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Irreversible and reversible chromatic transitions during heating and cooling cycles were investigated in

polydiacetylene poly-PCDA (poly-10,12-pentacosadiynoic acid) composites with nanocrystalline zinc

oxide (ZnO), titanium oxide (TiO2), zirconium oxide (ZrO2) and ZnO and ZrO2 alloys. In contrast to

pure poly-PCDA, poly-PCDA composites with nanocrystalline ZnO displayed rapid reversibility on

thermal cycling, whereas the corresponding composites with nanocrystalline TiO2 and ZrO2 were

irreversible, and poly-PCDA composites with thermally prepared ZnO and ZrO2 alloys displayed

slower reversibility. The mechanism of reversible and irreversible thermochromism in these materials

was explored using Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), differential

scanning calorimetry (DSC) and X-ray absorption fine structure (XAFS) spectroscopy. In pure poly-

PCDA, heating leads to an irreversible strain on the polymer backbone to form a red phase, which is

not released on cooling. In the presence of ZnO evidence is provided for chelation involving the side

chain head groups which can release strain on cooling to rapidly form the blue phase. Chemical

interaction coupled with reversible behavior was however observed only when the composites were

prepared with ZnO having an average crystallite size of 300 nm and below with a fraction of an

amorphous grain boundary phase. Poly-PCDA composites with ZnO/ZrO2 alloys showing slower

thermochromic reversibility can be used both as temperature and elapsed time-temperature sensors.
Introduction

Solid state topotactic photo-polymerization of diacetylenes by

exposure to UV radiation and subsequent thermochromism in

closely packed and uniformly ordered thin films of various

polydiacetylenes (PDA’s) are well known.1 Liquid state poly-

merization studies of the monomers have also been reported.2–6

PDA’s have a one dimensional conjugated backbone with

a strong p to p* absorption band in the red spectral region of

the optical spectrum giving rise to an intense blue color. The

blue phase undergoes a thermochromic transition observed in

many PDA’s to a red phase on heating. The blue to red chro-

matic transition is either irreversible or reversible under heating

and cooling cycles depending on the chemical structure and

interactions on the side chains. The chromatic transition can

also be initiated by mechanical stress, change of pH or ligand-

receptor interactions.7–17 The blue to red thermochromic tran-

sition in different PDA’s has also been explained in terms of

bond exchange in the conjugated backbone,18 changes in the

molecular conformation,19 reorganization of the side
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groups,20,21 and change of the alkyl side chains to more ordered

states.

In the blue phase, heat-induced strain on the polymer back-

bone via side chain head group interactions leads to the forma-

tion of the red phase.22 The red phase can rapidly reverse back to

the blue phase on cooling when: (a) strong head group aromatic

interactions,23 (b) ionic interactions,24 (c) covalent interac-

tions,25,26 (d) enhanced hydrogen bonding at the head groups,27–29

and (e) multiple hydrogen bonding,30–35 are present in the PDA

structures. Reversible chromatic transitions also occur in pho-

topolymerized phosphatidylcholine-PDA vesicles,36 organic-

inorganic hybrids of PDA’s with sodium hydroxide,37 lithium

compounds,38 mesoporous silica and layered double hydroxide.39

The red phase is irreversible when the head group interactions

remain firmly in place and cannot be reversed on cooling.

The blue to red thermochromic transitions in PDA’s are

therefore broadly of two types: irreversible and reversible. Here,

a facile method to induce both reversibility and partial irrevers-

ibility of the thermochromic transition in a material with an

irreversible transition is presented. It was found that the poly-

diacetylene, 10,12-pentacosadiynoic acid (poly-PCDA), can

form nanocomposites with nanocrystalline inorganic oxides: zinc

oxide (ZnO),40 titanium oxide (TiO2),
41,42 zirconium oxide

(ZrO2), and ZnO and ZrO2 alloys, to form PDA nanocomposites

with thermochromic transitions ranging from irreversible to

partially and fully reversible. The addition of nanocrystalline

ZnO to poly-PCDA rapidly reverses the red phase on cooling
This journal is ª The Royal Society of Chemistry 2012
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and at the same time substantially increases the chromatic

transition temperature. An understanding of the influence of the

oxides on the molecular structure of poly-PCDAwas achieved by

temperature-dependent Raman spectroscopy, Fourier-transform

infrared (FTIR) spectroscopy, colorimetric measurements,

differential scanning calorimetry (DSC), X-ray powder diffrac-

tion (XRPD) and X-ray absorption fine structure (XAFS)

spectroscopy. The effect of ZnO crystallite size and ZnO/ZrO2

alloys on modifying the thermochromic transition was studied

and use of the mixed oxides as elapsed time-temperature indi-

cators was briefly evaluated.
Experimental

Materials

PCDA was purchased from GFS Chemicals and nanocrystalline

inorganic oxides ZnO and ZrO2, and micron-sized, puriss ZnO

were purchased from Sigma-Aldrich. Nanocrystalline TiO2 was

purchased from Degussa. Passivated nanocrystalline ZnO with

size in the 2.1 nm range was provided byD.S. Lee andK.W. Lem,

Konkuk National University, Seoul, South Korea. Samples of

ZnO alloyed with ZrO2 were prepared as described below.

Analytical grade solvents, such as chloroform and acetone from

Sigma-Aldrich, were used without further purification.
Synthesis of poly-PCDA-metal oxide nanocomposites

Poly-PCDA-ZnO suspensions were prepared by suspending

0.02 gm of ZnO in 2 mM solution of PCDA monomer in chlo-

roform. The suspension was sonicated in a water bath at room

temperature for about 30 min. A similar procedure was used to

make a suspension with TiO2 and ZrO2, and drops of the

suspensions were deposited on a glass slide followed by solvent

evaporation at room temperature to form thin films, which were

polymerized to the blue phase of poly-PCDA composites by

irradiating with a 254 nm wavelength UV source. Powders of the

blue phase composites were obtained by scraping from the glass

slide and grinding into a fine powder. Red phase composite

powders and films were similarly produced after heating the blue

phase to above the thermochromic transition temperature.
Synthesis of poly-PCDA-ZnO/ZrO2 nanocomposites

Nanocrystalline (nc) powders of ZnO and ZrO2 were obtained

from Sigma-Aldrich. A mixture of nominal composition

Zn0.2Zr0.8Oy was finely ground using a mortar and pestle, trans-

ferred toa ceramicboat andheated in a furnace in air at 1100 �Cfor

about 7 h. The heat-treated ZnO/ZrO2 mixture was then ground

into a fine powder and mixed with PCDA monomer to prepare

composites of poly-PCDAby a procedure similar to that described

above for preparing composites with the pure metal oxides.
Measurement and techniques

Raman spectroscopy.Raman spectra at room temperature were

obtained primarily using a Mesophotonics Raman spectrometer

with 785 nm laser excitation. Temperature-dependent Raman

measurements were carried out with an EZRaman LE Raman

Analyzer system from Optronics using 785 nm laser excitation
This journal is ª The Royal Society of Chemistry 2012
coupled to a Leica optical microscope. The spectrometer was

calibrated using silicon wafer and diamond powder standards to

a frequency accuracy of �1 cm�1. The variable temperature

optical stage used is from Linkam Scientific Instruments Ltd.

Thick films for the Raman measurements were prepared by

mixing suspensions of PCDA with those of ZnO, ZrO2, TiO2 or

ZnO/ZrO2 alloys in the ratio of 1 : 1 percent by weight using

chloroform as the suspension medium. Films were deposited by

drop coating on a silicon wafer substrate and polymerized to the

blue phase of poly-PCDA by irradiating with 254 nm uv-radia-

tion. The blue phase films were heated above the chromatic

transition temperature to polymerized films of the red phase.

FTIR spectroscopy. The FTIR spectra were obtained using

a Perkin Elmer 100-R spectrometer. KBr pellets for FTIR

spectroscopy were prepared by mixing PCDA with nano-

crystalline ZnO in a 1 : 1 ratio and this mixture was combined

with KBr and pressed into pellets in a die. The pellets obtained

were thin, transparent and colorless, which on exposure to UV

radiation converted to the blue phase of poly-PCDA-ZnO. The

blue phase was heated above the chromatic transition tempera-

ture to the red phase. The same procedure was used to obtain

KBr pellets of poly-PCDA composites with TiO2 and ZrO2.

Since the red phase rapidly converts back to the blue phase in

ZnO composites at room temperature, the spectra were recorded

immediately after heating, but the spectra obtained were typi-

cally those of a mixture of the red and blue phases.

UV-visible spectroscopy. The UV-visible spectra of poly-

PCDA-ZnO composites were obtained at room temperature

using an Agilent 8453 UV-visible spectrometer. About 0.02gm

ZnO of three different particle sizes were suspended in a 2mM

solution of PCDA in chloroform and bath-sonicated. The

suspensions obtained were spin-coated on glass slides at the rate

of 2000 rpm to obtain highly transparent thin films which were

then polymerized by 254 nm UV radiation to the blue phase and

converted to the red phase by thermal treatment above the

chromatic transition temperature.

Optical densitometry. Chromaticity, which is a quantitative

measure of the vividness or dullness of a color (or how close the

color is to either the gray or pure hue) was measured directly on

thin film and coated samples using an X-Rite 518 optical

densitometer.

Differential Scanning Calorimetery (DSC). A Mettler Toledo

DSC instrument with a FP90 central processor was used to

obtain the DSC data of 10 mg of precursor, polymer and

composite samples wrapped in a small disk with aluminium foil

using heating/cooling/heating cycles in the temperature range

from 0� to 200 �C at a rate of 10 �C min�1.

X-Ray Powder Diffraction (XRPD). The XRPD patterns were

obtained at room temperature as films or powders on a silicon

wafer substrate with a Philips X’pert diffractometer using Cu-Ka

radiation at l ¼ 1.54 �A, voltage ¼ 45 kV, current ¼ 40 amps.

Particle size measurements. The average particle size distri-

butions were determined using a Beckmann Coulter size
J. Mater. Chem., 2012, 22, 7028–7035 | 7029
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analyzer. The powders were suspended in acetone in a closed

container, left standing overnight and the top supernatant was

used for size distribution analysis.

X-ray Absorption Fine Structure (XAFS). Powders of poly-

PCDA nanocomposites prepared using the methods described

above, together with their respective pure nanoscale oxides, were

used for the XAFS measurements, which were carried out using

the beamlines X18B and X19A at the National Synchrotron

Light Source at the Brookhaven National Laboratory, Upton,

New York. All data were measured at the Zn K-edge using Si

(111) monochromator which was 30% detuned to reduce higher

harmonics.

Results and discussion

The nature of the interactions at the molecular level between the

oxides and the polydiacetylene head groups in: i) poly-PCDA, ii)

poly-PCDA-ZnO nanocomposites, iii) poly-PCDA-ZrO2 nano-

composites, iv) poly-PCDA-TiO2 nanocomposites, and v) poly-

PCDA-ZnO/ZrO2 composites, were investigated using Raman,

FTIR and UV-visible spectroscopy together with DSC, XRPD

and XAFS measurements. The studies discussed below were

made on composite samples prepared using pure oxides with

particle sizes near and below 300 nm.

Poly-PCDA nanocomposities

The FTIR spectra in Fig. 1 of the blue and red phases of pure

poly-PCDA and poly-PCDA nanocomposites show lines at 2965

and 2870 cm�1 due to the asymmetric and symmetric stretching
Fig. 1 FTIR spectra at 25 �C of pure poly-PCDA and poly-PCDA

nanocomposites with nanocrystalline metal oxides in the blue (panel A)

and red (panel B) phases in the 800–3300 cm�1 region. The spectra shown

are of: (a) pure poly-PCDA, (b) poly-PCDA composite with TiO2, (c)

poly-PCDA composite with ZnO, and (d) poly-PCDA composite with

ZrO2. The height of the square bracket on the bottom left hand corner

corresponds to 20% transmittance. The arrows indicate the line at

1540 cm�1 discussed in the text.

7030 | J. Mater. Chem., 2012, 22, 7028–7035
vibrations of the CH2 groups of the polydiacetylene side chains.

The lines at 1465, 1420 and 1697 cm�1 can be assigned to the CH2

scissoring vibrations and hydrogen-bonded carbonyl C]O

stretching vibrations, respectively. A new, relatively strong line

appears at 1540 cm�1 in the nanocomposite with ZnO, while the

line at 1697 cm�1 decreases in intensity in both the blue and red

phases of poly-PCDA-ZnO. The 1540 cm�1 line is also seen as

a weak feature in poly-PCDA nanocomposites with TiO2 and

ZrO2. The FTIR spectra of blue and red poly-PCDA-ZnO in the

700-1900 cm�1 range showing more clearly the increase in

intensity of the 1540 cm�1 line and the decrease in intensity of the

line at 1697 cm�1 (relative to that near 720 cm�1) is shown in

Fig. 2. The 1540 cm�1 line can be assigned to an asymmetric

COO� vibration. Its presence in the spectra indicates the

formation of a chelate between the side chain –COOH head

groups of poly-PCDA and zinc ions from ZnO (see further

discussion below). The strength of this interaction (which will

depend on the ionic character of the metal oxide) is likely to play

a key role in the chromatic reversibility of the red phase in poly-

PCDA-metal oxide nanocomposites.43

The 785 nm-laser excited Raman spectra of pure poly-PCDA

and of poly-PCDA-ZnO taken at 25 �C in the blue and red

phases shown in Fig. 3 were obtained to probe the effect of the

interaction between ZnO and side chain head groups on the

PDA backbone. Two primary lines at 2086 cm�1 and 1454 cm�1

are observed in the blue phase of poly-PCDA, which can be

definitively assigned to the C^C and C]C stretching modes,

respectively, of the polymer backbone. The C]C and the C^C

frequencies at 25 �C downshift relative to the frequencies in the

pure polymer by 4 cm�1 in the blue phase of poly-PCDA-ZnO

(Fig. 3 and Table 1) which is within the calibrated frequency

accuracy of the spectrometer (see, Measurement and tech-

niques). In addition, a line at 2254 cm�1, which is very weak in

poly-PCDA increases in intensity in the nanocomposite. The

frequency downshifts and increase in intensity of the weak line

at 2254 cm�1 are not observed in poly-PCDA nanocomposites

with TiO2 and ZrO2. In the red phase, the lines due to the C]C

and C^C stretching vibrations in poly-PCDA increase in

frequency to 2120 cm�1 and 1514 cm�1, respectively, due to

strain on the polymer backbone.44 As in the blue phase, the C]

C and C^C stretching vibrations of the red phase of the poly-

PCDA-ZnO nanocomposite (Fig. 3 and Table 1) are down-

shifted relative to the corresponding lines in the red phase of

poly-PCDA. A line at 2254 cm�1, probably due to the C^C
Fig. 2 FTIR spectra at room temperature in the 700–1900 cm�1 range in

the blue (panel A) and red (panel B) phases of: (a) pure poly-PCDA, and

(b) poly-PCDA-ZnO nanocomposite. The dotted box shows the region

around the new line at 1540 cm�1 in the nanocomposite. The height of the

square bracket on the left side of the bottom spectrum corresponds to

20% transmittance.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Raman spectra at 25 �C in the 1000–2400 cm�1 frequency range

of: A. (a) pure poly-PCDA in the blue phase and (b) poly-PCDA-ZnO in

the blue phase, and B. (a) pure poly-PCDA in the red phase and (b) poly-

PCDA-ZnO in the red phase. The height of the square bracket on the left

side of each panel corresponds to a Raman intensity of 5000 counts/s.
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mode of unconverted monomer and/or formation of a diyne,45 is

observed with increased intensity. Note that the frequencies

listed in Table 1 for the red phase were recorded at 175 �C
(Fig. 4A). The internal diyne, if present, could form as a defect

on the polymer backbone as a result of strain induced on the

backbone.46

Raman spectra were also obtained on poly-PCDA-ZnO films

as a function of temperature by stepwise heating and cooling

from room temperature to 200 �C and back to 25 �C using

a variable temperature heating stage. Poly-PCDA-ZnO nano-

composite films on silicon wafers were prepared as described in

the experimental section. The deposited films in the blue phase

were heated at 10 �C min�1 and cooled at 5 �C min�1 with

a holding time of 3 min for recording the Raman spectra. Fig. 4A

displays a typical sequence of Raman spectra at different

increasing and decreasing temperatures while Fig. 4B shows plots

of the C]C and C^C Raman line frequencies versus tempera-

ture, which are also listed in Table 2 together with the corre-

sponding temperature and sample color. The C]C and C^C

Raman lines shift to higher frequencies as the temperature was

increased from the blue phase at room temperature to an inter-

mediate purple state between 75�–100 �C. The C]C and C^C

peak frequencies of the blue phase occur at 1450 cm�1 and

2078 cm�1,respectively, and increases to 1482 cm�1 and 2102 cm�1

in the intermediate purple state. The film changes to the red

phase at 175 �C with C]C and C^C peak frequencies at

1508 cm�1 (with a shoulder at 1488 cm�1) and 2106 cm�1,

respectively. The weak line near 2250 cm�1 discussed above

appears with increased intensity both in the red phase and the

intermediate purple state. The gradual chromatic changes from

blue to purple and then to red occurring on heating suggest

increasing strain on the polymer backbone with increasing

temperature. On cooling the Raman frequencies and color

change back from the red to the blue phase via the intermediate

purple state (Fig. 4A, right).
Table 1 C]C and C^C Raman peak frequencies in pure poly-PCDA and

Phase

Poly-PCDA, 25 �C

y(C]C) cm�1 y(C^C) cm�

Blue 1454 2086
Red 1514,1442 (sh)b 2120

a Data from Fig. 4A. b sh – shoulder. c See text for interpretation of these lin

This journal is ª The Royal Society of Chemistry 2012
Differential scanning calorimetry (DSC) measurements were

performed to provide further understanding of the nature of

PCDA/poly-PCDA-ZnO interactions. DSC data were obtained

for pure PCDA monomer, poly-PCDA, and poly-PCDA-ZnO,

at heating and cooling rates of 10 �C min�1 between 30 �C and

250 �C. The heating scan for pure PCDA in Fig. 5(a) shows an

endothermic peak at 68 �C due to melting. On cooling (scan not

shown here) down-shifted exothermic crystallization peaks at 53�

and 48 �C due to hysteresis are observed. The heating scan for

poly-PCDA in Fig. 5(b) shows an endothermic peak at 68 �C due

to melting of the unpolymerized monomer.47 A broad endotherm

with a shoulder at 184 �C and a peak 197 �C are assigned to the

melting of poly-PCDA.47 On cooling (scan not shown), polymer

crystallization is indicated by broad exothermic features at 245�

and 240 �C which are upshifted due to hysteresis relative to the

corresponding endothermic melting peaks. Crystallization of

unpolymerized monomer is not observed during the cooling cycle

probably due to loss of the monomer by sublimation during

thermal cycling. The heating scan for poly-PCDA-ZnO [Fig. 5

(c)] shows an endotherm at 68 �C due to unpolymerized mono-

mer and a new endothermic feature at 117 �C due to melting of

the monomer modified by chelate formation between the side

chain –COOH head groups and Zn ions as noted below. The

broad endotherm peaked at 194 �C is likely to be due to melting

(with decomposition) of poly-PCDA-ZnO. On cooling, an exo-

therm due to crystallization of poly-PCDA is observed but there

is no evidence for crystallization of the chelate-modified poly-

PCDA-ZnO because of decomposition. Also, as observed for

poly-PCDA, crystallization of unpolymerized monomer is not

detected during the cooling part of the cycle in poly-PCDA-ZnO.

The FTIR, Raman and DSC data discussed above indicate

a likely mechanism for reversible thermochromism in poly-

PCDA-ZnO based on the interaction of nanoscale ZnO with the

head group of the polymer side-chain to form a chelate which can

be schematically written as: Zn2+(COO�)2. In pure poly-PCDA,

heating causes an irreversible strain on the polymer backbone to

form a red phase. In the presence of ZnO, chelate formation

would result in release of strain on cooling and reversal back to

the blue phase.
Effect of ZnO crystallite size on thermochromism in poly-

PCDA-ZnO

An interesting feature is the fact that PDA-ZnO composite

formation with reversible thermochromism occurs only when

nanocrystalline ZnO is used. Thermochromic changes were

investigated in poly-PCDA-ZnO composites prepared using ZnO
in poly-PCDA-ZnO nanocomposite in the blue and red phases

Poly-PCDA-ZnO [Blue, 25 �C; Red 175 �Ca]

1 y(C]C) cm�1 y(C^C) cm�1

1450 2082, 2254c

1506, 1488(sh) 2102, 2248c

es.

J. Mater. Chem., 2012, 22, 7028–7035 | 7031
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Fig. 4 [A] Raman spectra of a poly-PCDA-ZnO nanocomposite film as a function of temperature during heating (left panel) and cooling (right panel).

The heights of the square brackets on the left hand side of the bottom spectra correspond to a Raman intensity of 10 000 counts/s, and [B] y(C]C) and y

(C^C) Raman frequencies as a function of temperature during heating of the poly-PCDA-ZnO nanocomposite film. The approximate temperature

ranges of the three chromatic phases are indicated in the figures.

Table 2 Raman frequencies assigned to different chromatic states in
poly-PCDA-ZnO as a function of increasing and decreasing temperature

Temperatures,
�C

y(C]C)
frequencies, cm�1

y(C^C)
frequencies, cm�1 Film Color

25 1450 2078 Blue
75 1482 2096 Blue/Purple
100 1482 2102 Pink/Purple
175 1508 2106 Red
150 1506 2100 Red
125 1506 2100 Pink
105 1482 2104 Pink/Purple
95 1478 2098 Blue
25 1450 2078 Blue

Fig. 5 Differential scanning calorimetry (DSC) heating scans at a heat-

ing rate of 10 �C per minute for: (a) the PCDAmonomer, b) poly-PCDA,

and (c) poly-PCDA-ZnO.
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with four different average crystallite or particle sizes determined

by laser diffraction measurements.

Particle sizes of ZnO used ranged from 2.1 to 11000 nm

(Table 3) to give poly-PCDA-ZnO composites. Composites with

reversible thermochromism using ZnO in the crystallite size

range from 300 nm and below were used, suggesting that the

head group-ZnO interaction discussed above is impeded when

the crystallite size of ZnO is above 300 nm. Raman spectra of

ZnO of different crystallite sizes were therefore recorded to

analyze the structural differences among the ZnO samples. The

Raman spectra of 2.1 and 300 nm size ZnO are compared with

the spectra of 1000 and 11000 nm ZnO in Fig. 6. The primary
7032 | J. Mater. Chem., 2012, 22, 7028–7035
Raman line at 435 cm�1 narrows somewhat and becomes intense

in the spectrum for 11000 nm size ZnO relative to the spectrum of

1000 nm ZnO (Fig. 6b). In the nanosized 2.1 and 300 nm samples

(Fig. 6a), the 435 cm�1 broadens toward lower frequencies and

shifts down in frequency to 420 and 430 cm�1, respectively, most

likely due to well known phonon localization effects.48 More-

over, there is substantial broadening of the line at 314 cm�1 in

2.1 nm ZnO indicating increased grain boundary amorphous
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2jm16175c


Table 3 Thermochromism of poly-PCDA-ZnO composites using different crystallite sizes of ZnO as determined by light diffraction

ZnO
Average crystalline
size (nm) Thermochromic transition

nanocrystalline 2.1 Rapidly reversible
nanocrystalline 300 Reversible
Crystalline (Sigma-Aldrich, Puriss) 1000 Irreversible
Nanocrystalline ZnO (300 nm) annealed at 1100 �C 11 000 Irreversible

Fig. 6 Raman spectra between 200 and 700 cm�1 of: (a) nanocrystalline

2.1 nm and 300 nm size ZnO; and (b) 1000 nm size ZnO fromAldrich and

11000 nm size annealed ZnO.

D
ow

nl
oa

de
d 

by
 B

N
L

 R
es

ea
rc

h 
L

ib
ra

ry
 o

n 
23

 M
ar

ch
 2

01
2

Pu
bl

is
he

d 
on

 0
1 

M
ar

ch
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2J

M
16

17
5C

View Online
fraction in nanosized ZnO49 where interaction with the polymer

side chain head group would likely occur.

UV-visible spectra recorded at 25 �C of poly-PCDA-ZnO

prepared using 1000, 11000, and 300 nm ZnO are shown in

Fig. 7. The spectra are the same as that of poly-PCDA in the blue

and red phases. In the blue phase an excitonic peak at �640 nm

with a vibronic component at �590 nm50 is observed. In the red

phase the excitonic peak is blue-shifted due to decreased conju-

gation length to �540 nm and the vibronic peak is downshifted

to �490 nm. No size induced absorption energy changes were

observed.

XANES and EXAFS (Fig. 8) measurements were also con-

ducted to probe the electron density and atomic structure,

respectively, around the metal atom in the poly-PCDA-ZnO

composites contrasting the 2.1 nm and 300 nm ZnO and the poly-

PCDA-ZnO composites. The XANES data in Fig. 8 (a) show

marked size effects on the position of the main 1s–4p peak that

shifts to the higher energies for 300 nm particles compared to the

2.1 nm ones. This effect is in full agreement with theoretical

calculations of Kuzmin et al.51 The EXAFS data obtained for the

larger sizes are in good agreement with previous measurements

on poly-PCDA-ZnO prepared using 300 nm ZnO and published

elsewhere.46 The spectrum shown in Fig. 8 (b) indicates decreased
Fig. 7 UV-visible spectra at 25 �C of poly-PCDA-ZnO composites with three

irreversible red (gray) and blue (black) phases, (b) poly-PCDA with annealed

poly-PCDA with nanocrystalline ZnO (300 nm) showing the spectrum in the

spectrum in the blue phase (black).

This journal is ª The Royal Society of Chemistry 2012
disorder in the Zn–O and Zn–Zn shells in the composite relative

to that in the pure ZnO sample of 2.1 nm in size.

Due to the substantial grain boundary amorphous content

indicated by the Raman data for this sample, only a weak peak in

the region of the Zn–Zn shell is observed. These effects are in

contrast to very little change observed in both the Zn–O shell and

the Zn–Zn shell in poly-PCDA-ZnO (compared to its pure ZnO

counterpart) prepared using 300 nm ZnO. The latter observation

is consistent with the large size of the particles. Further work is

under way to understand the origin of enhanced ordering in the

local environment around Zn in poly-PCDA-ZnO prepared

using 2.1 nm ZnO.

Thermochromism in poly-PCDA-Zr1�xZnxOy composites

In an effort to decrease the rate of the reversible thermochromic

transition in poly-PCDA-ZnO composites for elapsed time-

temperature sensing applications, poly-PCDA composites were

prepared using heat-treated mixed oxides of ZnO and ZrO2. The

Raman spectra of annealed ZnO compared with that of annealed

ZrO2 and ZnO/ZrO2 alloys of nominal composition Zr1�xZnxOy,

with x ¼ 0.2 and 0.5, are shown in Fig. 9A. The spectra indicate

that the primary line in ZnO at 435 cm�1 shows substantial

weakening as a result of alloy formation. The XRPD patterns of

poly-PCDA, ZnO/ZrO2 and of poly-PCDA-Zr1�xZnxOy x ¼ 0.2

displayed in Fig. 9B show shifts to smaller angles due to lattice

expansion on composite formation. In addition, two closely

spaced new reflections appear around 33 degrees in the

composite. Further work would be needed to determine the

crystallographic changes that occur with composite formation.

In order to determine whether the chromatic transition from

the red phase back to the blue phase is effected, for example,

slowed down from a few minutes in poly-PCDA-ZnO to hours or

days in poly-PCDA-Zr1�xZnxOy x ¼ 0.2, chromaticity (corre-

sponding to the saturation level of a particular hue of a color)

measurements were carried out using an X-rite optical
different crystallite sizes of ZnO: (a) poly-PCDA with ZnO (1000 nm) in

ZnO (11000 nm) in irreversible red (gray) and blue (black) phases, and (c)

reversible red phase which rapidly converts back to blue (gray) and the

J. Mater. Chem., 2012, 22, 7028–7035 | 7033
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Fig. 8 XANES (a) and Fourier transform magnitudes of k2-weighted EXAFS (b) spectra for different ZnO particle sizes, 2.1 and 300 nm. Both energy

and r-space plots show that the poly-PCDA-ZnO complex has a more ordered structure than its ZnO counterpart for the 2.1 nm size. Both systems have

very weak Zn–Zn coordination compared to that for pure ZnO and poly-PCDA-ZnO complex of 300 nm in size. The 300 nm size particles show weaker

PCDA complexation effects (due to their larger size) than the 2.1 nm particles.

Fig. 9 A. Raman spectra of: (a) annealed ZnO, b) annealed ZrO2, c)

heat-treated ZnO/ZrO2 mixture of composition Zr1�xZnx Oy, x ¼ 0.2

and d) heat-treated ZnO/ZrO2 mixture of composition Zr1�xZnx Oy, x ¼
0.5 corresponding to equal amounts of ZnO and ZrO2. B. XRPDpatterns

of: e) poly-PCDA, f) ZnO/ZrO2 of composition Zr1�xZnxOy, x ¼ 0.2, g)

poly-PCDA-Zr1�xZnxOy, x ¼ 0.2, and h) and i) expanded XRPD

patterns between 30 and 35 degrees of Zr1�xZnxOy, x ¼ 0.2 and poly-

PCDA-Zr1�xZnxOy, x ¼ 0.2. Arrows indicate the position of the new

lines that appear in the diffraction pattern of poly-PCDA-Zr1�xZnxOy,

x ¼ 0.2.

Fig. 10 (a) Schematic showing chromaticity (chroma) distributions from

gray or dull at the center to vivid or saturated at the perimeter; and (b)

plot of chromaticity values measured using an optical densitometer as

a function of time in days at 25 �C for a poly-PCDA-ZnO/ZrO2

composite thermally transformed to the red phase and then cooled to

25 �C.
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densitometer. These measurements were made at 25 �C for

a poly-PCDA-Zr1�xZnxOy x¼ 0.2 sample thermally transformed

to the red phase. The data shown in Fig. 10 indicate that the

chromaticity of the red phase in poly-PCDA-Zr1�xZnxOy x¼ 0.2

is indeed slowed down, decreasing slowly over days from the red

back to the blue phase. By contrast the chromaticity of poly-

PCDA-ZnO changes back to the blue phase in a few minutes.

Composites of the poly-PCDA with the mixed oxides can

therefore be used for elapsed time-temperature sensing

applications.
Conclusions

Raman, FTIR, DSC, uv-visible and XAFS data have been used

to understand the thermochromic reversibility introduced by
7034 | J. Mater. Chem., 2012, 22, 7028–7035
composite formation of poly-PCDAwith nanocrystalline ZnO in

the size range below 300 nm. Poly-PCDA composites with

nanocrystalline TiO2 and ZrO2 in the same size range however do

not affect the irreversibility of the thermochromic transition. It

was proposed that chelate formation between ZnO and side

chain head group –COOH leads to reversibility of the thermo-

chromic transition. Raman and XRPD data together with

optical chromaticity data are presented to show that ZnO alloyed

with ZrO2 form poly-PCDA-mixed oxide composites with

slowed down reversibility to the blue phase, thus allowing the use

of these composites for elapsed time-temperature sensors.
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