemical reactivity, and as a result, the compound does not polymerize.*’
The topochemical parameters of DA-5PhC indicate that alkyl spacer length has an impact on how
the diacetylenes react in the solid state. It has been reported that the physical properties of similar
compounds can be dictated by whether there is an odd or an even number of methylene spacer

groups in the spacer.**! The angle between the diacetylene and stacking axis in DA-5PhC is also

vastly different from the topochemical criteria for diacetylene reactivity, at an angle of 69.3°.40

Figure 3. The X-ray structure of DA-1PhC.*

A different diacetylene crystal structure 4-(hexadeca-1,3-diyn-1-yl)benzoic acid that has no
methylene spacer between the diacetylene moiety and the benzoic acid head group, proves to be

outside of Enkelmann’s parameters for topochemical reactivity, however, the material still



photopolymerizes (Figure 4).*> The C1-C4’ contact distance on adjacent diacetylene moieties is
reported to be 4.41 A,* although a C2-C3’ contact distance of 4.03 A was identified. These
observations show that exceptions to the postulate are possible.’* 4> 43 Polydiacetylene crystal
structures have also been reported in the literature, including a polymer structure of poly(1,2-
bis(phenylaminomethyl)-but-1-em-3-ynyl) (Figure 5), with complete monomer-to-polymer
conversion obtained by thermal annealing at temperatures below the monomer melting point (no

monomer crystal structure is available).**
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Figure 4. The X-ray structure of 4-(hexadeca-1,3-diyn-1-yl)benzoic acid with adjacent reactive
groups outside of the range for topochemical reactivity, though still photopolymerizes in response

to radiation.*?



Figure 5. The structure of the polydiacetylene poly(1,2-bis(phenylaminomethyl)-but-1-en-3-

ynyl).*

Diacetylene Cocrystals and Salts

In terms of diacetylene cocrystals, acetylene gas itself has been cocrystallized with a wide range
of small molecule coformers by condensing acetylene into quartz capillaries that already contain
the coformer.* Diacetylenes have also been cocrystallized in more complex systems. For instance,
a host-guest cocrystal approach has been used to design a hydrogen bonded network of a ureylene
dicarboxylic acid host with 1,6-bis(4-pyridylcarboxylato)hexa-2,4-diyne guests (Figure 6).*° The
host molecules are able to control the intermolecular spacing of the substituted diacetylene guest
through the utilization of the pyridine-carboxylic acid OH:--N and amino-carboxylic acid NH---O
hydrogen bond synthons.*’ In this cocrystal system, the carbon-carbon triple bonds of the
diacetylenes are separated by a distance of 3.94 A with an orientation angle of 56.3 °, which is
outside the values for topochemical polymerization, however, the translational period repeat
spacing is within the polymerization range, at 4.71 A.% Though this system is not topochemically
reactive, the host molecule can be fine-tuned to design a system that allows the diacetylenes to be
within the distance for reactivity. Another host-guest cocrystal system involves a 1,5-bis(4'-
pyridyl)ureylene host with a deca-4,6-diyne-1,10-dicarboxylic acid guest in a hydrogen-bonded
network (Figure 7).* In this system, adjacent diacetylenes stack with a reactive inter-alkyne
distance of 4.06 A and an orientation angle relative to the translation axis of 61.0°. These values
are outside of the range for polymerization, though the translation repeat distance is within the

criteria at 4.63 A. Even though polymerization does not occur, a host-guest strategy for



cocrystallization is a creative way to control and manipulate the reactivity of a diacetylene

systems.*6- 48

c4

Figure 6. The X-ray structure of a ureylene dicarboxylic acid molecule interacting with 1,6-bis(4-
pyridylcarboxylato)hexa-2,4-diyne by OH---N hydrogen bonds, with intermolecular NH---O

hydrogen bonds forming urea tapes from the ureylene dicarboxylic acid portion of the cocrystal.*
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Figure 7. The X-ray structure of 1,5-bis(4'-pyridyl)ureylene and deca-4,6-diyne-1,10-dicarboxylic
acid, joined by OH---N hydrogen bonds, with intermolecular NH:--O hydrogen bonds forming

urea tapes between 1,5-bis(4'-pyridyl)ureylene molecules.*®

Other examples of diacetylenes cocrystallized in a host-guest matrix involve the ability of N,N’-

bis(pyridine-4-ylmethyl)oxalamide to control the reactivity of the terminal diacetylene penta-2,4-



diynyl 3,5-dihydroxybenzoate (Figure 8A).3” The resulting structure is a triple helix of alternating
diacetylene and oxalamide molecules, with the diacetylene motif in the center of the helix.?’ The
acetylenic C1-C4’ intermolecular distance is 3.64 A and conforms to the topochemical postulate
for reactivity.’’ As a result, after heating at 150 °C for 24 hours the diacetylene cocrystal
polymerizes to give a cocrystal polydiacetylene structure, with the translational repeat distance

shortening from 5.09 A to 4.93 A in the polymer (Figure 8B).>’

Figure 8. A) The X-ray structure of the terminal diacetylene penta-2,4-diynyl 3,5-
dihydroxybenzoate  cocrystallized with an oxalamide host, N,N’-bis(pyridine-4-
ylmethyl)oxalamide. B) The polymerized cocrystal of penta-2,4-diynyl 3,5-dihydroxybenzoate
and N,N’-bis(pyridine-4-ylmethyl)oxalamide, showing the ene-yne bonds of adjacent reactive

groups.’’

In addition to host-guest systems, bispyridyl diacetylenes have been cocrystallized with
oxalamide derivatives with different length spacer chains. Eight such cocrystal structures were
reported in a single publication by Curtis and coworkers.* The two bispyridyl diacetylenes are

1,4-bis(3-pyridyl)buta-1,3-diyne®® and  1,4-bis(4-pyridyl)buta-1,3-diyne®®  and  before



cocrystallization, their closest C1-C4’ intermolecular distances are 4.48 A and 4.52 A, which are
outside the ranges for topochemical reactivity.*” When the diacetylene hosts are combined with
varying oxalamide guests such as N,N'-oxalyldiglycine, oxalamide-N,N'-bis(3-propionic acid),
oxalamide-N,N'-bis(5-pentanoic acid), and oxalamide-N,N'-bis(6-hexanoic acid), only the
cocrystal of 1,4-bis(4-pyridyl)buta-1,3-diyne and N,N'-oxalyldiglycine is able to polymerize
(Figure 9).* In this instance, the inter-alkyne distance is 3.62 A, with a repeat distance of 4.93 A

and an orientation angle of 47.7°.* No other combination of the bispyridyl diacetylene and

9

oxalamide cocrystal underwent polymerization.*

Figure 9. The X-ray crystal structure of 1,4-bis(4-pyridyl)buta-1,3-diyne and N,N'-

oxalyldiglycine.*

Additional cocrystal systems involve the use of light-stable host molecules and light-sensitive
guest molecules that crystallize as two different isomers that dimerize upon UV irradiation. An
example is the cocrystallization of 1,1,6,6-tetraphenyl-2,4-hexadiyne-1,6-diol and bis(isoquinolin-
3(2H)-one, which crystallizes in a monoclinic C2/c polymorph 1 (Figure 10A) and in an
orthorhombic Pbcn polymorph 2 (Figure 10B).>? Though the diacetylene hosts in the cocrystals

are separated by too great a distance to polymerize, the isoquinolone guest is able to dimerize upon

10



exposure to radiation, as the carbon double bonds are separated by 3.71 A (Schmitt’s postulate
suggests <4.2 A).2%>2 Polymorph 1 yields two identical isoquinolone isomers, while polymorph 2

also yields the same isomer as polymorph 1, and an additional isomer, which is related by an

).52

inversion center (Scheme 2

Figure 10. The X-ray structures of A) polymorph 1 B) polymorph 2 of 1,1,6,6-tetraphenyl-2,4-

hexadiyne-1,6-diol and bis(isoquinolin-3(2H)-one.>
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Scheme 2. The dimerized bis(isoquinolin-3(2H)-one isomers formed after irradiation of

polymorph 1 and polymorph 2.3
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The importance of topochemistry has been shown by Goroff and coworkers through 1,4-di-
iodobuta-1,3-diyne cocrystals with bis(3-pyridylmethyl)oxalamide (Figure 11).* A hydrogen
bond network is formed between neighboring oxalamide molecules, consisting of O---NH
hydrogen bonds, along with N---I halogen bonds between the pyridyl nitrogen of the oxalamide,
and the iodine atom of the diiodoalkyne at a distance of 2.83 A. Both hydrogen bonds and halogen
bonds contribute to the control of the alignment of the diacetylene moiety. However, the
intramolecular C1-C4’ distance is greater than the desired value, at 3.90 A, along with a greater
value for the repeat distance of the diacetylene units, at 5.11 A, and a tilt axis of 51 °. All of these
values contribute to the fact that the diacetylene monomer units do not topochemically react when
exposed to radiation.>® A para derivative of bipyridyl oxalamide was also synthesized, bis(4-
pyridylmethyl)oxalamide, and cocrystallized with diiodobutadiyne, though still, the parameters for

topochemical polymerization remain outside of the necessary range.>

Figure 11. The halogen-bonded cocrystal of 1,4-di-iodobuta-1,3-diyne and bis(3-

pyridylmethyl)oxalamide.>

Other diiodobutadiyne cocrystals involve N,N’-bis(4-cyano)oxalamides with different length

spacer groups in a further attempt to customize the topochemical reactivity. For example, N,N’-

12



bis(4-cyanopropyl)oxalamide and 1,4-di-iodobuta-1,3-diyne forms a cocrystal that becomes dark
and decomposes at room temperature without any evidence of polymerization (Figure 12).>
However, bis(4-cyanobutyl)oxalamide does polymerize,> even though the C1-C4’ distance is
slightly greater than the distances suggested by the topochemical postulate, at 3.88 A (Figure 13).%*
In the monomeric cocrystal structure, the iodine atoms of 1,4-di-iodobuta-1,3-diyne are either
halogen bonded to nitrile nitrogen atoms or oxygen atoms belonging to the oxalamide group.>*
Hydrogen bonds also form between molecules of bis(4-cyanobutyl)oxalamide, via the NH---O
supramolecular synthon.>* Cocrystals of bis(4-cyanopentyl)oxalamide and 1,4-di-iodobuta-1,3-
diyne also polymerize, though the X-ray coordinates could not be determined for both the
monomeric and polymeric structures.>* In conclusion, the effect of different length alkyl spacer
groups can drastically change the topochemical parameters for diacetylene cocrystal
polymerization. In this instance, the main difference between the cocrystals that do and do not
polymerize are the number of hydrogen bonding interactions, which contribute to the control of

the diacetylene units.

Figure 12. The X-ray structure of N,N’-bis(4-cyanopropyl)oxalamide and 1,4-di-iodobuta-1,3-

diyne which does not undergo topochemical polymerization.>*

13



Figure 13. The X-ray structure of N,N’-bis(4-cyanobutyl)oxalamide and 1,4-di-iodobuta-1,3-

diyne, which is able to topochemically polymerize.>*

Diacetylene salts, typically as ammonium salts, have been reported. For example, 1-
naphthylmethylammonium octa-2,4-diynoate contains a network of NH---O hydrogen bonds
(Figure 14).°® However this salt does not meet the criteria for topochemical polymerization as the
closest inter-alkyne distance is 4.97 A, the translational distance is 7.72 A and the tilt angle is only
31°.5® However, a derivative of this material, 1-naphthylmethylammonium nona-2,4-diynoate,
readily undergoes polymerization in the solid-state in response to UV and y-radiation.® The
topochemical parameters for this salt are ideal for polymerization as the inter-dialkyne distance is

3.66 A, the translational distance is 4.88 A, and the tilt angle is 47°.¢
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Figure 14. The X-ray structure of 1-naphthylmethylammonium octa-2,4-diynoate.*®

The solid-state polymerization of 4,4'-butadiynedibenzylammonium disorbate has also been
described.’” °® However, the diacetylene portion of the salt does not polymerize, rather it is the
diene moieties that are separated by 5.33 A, with a monomer repeat distance of 4.88 A and a tilt
angle of 60 ° that react. These parameters are within the diene reactivity criteria (Figure 15).%”>%
The X-ray structure of the 4,4'-butadiynedibenzylammonium disorbate polymer shows

polymerization of the diene units as expected, with a shortened repeat distance when compared to

the monomer, at a distance of 4.82 A (Figure 16).°’
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Figure 15. The X-ray structure of 4,4'-butadiynedibenzylammonium disorbate.>’

Figure 16. The X-ray structure of poly(4,4'-butadiynedibenzylammonium disorbate).>’

PCDA Salts and Cocrystals

As PCDA is one of the most commercially used diacetylenes, the X-ray structure of PCDA has
only recently been reported,® likely due to its known photosensitivity to ionizing radiation. The
structure of PCDA centrosymmetric with a head-to-head bilayer arrangement with the alkyl chains
adopting an anti-conformation (Figure 17).%° As expected, all three of the topochemical criteria

are met, with C1-C4> distance and translational repeat distance of 3.712(1) A and 4.574(1) A,
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respectively. The tilt angle of the PCDA monomers relative to the translational axis is also within

the desired value at 44.7°.%°

Figure 17. The X-ray structure of photosensitive monomeric PCDA.%

The crystal engineering of solid state structures can play a large role in diacetylene reactivity.5!
Salt formation and cocrystallization of pharmaceutical drugs can significantly change their
properties,®? this concept can also be applied to how diacetylenes respond to external stimuli. For
instance, salts of PCDA with short-chain amines such as diethylamine and n-butylamine, along
with a bifunctional linker, 4,4’-bipiperidine, have been studied.®® The X-ray structure of PCDA-
diethylamine reveals a salt cocrystal with an additional neutral molecule of PCDA (Figure 18) and
has a C1-C4’ inter-alkyne distance of 3.78 A, a translational repeat distance of 4.64 A, and a tilt
angle of 41.9 ° — all values which are within the postulate for reactivity.®® Additionally, the
structure of PCDA-butylamine shows a simple 1:1 stoichiometry (Figure 19) with a C1-C4’
distance of 3.78 A, a translational repeat distance of 4.59 A and a tilt angle of 43.7 °, which are all
values within the optimum range for reactivity.®® The 2:1 X-ray structure of PCDA-bipiperidine
(Figure 20) has desirable values for the C1-C4’ distance (3.76 A) and the tilt angle (24.1 °) that
are within the postulate, however, the translational repeat distance is too large for any
photoreactivity to occur at a distance of 5.58 A.°® The photoreactivity of PCDA and its powdered
salts in response to UV irradiation (254 nm) can be observed in Figure 21. The striking visual
differences between the powdered salts further reinforces the importance of the topochemical

postulate as a prediction tool for the reactivity of diacetylenes.
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Figure 18. The X-ray structure of a PCDA with a diethylammonium cation and a neutral molecule

of PCDA.%

Figure 19. The X-ray structure of a 1:1 PCDA and a butylammonium cation.*’
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Figure 20. The X-ray structure of a PCDA with a bipiperidinium cation in a 2:1 stoichiometry,

respectively.®

Om 5m 30 m 60 m 90 m

Figure 21. The UV irradiation (254 nm) studies for different durations of A) PCDA, B) PCDA-
diethylamine 2:1 salt cocrystal, C) PCDA-butylamine 1:1 salt cocrystal show the darkening of
each powder sample with irradiation time, whereas D) the 2:1 salt cocrystal PCDA-bipiperidine
only changes slightly due to residual PCDA in the sample. Figure adapted with permission from

reference 60.

Metal salts of PCDA are also important in dosimetry, with the lithium salt of PCDA (Li-PCDA)

used as the photosensitive component in GAFchromic EBT films. Recently, two solid forms of Li-
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PCDA have been discovered — a monohydrate and an anhydrous form.*® The anhydrous form
displays an enhanced photoresponse when compared to the monohydrate, however, the anhydrous
form is more difficult to process and so the radiochromic films are based on the monohydrate form
of Li-PCDA..*® Heating the films to 100 °C for one hour can convert the monohydrated form to the
anhydrous form.*® Though no X-ray structures of either Li-PCDA form were obtained,
characterization suggests the water molecule is coordinated to the lithium ion in the monohydrate,
and both forms have a chelating bridging bidentate coordination mode of the carboxylate ligands.>®
Additionally, the two forms must adhere to the postulate due to their obvious photoreactivity.
Another alkali metal salt of PCDA, Na-PCDA, was synthesized by mechanical grinding to give an
ionic cocrystal with a formula of Na"PCDA-3PCDA. The PCDA and PCDA™ ligands display
monodentate and bridging bidentate coordination to the sodium ion, in contrast to the coordination
sphere of the Li-PCDA forms.*® However, Na-PCDA is photostable in contrast to its lithium
analogues as the topochemical parameters do not adhere to the postulate (C1-C4’ distance = 4.25

A, tilt angle = 33.0 °, translational repeat distance = 4.05 A (Figure 22).%

20



C4;

Figure 22. a) The X-ray structure of Na-PCDA. b) An enlarged section of Na-PCDA head groups
to show the hydrogen bonds between PCDA acid ligands and the salt ligands (with a disordered

proton). Figure adapted from reference 38.

Known PCDA cocrystals include coformers such as 4,4’-azopyridine (Figure 23), 4,4’-bipyridyl,
and trans-1,2-bis(4-pyridyl)ethylene (Figure 24) have been cocrystallized with PCDA in a 1:2
stoichiometry, respectively.®® In each case, all three cocrystals have two out of the three ideal
parameters for the 1,4-addition polymerization of PCDA. However, as the desired translational

repeat distance value is not met for each cocrystal, they are not photoresponsive.

Figure 23. The X-ray structure of PCDA cocrystallized with 4,4’-azopyridine, with the diacetylene

portion of the cocrystal adopting an anti-conformation, analogous to PCDA itself.®
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Figure 24. The X-ray structure of PCDA cocrystallized with 4,4’-bipyridyl, which is isostructural
to PCDA and trans-1,2-bis(4-pyridyl)ethylene. The diacetylene substituents of the cocrystal adopt

a syn-conformation compared to PCDA-azopyridine and PCDA itself.%

Another PCDA cocrystal system involves the successful cocrystallization with melamine
(MA).®® The cocrystals were synthesized in a two-step process involving the co-assembly of
PCDA and MA in water by a non-covalently connected micelle method (NCCM), and the
annealing of the co-assembly at the melting point of PCDA (approx. 65 °C) for 6 hours but lower
than the melting point of the cocrystals (87 °C) (Figure 25).%® The hydrogen bond in the cocrystal
is between the carboxylic acid OH group of PCDA and an amine nitrogen atom of MA,
alongsidearomatic stacking that is present between neighboring layers of MA.%® The presence of
numerous noncovalent interactions within the polymerized cocrystal stabilize it and allow for the

reversible thermochromism that is displayed when heated from 25 — 90 °C.%
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PDA/MA nanocomposite nanoribbons
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Figure 25. The preparation process for PCDA-MA cocrystals. Reproduced with permission from

reference 63.

Optical and Electronic Properties of Polydiacetylenes

The monomer-to-polymer transition of diacetylenes is accompanied by a color change from
colorless to blue, due to the formation of a conjugated ene-yne chromophore. The blue color arises
from m-n* transitions in the ordered, conjugated chain with the efficiency of the reorganization
controlling the degree of polymerization of the diacetylene monomers.** The color of the
photoproduct can be further influenced by factors such as extended heating, pH change,
mechanical stress, ligand-receptor interactions, and treatment with organic solvents. Additional
stimuli upon the polydiacetylene applies strain within the structure, causing it to distort and give a
blue (absorption maxima ~640 nm) to red (absorption maxima ~500 nm) chromic shift, which
correspond to different chain conformations and ordering.®® The different chain conformations are
caused by segmental rearrangement within the polydiacetylene assembly to alleviate strain through
rotations around the C-C bonds.®® These C-C rotations break the planarity of the backbone, which
disrupt the delocalization of the & electrons of the conjugated chain, and therefore, reduces the n

orbital overlap so that the HOMO-LUMO energy gap is widened to allow the polydiacetylene to
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absorb light at a higher energy.®’"° Calculations suggest that a rotation of only 5 degrees is required
to change the © orbital overlap and shift the color of the polydiacetylene from blue to red, which
correlates to a planar structure adopting a non-planar conformation with rotated and/or distorted
side chains.”'7* Figure 26 shows the chromic properties of the blue-to-red chromic shift in

response to a difference in the conjugation of the polydiacetylene chain.®

Figure 26. The chromic properties of polydiacetylenes caused by the rotations around the C-C

bonds. Reproduced from reference 65.

Understanding the mechanism of the chromic changes of polydiacetylenes is imperative to
control polydiacetylene-based colorimetric sensors. The control and interfacial properties of the
order-disorder transition of PCDA vesicles when irradiated has been explored, through the
adsorption behavior of probe material ((4-(4-diethylaminostyry)-1-methylpyridinium iodide) on

the vesicle surface.””

Surface-specific second harmonic generation and zeta potential
measurements show that the order-disorder transition largely involves the gradual distortion of the
carboxyl terminated chains driven by backbone perturbation (Figure 27).”° Additionally, as UV
irradiation time increases, the adsorption and chain-chain interactions between the probe molecule

and the surface of the vesicles become weaker, resulting in a decrease in adsorption density of the

probe molecules as UV irradiation increases.’”> This result suggests that as the duration of UV
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irradiation increases, structural changes occur that reduce conjugation and the planarity of the

polydiacetylene through distorted side chains.

UV irradiation time

Monomer Blue phase Purple phase Red phase

Figure 27. A model illustrating the movement of the carboxyl terminated chains from monomer to
polymer forms, in the presence of probe materials on the PCDA vesicle surface. Figure reproduced

with permission from reference 75.

The Effect of Extended Heating on PCDA Polymer Properties

Since the first report of the color-changing properties of polydiacetylenes in response to heat in
1976,7® thermochromism has become an important property for many functional materials, with
thermochromic liquid crystals and leuco dyes as some of the more popular examples.”” 78
Thermochromism in diacetylenes, especially PCDA, has been extensively studied and potential
sensing applications include electrothermochromic displays,” counterfeiting detection,®
printable®! and microfluidic®”> thermal sensors, and smart textiles.> PCDA itself exhibits
irreversible thermochromism, though if monomeric or polymeric PCDA is modified in any way,

this can dramatically influence the color exhibited and the reversibility of its color changes.

Vesicles containing only polymeric PCDA were heated to above 55 °C, an absorption band at
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approx. 540 nm (red) grows while the band at approx. 620 nm (blue) simultaneously decreases.?*
When the PCDA vesicles were heated to around 65 °C, only the red species is observed (Figure
28).84 35 The thermochromic transition temperatures of polymeric PCDA are very close to the

melting temperature of monomeric PCDA, which is also around 65 °C.%
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Figure 28. The UV-Vis absorbance spectra of PCDA heated from 21.2 — 65.8 °C. Figure

reproduced with permission from reference 84.

An example of the thermochromic properties of PCDA changing when in a modified
environment is illustrated in a study involving the nanocomposites of PCDA intercalated with low
molecular weight (10,000 g/mol) polyvinylpyrrolidone (PVP).%¢ This nanocomposite system
provides a reversible blue-to-purple color change up to temperatures of 90 °C, with the color
transition occurring at around 85 °C.% The PCDA color transition temperature is high compared
to polydiacetylenes with shorter alkyl chains to PCDA, which illustrates greater interactions within
the PCDA nanocomposite system.®* 8587 Similar results were found in films of PCDA and PVP
that were heated to temperatures of 30, 50, 65 and 85 °C.%® Differential scanning calorimetry

(DSC) thermograms of the heated films suggest that the films do not display reversible
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thermochromism as PCDA is unable to reach its melting point (~ 65 °C) and diffuse into the
surrounding PVP chains. However, the film heated to 65 °C has a high melting point of 75 °C and
exhibits reversible thermochromism due to the intercalation of PCDA and PVP by hydrogen
bonding in a “bricks and mortar” fashion (Figure 29). Surprisingly, the film heated to 85 °C melts
at only 47 °C which suggests poor crystalline packing and an insight into its lack of its

photoreactivity, as the 85 °C heated film was unresponsive to 254 nm of UV exposure, unlike the

88

other films which polymerized without resistance.

“bricks and mortar”
Reversible morphology
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Figure 29. An illustration of the “bricks and mortar” analogy to explain the differences between
reversible and irreversible thermochromism shown by films of PCDA and PVP. Polydiacetylene

is abbreviated to ‘PDA’. Reprinted with permission from reference 88.

Changes in the environment of PCDA also alters its thermochromic behavior. The color-change
properties of films consisting of layers of PCDA monomer crystals intercalated with metals 1ons,

in response to heating and cooling studies has been explored.®” When the films were heated to 60
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°C, thermal motion of the alkyl portion of PCDA is observed, regardless of the type of guest used.*
However, when further heat (150 °C and 200 °C) is applied to the PCDA films containing divalent
nickel and zinc respectively, a range of colors are observed, from an irreversible blue-to-yellow
thermochromism with films of PCDA-Ni*" (Figure 30c), and a reversible blue-to-purple-to-red

thermochromism exhibited by PCDA-Zn*" (Figure 30d).%
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Figure 30. The temperature control (a) of the temperature-induced color changes of films
containing PCDA (a color transition temperature (Tus) of 65.4 °C) (b) and PCDA-Ni** from 25 °C
— 150 °C (Tus 77.9°C) (c¢), and PCDA-Zn** from 25 °C — 200 °C (Tus 113.7 °C) (d). Figure adapted

with permission from reference 8§9.

In situ X-ray diffraction (XRD) measurements were undertaken to assess the differences in
crystallinity of the metal ion films before and after heat treatment. The XRD patterns of PCDA-
Ni?* changed considerably when heated above 100 °C and the original pattern could not be
obtained on cooling, suggesting a strong link between visual irreversible thermochromism and the
internal structure of the film.%® In contrast, PCDA-Zn?' visually exhibits reversible

thermochromism, and the in situ XRD pattern displays no differences before and after heating,
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suggesting that the internal structure has not become strained to a high degree and subsequently
allows for the electronic properties of the polydiacetylene backbone to be regained.®’ In summary,
the XRD experiments reveal that the PCDA films with intercalated metal ions within the layers
change in three stages. Firstly, in both PCDA-Ni** and PCDA-Zn?", there is evidence of the
thermal motion of the alkyl chains when the films are heated to 60 °C. Secondly only the PCDA-
Zn*" film displays torsion of the polydiacetylene backbone to show a color change above 100 °C.
Finally both PCDA-Ni* and PCDA-Zn?" films become deformed with conformational changes,
resulting in a lower crystallinity when heated to above 140 °C.*° The differences in the behavior
of the two films can be attributed to the different metal ions present between the organic layers
changing the behavior of PCDA through the rigidity of the ions in the layered structure.®
Additional work on PCDA films involves the effect of PCDA derivatives on their thermochromic
properties.®” By incorporating aromatic head groups to PCDA such as the 3-aminobenzoic acid
derivative (PCDA-mBzA) and 6-amino-2-naphthoic acid compound (PCDA-NPA), the
polydiacetylenes exhibit reversible thermochromism rather than the typical observed irreversible
process.®” The increasing size of the PCDA derivatives also affects how the monomers pack in the
solid state, and as a result, their color and the response time of the film to heat.” The morphology
of the polydiacetylenes also changes with the different head groups. When PCDA is structured as
a vesicle, it obtains a spherical morphology, while PCDA-mBzA exhibits large rod-like shape
assemblies (suggesting high molecular order), in contrast to PCDA-NPA which exists in large
irregularly shaped particles.®” These findings suggest that an increase in the head group size
changes the packing parameter of the surfactant molecules, which dictates the morphology of
polydiacetylene assemblies.®”-°° The addition of aromatic groups to PCDA enhances the inter- and

intramolecular interactions between polymerized layers to allow reversible thermochromism up to
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temperatures of 220 °C for PCDA-mBzA and 180 °C for PCDA-NPA, with polydiacetylene films
ranging in color from blue, to purple, to red, until the films become yellow and exhibit irreversible
thermochromism at higher temperatures (230 °C for PCDA-mBzA and 190 °C for PCDA-NPA).%’
It was also found that dried films containing the different polydiacetylenes gave an enhanced

colorimetric response compared to the same polydiacetylenes suspended in aqueous solution.®’

The Importance of Hydrogen Bonds in Reversible Thermochromism

The process of reversible thermochromism is largely dependent on non-covalent interactions,
such as hydrogen bonding, van der Waals forces, and z-x stacking.*>*** However, hydrogen bond
interactions are the strongest and most important type of non-covalent interaction for
thermochromic reversibility, as they allow the material to exhibit reversible thermochromism in a
wider temperature range.”>®” Monomeric PCDA displays irreversible thermochromism at
temperatures above 65 °C due to the increased thermal motion and consequent weakening of the
hydrogen bond as temperature increases. Modification of the PCDA carboxylic acid head group
can result in reversibility as a result of enhanced hydrogen bonding interactions by incorporating
amine groups or changing the position of the carboxylic acid group on an aromatic ring to allow

42,67.94.98 A study involving vesicles containing polymeric

for intermolecular hydrogen bonding.
PCDA derivatives prove that hydrogen bonding is important for thermochromic reversibility and
exhibits blue-red and red-blue color transitions.’® The PCDA derivative that exhibited the strongest
reversibility to 100 °C heat for three minutes in this study was a diacetylene with a terminal 3-
aminobenzoic acid (mBzA) group. The link between hydrogen bonding and reversible

thermochromism exists due to strong head group interactions reducing the strain on the conjugated

backbone when exposed to heat, which ultimately prevents the permanent distortion of the chain

30



when the polydiacetylene is cooled.” Figure 31 illustrates the z-7 stacking and carboxylic acid
and amide hydrogen bonding in PCDA-mBzZA that allow the polydiacetylene to adopt its original
blue coloration before heat treatment.”> Although PCDA-mBzA shows thermochromic
reversibility when compared to PCDA, the mBzA derivative of another diacetylene, 10,12-

tricosadiynoic acid (TCDA) displayed enhanced reversibility when compared to PCDA-mBzA %
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Figure 31. The intermolecular forces of PCDA-mBzA. Black dashed lines indicate hydrogen

bonding, while red hashed lines indicate - stacking. R = C12Hze.

Another study focusing on the thermochromic reversibility of PCDA-mBzA also investigated
the importance of hydrogen bonds in the PCDA-mBzA films upon heating by the adsorption and
desorption of cadmium(II) ions.'® The adsorption of Cd** onto the film surface breaks the outer
carboxylic O-H---O hydrogen bonds while keeping the amide N-H:--O hydrogen bonds intact.!®
The removal of the carboxylic hydrogen bonds is due to the formation of a carboxylate salt of
PCDA-mBzA which results in the film displaying irreversible thermochromism.!%’ The desorption
of Cd*" allows the PCDA-mBzA film to partially regain its thermochromic reversibility through

the recovery of the carboxyl hydrogen bonds, which is displayed by a visible blue-to-red transition

upon heating and a red-to-blue transition on cooling.!'® Therefore, the use of metal ions in
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polydiacetylene films is a useful way to adjust the thermochromic properties for the required
application.

A well-known class of molecules known for their hydrogen bond forming capabilities are ureas,
and when incorporated into a PCDA analogue, 10,12-docosadiynoic acid (DCDA) are able to
provide excellent reversible thermochromic properties up to temperatures of 200 °C when
appended with hydrophilic polyethyleneglycidyl moieties (Figure 32).8! The reason for the
impressive thermoreversibility is due to the bisurea tape formation that forms hydrogen-bonded
networks throughout the polydiacetylene.®! The substituted DCDA monomer can be transferred to
paper substrates as ink and will photopolymerize from clear to blue when irradiated. Moreover the
system exhibits a range of colors from blue, purple, red and yellow upon heating to different
temperatures.®! A system with PCDA and a combined acetylurea group displays thermochromic
reversibility up to temperatures of 150 °C.!°! The melting temperature of the polydiacetylene plays
a large role in the thermochromic reversibility. In reversible thermochromic systems, if the sample
is heated to greater than its melting temperature, then it is likely that the transition from reversible

to irreversible thermochromism will occur. % 192
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Figure 32. The hydrogen bonded networks of a DCDA urea PEG derivative. The green box shows
the region responsible for polymerization, while the urea tapes in the blue box enhances self-

assembly, and the region in the red box increases the water compatibility of the molecule.
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Thermochromism has also been observed in conductive fibers comprised of aligned carbon
nanotubes dip-coated with a PCDA derivative and an attached alternating glycine-alanine peptide
segment with a terminal tyrosine group (GAGAGAGY; Figure 33).!% However, unlike most
thermochromic studies with PCDA, the apparent thermochromism was not observed by direct heat,
but through the application of electrical current to the fibres.!*® Milliseconds after the application
of the electric current, a blue-to-red color change was observed and then a red-to-purple transition.
The response time of the fiber is correlated with the applied current.!® Upon cooling for only 20
seconds, the fibers returned to their original blue color, and even after 1000 cycles of current,
scanning electron microscopy revealed that the fibers remained unchanged.!®® The impressive
reversible thermochromism of the fibers are due to the multiple hydrogen bonds that are able to

form from the peptide portion of the polydiacetylene between adjacent molecules.!*
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Figure 33. The molecular structure of monomeric PCDA modified with a peptide sequence.

Thermochromism has also been recognized in cyclic dipeptides (CDP) containing a PCDA
derivative in which the PCDA is covalently bonded to (35)-3-(hydroxymethyl)-piperazine-2 5-
dione via an ester linkage.'** The CDPs have a cis-amide functionality consisting of two hydrogen
bonding acceptors and donors which allows for strong intermolecular bonding with adjacent
CDPs.!% Additionally, the chiral center of the head group allows helical packing to self-assemble
into bilayers which transform into either single-wall or multiwall structures (Figure 34).!% These
hydrogen-bonded supramolecular assemblies exhibit blue-to-red reversible thermochromism even
after ten consecutive heat cycles from 25 — 90 °C, thereby adding to the list of thermally responsive

functional materials that contain PCDA.'%
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Figure 34. The self-assembly of CDP-PCDA nanotubes into bilayers leading to tubular structures

of either single wall structures or multi-wall nanotubes. Reprinted with permission from 104.

The Effect of pH on PCDA Polymer Properties

The stability of PCDA films in response to pH changes can be modified, depending on the
temperature at which the film was polymerized. Research into multi-layered Langmuir-Schaefer
films of polymerized PCDA have been prepared at the air/water interface by irradiation with 254
nm UV radiation at 25 °C and 50 °C.'% The polymerized films were treated with different pH
levels ranging from pH 2-11, to investigate the chromic stability (blue-to-red transition) of the
films in response to a change in pH.'% The results show that the PCDA films polymerized at 50
°C display considerable chromatic stability against pH changes, when compared to the 25 °C film
equivalent, which was shown to be more sensitive to external stimuli due to its shorter
intermolecular packing distance.!® In contrast to polymerized PCDA films, polymerized PCDA

vesicles also change color with increasing pH.!> At pH 4 — 8.8, the carboxylic acid protons of
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PCDA are deprotonated, which causes the breakage of the hydrogen bonds at the vesicle surface
and allows a partial rearrangement of the polydiacetylene segments.'% This partial rearrangement
is accompanied by growth in the absorbance spectra at 650 nm to observe a blue color.!® At pH
8.9-10, the absorption spectra display a sharp increase at 500 nm, to exhibit a blue to red color
transition. The red phase is due to a segmental rearrangement in the entire polymerized PCDA
vesicles, opposed to only partial rearrangement at pH 4-8.8.%* Additional work on the effect of pH
on PCDA vesicles involves synthesizing PCDA with a 1,4-bis(octyloxy)-2,3-diaminobenzene
headgroup.!> When the vesicle was irradiated, the color changed from blue to red, and exhibited
an irreversible red-yellow transition when exposed to a pH of 1. No colorimetric change occurred
when the PCDA derivative was further exposed to a pH range of 2-13.13

An interesting application of the colorimetric response of PCDA to pH changes is the detection
of Escherichia coli bacteria through electrospun fibers containing polymerized PCDA and a
supporting polymer, either poly(ethylene oxide) (PEO) or polyurethane (PU).!%: 7 PCDA and
polymer fiber composites that are blue in color were immersed in E. coli culture and instantly
changed from blue to red, indicating that the proteins secreted by the bacteria initiated the color
change.!%® There is also a positive correlation between a clearer color change of the fibers and the
increasing pH and concentration of bacteria, due to the concentration of the hydroxide ion at pH
11-13, which disrupts the hydrogen bonding of the polydiacetylene head groups. This colorimetric
sensing system has the capabilities to be applied to medical textiles such as wound dressings and
bandages to detect the presence of E. coli.'® Also, a polydiacetylene-pH sensing system has been
developed for the detection of the virulence-factor enzyme urease.'% Ureolytic activity is catalyzed
by urease and is used in the diagnosis of a Helicobacter sp. infection,!'” and so a pH-sensitive

colorimetric system has been designed for urease sensing, through the use of polymeric PCDA
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vesicles in different solutions.!” As the pH increased, the PCDA vesicles gradually changed from
blue, to purple, to red, with each color indicating a specific pH value (blue = pH < 7, purple = pH
of 7.5-8, red = pH of > 8.5). The color transitions corresponding to the level of deprotonation of
the polydiacetylene vesicles in basic solutions, which is also enhanced formation of ammonia in
the urease-catalyzed hydrolysis of urea, which increases the pH of the system.!% The concentration
of alkali ions can also be determined by polymerized PCDA when it is combined with nanoporous
rice husk silica to form a pH indicator with a sensitivity that can detect alkali ions at concentrations
less than 122 uM, and is able to distinguish pH ranges from pH 9.9 to pH 11.4.!'! When this
nanocomposite material is coated onto paper for mobile purposes, it forms the basis of a convenient
colorimetric detector that changes color in the presence of OH™ ions from blue-to-red (Figure
35).1! The paper detector is quick and simple to use, making the pH sensor useful for a primary
water testing kit for relevant applications, with future work on amending the paper detectors so

they are capable of detecting specific heavy metals.!!!
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Figure 35. The color change of the paper pH-sensor as the alkali concentration increases. Figure

reproduced with permission from reference 111.

The Effect of Organic Solvents on PCDA Polymer Properties
Many different approaches have been used to demonstrate that PCDA is capable of recognizing
various organic solvents, with some systems able to specifically identify individual solvents,!1% 13

Solvatochromic materials have been developed that are able to distinguish between different

organic solvents, mainly through the use of polymer films.!!* !> Sensors have been designed to
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consist of hydrogen-bonded alternating layers of polystyrene, a mixture of poly(4-vinylpyridine)
and PCDA which are transparent until exposed to UV radiation, and subsequently become blue.!'>
Upon the addition of tetrahydrofuran, dichloromethane, chloroform, ethyl acetate, or toluene, the
film elicits a blue-to-red transition along with the generation of fluorescence, while acetone,
ethanol, isopropanol, and hexane have no effect on the PCDA/copolymer film.!"> These results
suggest that the solvents have a weak affinity for the polystyrene layer of the film which results in
the inability to penetrate the PCDA layer and therefore, the failure to interact and change color or
generate fluorescence (Figure 36).!1° The ability of the PCDA/copolymer films to change color to

specific solvents makes for a simple but effective solvatochromic and fluorescence sensor.

Control TH CH,CI, CHCl; Acetone Ethanol EA Toluene Hexane

Figure 36. Images of different solvents on the PCDA/copolymer films (top) and their fluorescent

microscopy images (bottom), reproduced with permission from reference 115.

Interaction of linear alcohols (methanol, ethanol, 1-propanol, 1-butanol, 1-pentanol) with
polymerized PCDA vesicles shows a typical blue-to-red color transition after exposure, though the
longer the alkyl length of the alcohol, the greater the colorimetric response.!'® This is due to the
swelling of the alcohols into the inner layers of the vesicles which weakens the hydrogen bond
interactions and results in the rearrangement of the PCDA side chains and conjugated backbone to
absorb different wavelengths of light.!'® The polarity of the alcohol also plays an important part in
the penetration ability to the inner layers of the polydiacetylene vesicles, as a less polar alcohol

promotes the penetration into the hydrophobic layer of the vesicle, thus, induces a color transition
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easier than solvents of higher polarity.'!® The degree of penetration of the solvent is also influenced
by the position of the —OH group within the alcohol molecule; a higher concentration of 2-propanol
is required to induce a color transition, compared to 1-propanol, and branched alcohols result in a
steric effect that hinders the penetration of the polydiacetylene vesicle.!'® However, when PCDA
is modified with an ethylenediamine head group, the polydiacetylene is able to distinguish between
I-propanol and 2-propanol, or 1-propanol and ethanol, which provides an important structure-
specific insight into the chemical sensing properties of polydiacetylene-based materials.!'¢ The
presence of ethanol to PCDA vesicles results in swelling and increases in size with increasing
ethanol concentrations.!!” The swelling of the vesicle results in the hydrogen bonds between the
PCDA head groups breaking and weakens the dispersion interactions between the polydiacetylene
side chains.®* Low concentrations of ethanol do not result in a typical blue-to-red color change,
however, when the ethanol concentration is 60 % v/v or above, the color transition occurs. This
result suggests that a high degree of ethanol penetration is required to overcome the interactions
of the PCDA head groups and side chains to yield segmental rearrangement of the chains.’* A
similar result was also found with acetone.!'8

An investigation of the behavior of polymerized PCDA and PCDA derivatives in vesicles in
water vs. heavy water produces interesting results.!'”” PCDA derivatives include 2-(2-
aminoethoxyl)ethanol (HEEPCDA) and p-phenylenediamine (APPCDA) which are attached to the
carboxylic acid group of PCDA (Figure 37).!"” For PCDA, there is no difference to the
thermochromic properties in D20 or H2O as the color of the vesicles remain red and does not revert
to the initial blue coloration on cooling, opposed to HEEPCDA that shows reversible
thermochromism with D>O but not in H>O in the temperature range of 25 - 70 °C.!'? The preference

of HEEPCDA for D0 in the color reversibility may be due to stronger hydrogen bond interactions
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present with D2O than in H20.!" For the case of vesicles of APPCDA, the vesicles are
thermochromically reversible in HoO but not in DO from 25 - 90 °C, which is the opposite
behavior to that observed for HEEPCDA. For APPCDA, the greater number of non-covalent
interactions contributes to the reversibility of APPCDA to heating and cooling cycles.!"
Therefore, it is important what solvent is used in PCDA systems as a small change in the molecular
composition of solvent can have vast changes in the observed chromic properties of the system.
O
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Figure 37. Structures of PCDA derivatives, HEEPCDA and APPCDA.

The Effect of Metal lons on PCDA Polymer Properties

Materials containing PCDA and PCDA derivatives have been successful at the detection of

20 121, 122

and caesium!'?> 124),

different metal ions including alkali metals (lithium,'?® sodium,
transition metals (chromium(III),'**> manganese(II),'?® nickel(I),!*” copper(I),'?’ zinc(II),'?713
silver(I),'2% 137 cadmium(II),'%% 126: 138 jridium(111),'* gold(III),'*° mercury(II),'2> 126 141) and post-
transition metals and metalloids (aluminum(III),'?’ arsenic(11I),'?> '*! tin(IV),'?’ and lead(11)'*> 137
142-149 "and the lanthanide element terbium(III).!4> 146 Many PCDA systems incorporating metal
ions exhibit reversible thermochromism due to the enhanced electrostatic interactions between the

cations and the carboxylate head group of PCDA, allowing the structural recovery of the

conjugated backbone after the heat stimulus is removed.'?* Nanocomposites comprising of the
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intercalation of zinc oxide nanoparticles into PCDA assemblies have been studied by powder X-
ray diffraction to investigate the effect of metal ions on the interlamellar d-spacing of PCDA.!?’
The interlamellar d-spacing of polymerized PCDA itself in the blue phase is 4.50 nm compared to
4.45 nm in the red phase (achieved by annealing the nanocomposites to 200 °C), however, when
ZnO is incorporated into the PCDA assemblies, the blue phase d-spacing increases to 5.22 nm and
the red phase of the nanocomposite has an interlamellar d-spacing of 5.54 nm.'?° Therefore
suggesting that when the PCDA-ZnO nanocomposites are heated, the PCDA polymer side chains
rearrange to incorporate the strain on the system.'” Additional work on PCDA-Zn(II)
nanocomposites includes the behavior of monocarboxylic polydiacetylenes with different alkyl
chain lengths, with the polydiacetylenes nanocomposites combined with zinc(Il) ions and zinc
oxide.'3% 147198 Shortening the length of the alkyl chain and the alkyl segment between the reactive
alkyne moiety and the carboxyl head group in these nanocomposites drastically changes and their
color transition properties when heated, even though all polydiacetylene nanocomposites in this
study exhibit reversible thermochromism.!** When only the terminal alkyl chain is shortened by
two methylene units, the color-transition temperature of blue-to-purple is reduced by
approximately 20 °C due to the weakening of dispersion interactions in the polydiacetylene
nanocomposite layers.®* 13° However, when the alkyl segment adjacent to the carboxyl head group
is reduced, the color-changing temperature trend is unpredictable in the Zn(Il)/ZnO
nanocomposites. '

Iridium complexes situated on the surface of PCDA vesicles are able to provide long
fluorescence lifetime properties and when combined with a polydiacetylene, can also exhibit
responsive blue-red properties.!* Polymerized PCDA itself is fluorescent, though only in the red

form, while the blue polymer form is non-emissive.'*” 14 The PCDA vesicles modulate the
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emission properties of the iridium complex through the blue-to-red color transition, which
enhances the fluorescence lifetime of the polydiacetylene system and allows a simpler way to
spectrally differentiate the blue and red phases of the PCDA vesicles.!** The fluorescence
properties of PCDA can also be changed by heat. A structurally modified polymerized PCDA
derivative, PCDA-EDEA that was blue in coloration and was placed in a microfluidic temperature
sensor and was heated until the polydiacetylene became red and emitted fluorescence (Figure
38).32 It was observed that the fluorescence of the red phase became more intense with increasing
temperature (40-60 °C) until the polydiacetylene is exposed to excessive heat (70-78 °C), where
the fluorescence is then quenched and cannot be reversed.®> 8 The sensing properties of PCDA
vesicles have also been explored with the lanthanides, specifically though the use of PCDA-
functionalized thiacalix[4]arene vesicles.'>® Calixarenes are three-dimensional host molecules that
can be easily modified to act as supramolecular receptors for molecular recognition and sensing
applications. In this case, the calixarene-PCDA vesicles display a colorimetric response to metal
ions in the lanthanide series of elements (with a 10 mol % content of calixarene), with an enhanced
blue-to-red color change influenced by lanthanum(III) ions in particular. The transition is not
observed when the two components are individually exposed to lanthanide ions.'** The structure
of the functional thiacalix[4]arene-PCDA vesicles are shown in Figure 39, with the PCDA-1
combination displaying an increased colorimetric response to lanthanum(III) when compared to
PCDA-2.'*® The color transition of the vesicles when in contact with lanthanide ions is due to the
distortion of the calixarene cavity which ultimately disturbs the polydiacetylene backbone,
alongside metal-induced aggregation and sedimentation of the vesicles.!”® An additional
lanthanide ion that has been used in combination with PCDA is terbium(IIT) with bilayers of PCDA

intercalated with terbium(III) ions positioned at the carboxyl head group of PCDA.!*® The
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nanosheets of PCDA-Tb(III) exhibited reversible thermochromism and reversible fluorescence up

to temperatures of 90 °C.!4
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Figure 38. Structure of the PCDA diacetylene derivative, PCDA-EDEA.
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Figure 39. A schematic representation of functional thiacalix[4]arene-PCDA vesicles. Reproduced

with permission from reference 150.

The Effect of Mechanical Stress on PCDA Polymer Properties
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The first observation of mechanochromism in PCDA films at the nanometer scale was reported
by Carpick and coworkers by atomic force microscopy (AFM) and near-field scanning optical
microscopy (NSOM) accompanied by interfacial force microscopy.'”! It was observed that
structural changes in PCDA films result in a blue-red color change of the PCDA polymers caused
by the shear forces between the cantilever/scanning tip of the AFM and NSOM experiments. !
The blue-to-red transition will only occur if the AFM scan direction is perpendicular to the
backbone direction, as the color will not change if the film is scanned in a direction parallel to the
polydiacetylene backbone.!>?> The chromic transition exists even without the excitation laser
present and without any heating of the contact zone.'*! It was found that the strongly anisotropic
red polymer propagates along the backbone direction of the polydiacetylene by the red domains
nucleating at film defects.!”' Once the red phase is established, additional tip-induced
mechanochromism does not affect the red phase of polymerized PCDA.!°!

Films of PCDA and perfluorotetradecanoic acid (PF) in a 1:2 ratio respectively, were
characterized by dual atomic force and fluorescence microscopy (AFM-FM) and were irradiated
by lasers with wavelengths of 532 nm and 254 nm.!° Upon irradiation, all the PCDA was
polymerized, with around 80 % of the polymer existing in the red phase (which is fluorescent),
with the remaining ~20 % in the blue polymer phase.!? The presence of PCDA polymer can also
be determined by AFM height differences when compared to the underlying bare glass substrate
the polymer is placed on, with a height difference of approximately 5 nm.!>* The addition of PF to
PCDA films compresses the films to give a 1 A% reduction in film area, as PF induces mechanical
stress which results in the formation of the irreversible red polymer phase of PCDA upon
irradiation.!>* Figure 40A and Figure 40B show AFM images of a polymerized PCDA derivative

at the blue-to-red interface adjacent to a silicon dioxide defect in the film, with the heights of the
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blue and red phases to the substrate are approximately 22 and 9 A, respectively.!>? Figure 40C
shows a schematic representation of the two colored polydiacetylene forms, with the planar “blue”
form to the right of the image, becoming twisted and distorting the conjugation of the backbone,

to result in the “red” form.!3?

Figure 40. The AFM images of a region of polymerized N-(-2-ethanol)-10,12-pentacosadinamide
film that was transformed under shear forces on a silicon dioxide substrate, with the fast scan
direction along the x-axis. A) The blue phase = brightest, red phase = darkest. B) The blue phase
= darkest, red phase = brightest, with the arrows indicating the backbone direction. C) A schematic
of the blue-to-red transition of the polymer. Figure reproduced with permission from reference

152.

Conductive carbon nanotubes (CNT) coated in polymerized PCDA readily exhibit a blue-to-red
color change when exposed to an electric current. Unlike other PCDA systems, the PCDA-CNT
composites are reversible with the color change retained when exposed to current cycles lower
than 30 mA, with the CNTs reversing to the original blue state after only 2 seconds from the
removal of the current.!> The color transition is reversible at 30 mA as the polydiacetylene

backbone only temporarily deforms through the polarization of the carbonyl group in the PCDA
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side chains, which decreases the conjugation of the backbone while the CNTs are exposed to the
applied current.!>: 156 At higher current values, it is expected that the polydiacetylene will
permanently deform, resulting in irreversible chromism of the PCDA-CNTSs.'*® It was discovered
that when the PCDA-CNTs are exposed to mechanical stress, the color of the CNTs is dependent
on the applied tensile stress to the CNT. A CNT fiber was exposed to a tensile strain of 0.55 GPa
and remained blue, while at tensile stress values below 0.48 GPa, the PCDA-CNT fibers
immediately became red in color.!> However, if the applied tensile stress reached the range of
0.48-0.51 GPa and the mechanical stress was removed, the color transition reversed from red-to-
blue.!"®> Electrochromic and mechanochromic PCDA-CNTs make for impressive functional
materials with sensing properties that can be applied to many fields.

Powders of polymerized PCDA intercalated with guest organic amines reveal a mechano-
responsive color change that is clearly visible to the naked eye, with the responsiveness of the
powders tuned by the type of alkyl amine or diamine used (with varying alkyl lengths from 4 — 16
carbon atoms long).!>” Powder XRD of the composites revealed that PCDA was no longer
dimerized by O-H:--O hydrogen bonds at the carbonyl head groups, and instead exist as
ammonium salts.'” The responsivity of the PCDA-powders to heat and mechanical stress were
similar, as both stimuli resulted in an irreversible blue-to-red color change, however, the color
change after rubbing the powder was found to be caused by shear stress, rather than by the
frictional heat caused by rubbing.'*” As the effects of mechanical stress and heating were similar
on the powders, the effect of rubbing the powders must have the same internal mechanism of
accumulated torsion on the polydiacetylene backbone, which dictates the observed colorimetric
changes. These stimuli-responsive powders have the potential to be applied to a variety of sensing

and diagnostic materials. '’
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Applications of PCDA

Dosimetry Technology

Dosimeters are typically two-dimensional films that work on the premise that when irradiated,
the color of the film changes from clear to blue, with the intensity of blue color proportional to the
amount of irradiation the film has received. This correlates with the degree of polymerization of
the diacetylenes present in the film. One of the most commonly used diacetylene based
radiochromic sensors for therapeutic purposes are Gafchromic films, which contain a lithium salt
of PCDA.'?° The most used radiochromic film, Gafchromic EBT®, comprises of an active layer
which is surrounded by a polyester cover (Figure 41) and is intended for recording radiation doses
between 1 cGy and 40 Gy (with 1 ¢cGy equivalent to 1 rad).!® Alternative models of Gafchromic
films are able to detect different dosage ranges than the EBT model due to changes in their
chemical composition and thicknesses of the active layer in the films, with the different models
detecting doses from 0.2 cGy — 1000 Gy.'*° Previous discontinued radiochromic films models such
as MD-55 contained PCDA as the diacetylene in the active layer, however, the MD-55 film was
only useful at doses greater than 5 Gy.'®* 1! Additionally, PCDA has also been incorporated into
films using polyvinyl alcohol (PVA)* and polyvinyl butyral (PVB)!'®* as the polymer layer,
compared to polyester in the Gafchromic films. The PCDA-PVA film exhibits a color change from
clear to dark blue at a dose range of 100 Gy — 6000 Gy,?° while the PVB film displays a dose range
of 5 — 4000 Gy, though the range is dependent on the PCDA content within the films.!®?> An
important application of radiochromic films is their use on blood bags to indicate if the blood has
been irradiated with gamma radiation before the blood is transferred between patients.'®®> Once the

film has been irradiated, the film will change color from transparent red with the word “NOT”
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across the film, to opaque, which makes it clear to the handler which blood is safe to use (Figure
42).'% This irradiation process prevents the spread of transfusion-associated graft-versus-host
disease which is rare but can be fatal if an immunocompromised patient is exposed to the
disease.!®®> An alternative to 2D radiochromic films is the utilization of 3D PCDA gel dosimeters
which display a linear irradiation response in the dose range of 2 — 100 Gy.'®> The gel dosimeters
are prepared through the dispersion of self-assembled nanovesicles of PCDA into a gel matrix,
Figure 43. When compared to existing 3D dosimeters,'®® 17 the PCDA gel system provides
excellent tissue equivalence, has high spatial resolution and dose accuracy, and does not exhibit

any dose rate, energy, or temperature dependent effects.!®

Clear polyester cover 125 um
30 um { Active layer )
Clear polyester cover 125 um

Figure 41. The composition of Gafchromic EBT3 film, reproduced with permission from reference

158.
m SURE™ OPERATOR: _____ DATE: __/___ m SURE™ OPERATOR: _____ DATE:__/__
25 Gy INDICATOR - IRRADIATED 25 Gy INDICATOR - IRRADIATED
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Before irradiation After irradiation

Figure 42. Radiochromic film labels used for irradiation detection on blood bags. Figure

reproduced from reference 164.
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Figure 43. The preparation and application of PCDA vesicles to create a gel dosimeter.

Reproduced with permission from reference 165.

PCDA Biosensors

Polydiacetylenes have the potential to produce a colorimetric response to a wide range of

109, 168-171 106, 175-177 178-180

biomolecules such as proteins/enzymes, viruses,'7>"!"* bacteria, sugars, and
active ingredients.!8! A recent review on polydiacetylene-based sensors categorizes the sensor
application by the type of chromism that is used e.g. thermochromism, solvatochromism, or
electrochromism.'®? Polydiacetylene biosensors have a real-world application within the field of

183 along with

food safety, with PCDA vesicles able to detect the presence of Sa/monella bacteria,
the detection of eight commonly used sanitizers and surfactants used in the food industry.'** Recent
work on treating bacterial infections includes the detection of pore-forming toxins by PCDA.!"> A
polymerized PCDA nanoparticle-functionalized microgel has been designed to manage topical

bacterial infections, with the specific nanoparticle morphology prepared by a 3D bioprinting

process.'” The 3D nanoparticle gel diffuses and neutralizes the pore-forming toxins released from
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bacteria and has shown in mouse models that the microgel promotes tissue recovery after bacterial
infection, and, therefore, has the potential to be developed into a larger-scale treatment in the
future.!” PCDA has also been extensively studied for its chromic properties when combined with
biomolecules, for example, nucleic acids have been detected by modifying the head group of
PCDA with an antibiotic, neomycin, which inhibits bacterial protein synthesis through binding to
the 30S subunit of the bacterial ribosome.'®>187 Therefore, the neomycin head group of PCDA will
act as a binding site for RNA resulting in a conformational change of the polymerized PCDA-
neomycin complex and hence a blue-to-purple colorimetric change.!®! The detection of the
veterinary fluoroquinolone antibiotic, enrofloxacin, has also been achieved through the synthesis
of a nanoblend consisting of polymerized PCDA, triblock copolymer (poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide)), and sodium dodecyl sulfate (SDS).!® The detection
of enrofloxacin residues are important for human health, especially in terms of food safety and
antimicrobial resistance. The colorimetric response of enrofloxacin to the nanoblend depends on
the SDS concentration suggesting that the surfactant is as important as PCDA in the detection of
enrofloxacin residues.'®® Alongside antibiotics, PCDA has also been used in enzyme-free systems
to amplify the presence of miRNA in human serum at ultralow concentrations, as miRNA
expression is dysregulated in human cancer and therefore, is able to serve as a potential biomarker
for cancer diagnosis.!®® 1 The presence of DNA has also been detected through the utilization of
a p-tert-butyl thaicalix[4]arene with PCDA moieties on either side of the macrocyclic cavity.'*!
When the PCDA residues are polymerized by UV exposure and the calixarene is in contact with
calf thymus DNA, the macrocycle intercalates to form a lipoplex and displays a typical blue-to-
red color change from concentrations as low as 20 umol L1.'! Polymerized PCDA has been

incorporated into a microtube waveguide system whereby single-stranded miRNA is attracted to

49



the surface of the PCDA microtube which facilitates an amplification reaction within the surface
of the PCDA microtube, ultimately able to distinguish between cancer patients and healthy
humans.'® The detection of specific proteins is also possible when combining enzymes such as

168 phospholipase D,?! and alkaline phosphatase!®? to PCDA head groups

glutathione S-transferase,
which elicits a colorimetric response. Interestingly, polymerized PCDA vesicles have also been
combined with phospholipids (1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-
dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (DMPG), and stearamide) to tune the surface
potentials of vesicles designed for gene therapy (Figure 44A).' When model gene vectors
Lipofectamine 2000, Entranster TM-H4000, and polyethylenimine are added to the
phospholipid/polydiacetylene vesicles, a color change is observed in less than five minutes from
blue-to-red (Figure 44B).!® From the UV-Vis data, the affinity constant was calculated to
determine the sensitivity of each type of phospholipid/polydiacetylene vesicle combination used
and revealed that the vesicles consisting of DMPC/PDA show the highest sensitivity towards gene

vectors.'®? This polydiacetylene biosensing system demonstrates a rapid visualization technique

of gene vectors that has the potential for screening of carrier molecules for drug delivery.'®
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Figure 44. A) An illustration of the incorporation of different phospholipids into the
polydiacetylene  (PDA) nanovesicles. B) The rapid color change of the
phospholipid/polydiacetylene vesicles when in contact with gene vectors and the quantification of

the color change by UV-Vis analysis. Reprinted with permission from reference 169.

Research has been conducted for the colorimetric detection of the influenza A virus (pHIN1),
through the modification of PCDA materials.!” For instance, a recent study involves designing
paper chips that contains a polymerized PCDA-imide derivative that detects the pHINI1 influenza
strain with high sensitivity by an obvious blue-to-red color change, ultimately for quick and easy
point-of-care testing of the influenza A virus.!”? The PCDA derivative was then mixed with PCDA
and 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and a polyvinylidene difluoride
(PVDC) membrane, with PCDA secured to the PVDC membrane through UV irradiation for one
minute.'”?> A colorimetric change occurs on the chip due to the binding events of the pHIN1 virus
by the interaction of the influenza A virus nucleoprotein and nucleoprotein antibodies on the

surface of the chip, and to intensify the color change, the chip can be incubated or physically
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touched to enhance the thermochromic properties of the polydiacetylene system.!”?> Though the
sensitivities of the polydiacetylene-paper chip are too low for clinical applications, a smartphone
application has been designed to visually detect a high concentration of viruses based on the
colorimetric response of the paper chip results.!”

PCDA Chemosensors

The detection of specific chemicals that pose a risk to human health and environmental welfare
is of high importance, and multiple polydiacetylene systems have been developed to combat the
issues. A World Health Organization 1990 review of the impact of pesticides on human health,
estimated that over 3 million cases of severe acute poisoning were due to pesticides, and of these
around 220,000 were the cause of death, indicating the need for an practical pesticide detection
system.!”® A recent study uses a commonly used organophosphate insecticide, malathion, that is
able to be detected by PCDA with pralidoxime (PAM) functionalized terminal group, enabling
PCDA to bind to organophosphates and which would inhibit the pesticides’ mechanism of action
through the binding of acetylcholinesterases present in the synaptic cleft.'** When polymerized
PCDA/PAM binds to malathion, a blue-to-purple-to-red color change is observed within seconds
of binding and can be observed by the naked eye and quantified by electronic absorption studies.'**
Polymerized PCDA also has the capability to detect the presence of trinitrotoluene (TNT) when
coupled with a TNT recognition motif comprised of a trimer peptide of tryptophan-histidine-
tryptophan (Trp-His-Trp).!*° The binding of TNT to the peptide region results in a conformational
change which alters the conjugated backbone of PCDA, resulting in a blue-to-red color change.'*>

Polydiacetylene-based sensors are also helpful in the food industry, with the development of
low-cost films that are able to detect the early release of gases due to food spoilage and are suitable

for food packaging labels.'”® The ammonia-sensitive films consist of PCDA as the sensing
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material, cellulose nanocrystals (CNC) as the stabilizing agent, and chitosan to provide a matrix.
The components help to fabricate strong but flexible free-standing films that display a blue-to-red
color change when in the presence of ammonia over a wide temperature range of -20 to 24 °C.!%

An impressive dual-stimuli responsive dendritic diacetylene has been designed with an aromatic
head group and a PCDA tail that forms a tetraphenylmethane core capable of forming pores in the
tight packing structure (Figure 45).!°7 Once polymerized, the tetrahedral structure (TePDA)
exhibits cross-linking to give the typical ene-yne carbon backbone and displays reversible blue-
red-blue thermochromism at temperatures up to 134 °C.'°7 The main application of TePDA is the
detection of volatile organic compounds in the vapor phase. Paper strips were coated with TePDA
and exposed to the vapors of dichloromethane, tetrahydrofuran, chloroform, benzene, toluene,
xylene in different concentrations (0.05 % - 1.0 %) for one hour. Chloroform provided the greatest
colorimetric response with a color change from blue to light brown, while PCDA alone shows an
indistinct color transition at the maximum concentration of chloroform.'®” This intrinsically porous
self-assembled material has the potential to be used in multi-disciplinary fields that require a

system that is sensitive to more than one stimulus at a time.
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Figure 45. The formation of the self-assembled tetrahedral diacetylene in monomeric and

polymeric forms. Reprinted with permission from reference 197.

The combination of PCDA and polymers have also been shown to enhance the sensing properties
of the diacetylene. For instance, monomeric PCDA has been embedded in poly-g-caprolactone
polymer matrix through electrospinning and irradiated by UV exposure, which allows the polymer
matrix to detect the presence of an organic solvent additives in gasoline, through a visible blue-to-
red color change.!”® Another polymer matrix system involves electrodes coated with polymerized
PCDA which are embedded in a porous polymer matrix containing PVP by a spin coating

technique.!® The PCDA/PVP electrode acts as a vapor-sensing system, or an “artificial nose” for
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detecting different organic solvents, with each vapor determining a different capacitance
transformation, which is fully reversible when the vapor is no longer in contact with the
electrode.!” Figure 46 summarizes the capacitance responses of polydiacetylene/PVP thin films
containing 10,12-tricosadiynoic acid (TCDA) and PCDA to different solvents, with the responses
color coded to the degree of capacitance change.!” These results illustrate the vapor selectivity for
two different diacetylenes as the capacitance changes depending on the exposure of different
vapors, with PCDA showing higher capacitance values in more solvents than TCDA.'*° A different
study that involves electrical conductivity rather than the storage of electrical charge has focused
on the effect of PCDA sulfonic acid derivatives as dopants to increase the thermal stability and
maintain the electrical conductivity of polyaniline.’”” The PCDA derivatives were synthesized by
derivatizing the carboxylic acid group with either a 2-aminoethanesulfonic acid group or a 4-
aminobenzenesulfonic acid (pBzS) group.?*’ Upon polymerization of the diacetylene dopants with
polyaniline, the thermal stability was observed in the range 250-600 °C, with the sheet resistance
of polymerized dopants maintained, when compared to polyaniline with dodecylbenzenesulfonic

acid, which has the same functional group as PCDA-pBzS, though without the photoreactive

200

diacetylene functionality.
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Figure 46. The capacitance responses of thin PVP composite films containing TCDA and PCDA
to different gases, with the color coded to the degree of capacitance change scale on the right.

Figure adapted with permission from reference 201.

Conclusions and Outlook

In this review, we have demonstrated how crystal engineering is critical in controlling the
diacetylene monomer structure to allow successful polymerization. The monomeric structure can
be altered to match the optimal topochemical conditions through the use of multi-component
systems, such as host-guest interactions that involve cocrystallization and salt formation. Once the
desired polydiacetylene is produced, the resulting polymer has a wide range of applications,
especially in thermochromic sensing systems, with emphasis on non-covalent interactions (e.g.
hydrogen bonding) to influence reversible thermochromism. Alongside heat, polydiacetylenes are
also responsive to differences in pH, a range of solvents, metal ions, and mechanical stress, all

which produce varying colorimetric responses depending on the polymer used.
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Synopsis: 10,12-Pentacosadiynoic acid (PCDA) and PCDA derivatives have diverse properties
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