Chapter 1 Introduction

1-1 Conducting polymers

Novel materials based on organic compounds have recently been successfully
applied to electronic devices. Among these materials, conducting polymers (CP) display
potential in electronic applications [1-3]. Electronically conducting polymers possess a
variety of properties related to their electrochemical behaviors and are active materials
whose properties can be altered as a function of their electrochemical potential. Like
semiconductors, CP can thus produce novel electrical, optical and magnetic phenomena
and be translated into various useful devices in optoelectronic [4-7], solar cell [8-10],

sensor [11-13], and biomedical applications [14-16].

A key discovery that changed the outlook for producing highly conducting
polymers was the finding in 1973 that the inorganic polymer polysulfur nitride (SN)x is
highly conducting [17]. The discovery was of particular importance because they proved
the possibility of generating highly conducting polymers, and stimulated the enormous
amount of focus and activity necessary for the discovery of other polymeric conductors.
In the years between 1971 and 1975, Shirakawa and coworkers prepared polyacetylene as
organic material of conducting polymers and reached the real breakthrough in 1977
[18,19]. Following these works, there has been an explosion of activity around the
characterization, synthesis and use of conducting polymers in a wide range of fields from
electronics to medicine. For examples, Scheme 1-1 shows the structures of some
interesting conducting polymers for organic based materials that have been developed

over the past 30 years.
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Scheme 1-1. Chemical structure of some conducting polymers

Except polyacetylene, these organic polymeric materials include polyphenylene,
poly(p-phenylene vinylene)s, polythiophene, polypyrrole, and polyaniline; the conductivity
of those polymers is due to conjugated r-electron systems in their structures. Therefore, all
those conducting polymers are also classified as conjugated polymers and have attracted
the most attention. In 2000, the importance and potential impact of conducting polymers
were recognized by the world scientific community when Hideki Shirakawa, Alan J.
Heeger and Alan G. MacDiarmid were awarded the Nobel Prize in Chemistry for their

research in this subject [18-22].



1-2 Polysquaraines

Conjugated polymers possess intrinsic electrical conductivity. Therefore, synthesis
of conjugated polymers with low optical band gaps has been employed with considerable
effort recently. The band gap energy of conducting polymers varies significantly
depending upon the degree of extended conjugation between consecutive repeating units
and inherent electron densities of the polymer backbones. One of the approaches towards
the designing of such polymers is the use of strong donor and acceptor monomers at
regular arrangements in the repeating units, which has limited success in many cases. An
alternate strategy is the use of organic dyes as building blocks. Squaraines are organic dyes

and are thus ideal candidates for this purpose due to their unique optical properties.

Squaraines [23,24], condensation reaction of 3,4-dihydroxy-3-cyclobutene 1,2-
dione (squaric acid) with electron rich-aromatic and heterocyclic compounds, are a class of
dyes with resonance stabilized zwitterionic structures, a classical example of these

squaraines is shown in Scheme 1-2.
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Scheme 1-2. A classical example of squaraines dyes with resonance-stabilized zwitterionic

structures.



Squaraine dyes generally have donor-acceptor-donor (D-A-D) texture, which the
central four member ring as electron acceptor and two electron donating group. These
organic squaraine dyes exhibit sharp and absorption and emission in the visible to near-IR
region [25-27]. In 1965, Triebs and Jacob reported their initial preparation squaraine dyes
from reaction of the 3,4-dihydroxy-3-cyclobutene 1,2-dione with pyrrole [28], as displayed
in Scheme 1-3. Later, the formation of strongly colored organic dyes have appeared and
reported. These dyes are prepared by condensation between squaric acid and electron rich
aromatic or heterocyclic compounds such as N,N-dialkylanilines, phenols, benzothiazoles,
azulenes and pyrrole [29-32]. These class zwitterionic dyes are referred to as “squaraine”
dyes, a name coined by Schmidt [33]. After these works, squaraine dyes have been
developed and played an important role in the studies and designs of a whole range of the

solution and solid state for photophysical and photochemical applications.
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Scheme 1-3. The genesis of squaraine dyes from reaction of 3,4-dihydroxy-3-cyclobutene

1,2-dione (squaric acid) with pyrrole by Triebs and Jacob.

As the structural backbones of these squaraine dyes comprise bifunctional electron
rich heterocyclic aromatic molecule such as pyrrole, carbazole, and any complex molecule
possessing two suitable electron rich sites in its structure can polycondensation with
squaric acid to form a polymer. In these polycondensations, squaraine dyes can thus form

polysquaraines with = -conjugated structures; these polymers exhibit intrinsic



semiconducting properties and are classified as conjugated polymers or conducting

polymers.

1-3 Goals of this work

Polysquaraines exhibit favorable optical properties and great flexibility for
synthetic manipulation, and are suitable for the design of polymers with small optical band
gaps [34-40]. The possession of unique optical properties makes polysquaraines suitable
materials for several technological applications such as solar cells [41-44], xerographic
sensitizers [45], optical data storage [46-48], biomedical applications and sensor [49-57].
Thus, polysquaraines remain at the forefront in many areas of development. Therefore, we

selected polysquaraine as a studying material inthis work.

We started the investigation of polysquaraine from the synthetic work of
polycondensation of squaric acid with pyrrole derivatives. In this condensation, the
intrinsic nature of pyrrole derivatives might influence the reaction and impinge on the
backbone structure in polysquaraine. We thus investigated the effect of the position of the

alkyl group in the pyrrole derivatives on the synthesis of polysquaraine by condensation.

In this work, we synthesized and analyzed poly(pyrrolyl)squaraines from the
condensation of squaric acid with 1-octyl- and 3-octylpyrroles having the same molar mass
to investigate the products from the same alkyl group linking to separate N- and C-
positions. Scheme 1-4 and 1-5 show the flow charts of synthesis and analysis of

polysquaraines in this work.
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The optical, physical and electronic properties of conjugated polymers might be
affected by a variation of the polymer conformation. Then, controlling the conformation is
an important and interesting subject for applications of these conjugated polymers.
Previous works have investigated the variation of the structural conformation for
squaraine-based materials responding to external stimuli such as solvent concentration [58-
60], solvent polarity [58,61,62], temperature [58,63], metal ions [49,64,65] and other
conditions. Besides induction by these external stimuli, we tried to find other techniques

that might control the conformation of polysquaraines as synthesized in this work.



Chapter 2

Effect of Alkyl Position of Pyrrole on Structures and

Properties of Conjugated Polysquaraines

2-1 Introduction

As one polysquaraine, squaric acid reacts with pyrrole derivatives in condensation
to form polymeric chains. In this condensation, the pyrrole derivative might react with the
squaric acid with 1,2- or 1,3-addition and produce distinct backbone structures of
poly(pyrrolyl)squaraines, as shown in Scheme 2-1. Previous works [66] reported that
structural compositions of poly(pyrrolyl)squaraines of two types can thus be generated
with formulae 1 and Il implying the 1,2- and 1,3- reactions, respectively.
Poly(pyrrolyl)squaraine containing a repeating backbone in formula 1l features a
zwitterionic structure; whereas that in formula“l adopts a covalent structure. For these
polymers, the distinctive bonding character of the backbone structure affects their chemical

and physical properties and thus their applications.
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Scheme 2-1. Reaction of a pyrrole derivative with squaric acid in condensation forms
repeating units in the structure of poly(pyrrolyl)squaraine of two types, of which formulae
I and Il imply the covalent and zwitterionic backbones; respectively. R and R’ represent H

or an alkyl group.



In forming the squaraine backbone with squaric acid, the intrinsic nature of pyrrole
derivatives might influence the condensation and impinge on the backbone structure in
polysquaraine. To improve control of the physical and chemical properties of this polymer,
we investigated the effect of derivatives of the pyrrole moiety on the synthesis of
polysquaraine by condensation. For this purpose, we focused on the condensation for
poly(pyrrolyl)squaraines affected by the position of the alkyl group in the pyrrole
derivatives. We synthesized and analyzed poly(pyrrolyl)squaraines from the condensation
of squaric acid with 1-octyl- and 3-octylpyrroles having the same molar mass to investigate

the products from the same alkyl group linking to separate N— and C— positions.

2-2 Experimental Section

2-2.1 Materials

Reagents 1-octylpyrrole (97.3.%), 3-octylpyrrole (99.5 %) and squaric acid
(99.0 %) (all T.C.I. Co.), solvents Acetone (99.9 %), 1-butanol (99.9 %), benzene (99.8 %),
cyclohexane (99.8 %), diethyl ether (99 %), ethanol (99.8 %), isopropanol (> 99.9 %),
methanol (99.8 %), methylene chloride (99.8 %) and trichloromethane (99.4 %) (all Merck
Co.), and drying agent anhydrous magnesium sulfate powder (J. T. Baker Co.) were

obtained from the indicated suppliers.

2-2.2 Measurements

'H NMR and *C NMR (700 MHz, VARIAN VNMRS-700) spectra were recorded of
samples in CDClI; with TMS as an internal standard. The molar masses of the polymers were

measured with a gel permeation chromatograph (GPC, Viscotek-TDA) at 25°C, using



trichloromethane as eluent and polystyrene as the standard reference; this GPC posesses
multi detectors including a refractive index detector, a right angel laser light scattering

detector, a low angel laser light scattering detector, a viscometer, and an UV detector.

IR absorption spectra were recorded with a spectrometer Bomem DA8 FTIR or
Nicolet Magna 860 FTIR attached to the IR beamline at the National Synchrotron
Radiation Research Center in Taiwan, see Figure 2-S1 in Supporting Information; a

HgCdTe or DTGS detector served to span the mid-IR range 500 - 4000 cm™ or 400 - 4000

cm™, respectively. The IR spectra were typically measured with resolution 0.5 cm™ and

200 - 512 scans. Samples of polysquaraines were dissolved in trichloromethane. KBr discs

were dipped in the samples as saturated solutions and subsequently dried in a vacuum oven to

remove the solvent.

Elemental analyses (Foss Heraeus CHN-O-Rapid), thermogravimetric analyses
(TGA, TA Model, N, atmosphere), and-visible absorption spectra (Ocean Optics UV-
visible spectrophotometer) were performed or measured with the indicated instruments.
Photoluminescence spectra were obtained from a Jobin-Yvon Fluorolog-3

spectrophotometer.

2-2.3 Preparation of poly(1-octylpyrrole-co-squaric acid)

Poly(1-octylpyrrole-co-squaric acid) was synthesized on refluxing 1-octylpyrrole
(1.1224 g, 6.26 mmol) and squaric acid (0.714 g, 6.26 mmol) in equimolar proportions in a
mixture of 1-butanol (60 mL) and benzene (30 mL) under a continuous flowing N,
atmosphere for 24 h [28,29 66-68]. The dark blue solutions obtained were filtered, and the

filtrates were concentrated with vacuum distillation and poured into diethyl ether. The
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crude products were collected on filtration and washed with diethyl ether, before being
redissolved in trichloromethane to yield solutions that were filtered again; the filtrates were
evaporated to dryness in an open fume cupboard to eliminate the HCCls. The precipitates
were finally washed again with diethyl ether and dried in a vacuum chamber near 295 K

for two days.

In this condensation, water contamination might interfere and affect the product
generated. We carefully treated water contamination problem in several ways. (1) The
solvents were dried with MgSO,. (2) The highly pure N, was dried further on passing over
silica gel. (3) The reaction vessels were fully passivated with copious amounts of dry N, at
least 30 min before reagents were admitted. (4) The reaction system was purged a further
30 min a heater was initiated. (5) The reaction mixture was stirred and refluxed with
azeotropic solvents at 120 °C; under these conditions, water was removed by the flowing
nitrogen. To verify the thorough -removal of water, we attached a water trap to the

condenser and obtained no liquid water.

The dark blue product of poly(1-octylpyrrole-co-squaric acid) was obtained with
the yield 53 %. *H NMR (CDCls): 8 = 0.9 (br s, 3H, CHs), 1.23 (br s, 10H, CH,), 1.58 (br s,
2H, CH,), 3.63 (br s, 2H, CH,), 4.6-4.8 (br s, 2H), 6.4-6.8 (br s, aromatic), see Figure 2-S2

in Supporting Information.

Elemental analysis for (C16H1sNO; + H,0), (275.188),: Calcd. C 69.78, N 5.09, H
7.69; Found C 71.20, N 5.10, H 8.42. IR (KBr) : 2956 (as s, CH3), 2923 (as s, CHy), 2871
(s, CH3), 2850 (s, CHy), 1736 (s, C=0), 1622 (s, C-0), 1482 (ring modes), 1463 (as b,

CHs), 1422 (scissor, CH,), 1357 (umbrella b, CH3), 1082 (b, CH), 755 (b, CH), 721 cm™ (r,
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CH,). Visible: A max/nm (methanol) 539.4, (ethanol) 542.3, (isopropanol) 542.6, (1-

butanol) 545.8.

2-2.4 Preparation of poly(3-octylpyrrole-co-squaric acid)

Poly(3-octylpyrrole-co-squaric acid) was prepared from reaction of 3-octylpyrrole
(1.1224 g, 6.26 mmol) and squaric acid (0.714 g, 6.26 mmol) according to the same
process used to prepare poly(1-octylpyrrole-co-squaric acid) [29,66-68]; in which the

product was obtained with the yield 66 %.

'H NMR (CDCls): & = 0.84 (s, 3H, CHs), 1.23 (d, 10H, CH,) 1.63 (t, 2H, CHy),
2.51(s, 2H, CH,), 6.38 (br s, 1H, aromatic) , 10.43 (br s, 1H, NH), see Figure 2-S3 in
Supporting Information; *C NMR (CDCl5): § =:14.09, 22.67, 26.63, 27.39, 29.23, 29.28,
29.36, 29.51, 29.69, 30.47, 31.50, 3179, 31.88, 115.19, 115.45, 125.87, 132.43, 133.12,

143.05, 174.76, 177.13, see Figure 2-S4.in Supporting Information.

Elemental analysis for (CiH19NO), (257.3),: Calcd. C 74.68, N 5.44, H 7.44;
Found C 74.37, N 5.3, H 8.79. IR (KBr): 3350 (s, NH), 3157 (s, CH), 2955 (as s, CHa),
2922 (as s, CHy), 2871 (s, CH3), 2851 (s, CHy), 1742 (s, C=0), 1600 (s, C-0), 1557 (b,
NH), 1539 (b, NH), 1491 (ring modes), 1465 (as b, CH3), 1429 (scissor, CH,), 1373
(umbrella b, CH3), 1112 (b, CH), 936 (b, CH), 882 (b, CH), 775 (b, CH), 726 cm™ (r, CHy).

Visible A max / nm (methanol) 538.2, (ethanol) 540, (isopropanol) 541.4, (1-butanol) 542.2.
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2-3 Results and Discussion

Squaric acid might react with a pyrrole derivative by 1,2- or 1,3-addition to form
poly(pyrrolyl)squaraines of two types, designated as formulae 1 and Il. Condensation of
these two reagents might thus generate poly(pyrrolyl)squaraine possessing both repeating
units of formulae 1 and Il in the polymer chain. The general condensation of squaric acid
with 1-octylpyrrole and 3-octylpyrrole is expressed in Scheme 2-2; the end products
poly(1-octylpyrrole-co-squaric acid) and poly(3-octylpyrrole-co-squaric acid) are denoted

with formulae 111 and 1V, respectively.
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Scheme 2-2. In the general condensation of squaric acid with 1-octylpyrrole and 3-
octylpyrrole, the end-product poly(pyrrolyl)squaraines are represented with formulae 111

and 1V, respectively.

These poly(pyrrolyl)squaraines might contain m repeating units with a covalent
backbone and n repeating units with a zwitterionic backbone in their structures; poly(1-

octylpyrrole-co-squaric acid) and poly(3-octylpyrrole-co-squaric acid) as we synthesized
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are  named  poly(1-octylpyrrolyl)squaraine,  abbreviated P1, and poly(3-

octylpyrrolyl)squaraine, P3, respectively.

2-3.1 Molecular weight of polysquaraines as synthesized

The molar masses of as synthesized P1 and P3 were determined with the GPC. The
values of Mn for P1 and P3 are 23 and 21 kDa, and that of Mw for P1 and P3 are 45 and 38
kDa, respectively. The polydispersity index (Mw/Mn) of P1 (1.96) is thus greater than that
of P3 (1.81). The dissimilarity of polydispersity for these two polymers hints of a variation

of their structures.

2-3.2 Structure analysis based on IR absorption

Infrared spectra serve to distinguish the.chemical characteristics of polymers through
their sensitivity to functional groups. Polysquaraines feature strong absorption in the mid-IR
range, in which occurs useful information to characterize the structural composition of

these polymers. Distinct IR absorption spectra of P1 and P3 in the spectral range 400 -

4000 cm™ are shown in Figure 2-1. Including weak absorption features, the lines in IR
spectra of P1 and P3 number 27 and 32, respectively. For the analysis of these features, we

recorded IR spectra also of the three monomers, as depicted in Figure 2-2.

IR spectra of the P1 and P3 are divided into two regions. The left region, from 2700 to
3400 cm™, contains strong absorptions attributed to C—H and N—H stretching modes. The
intense lines observed between 2800 and 3000 cm™ are assigned to C—H stretching modes of
the octyl moiety in both polymers. Unlike the octyl group linked to —N atom in P1, P3 has its
octyl group linked to a —C atom and shows a signal of the -NH group according to a —NH

stretching mode near 3300 cm™ in Figure 2-1(b).
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The right parts of the spectra, from 400 to 1750 cm™, serve as “fingerprints’ of other
functional groups and modes. The lines associated with carbonyl (—CO) functional groups in
the intrinsic structural backbone of the polymer are typically discernible in the spectra. The
covalent and zwitterionic —CO functional groups in polysquaraines have characteristic
absorptions near 1750 cm™ and 1600 cm™ [69-74], respectively; these values are smaller than

the corresponding value 1815 cm™ of squaric acid.

As carbonyl moieties of these two kinds are thus distinguished directly in the IR
spectra, we derive information about these dissimilar components in polymers on the basis of
these lines. For instance, Figure 2-1 (b) shows a strong absorption at 1600 cm™ and a weak
one at 1742 cm™; the intensity of the latter attributed to covalent carbonyl is about 3 % as
that of the former associated with zwitterionic carbonyl. This result demonstrates that P3
possesses mostly zwitterionic repeating-units in the polymer chain, so that it’s repeating
units represented as n in Scheme 2-2 are about 97 %. Even with the same procedures for
the polycondensation, a variation of backbone structures might happen from batch to batch.
To test this uncertainty, we prepared polysquaraines P3 for four batches, P3-1, P3-2, P3-3,
and P3-4. The IR absorption spectra of P3-1, P3-2, P3-3, and P3-4 are compared in Figure
2-3; the shapes of these spectra are similar. The percentages of zwitterionic and covalent
carbonyl backbones in polymer chains for these P3 polysquaraines are listed in Table 2-1.

All these P3 polysquaraines possess mostly zwitterionic structures larger than 96 %.

For a similar analysis applied to the P1, the ratio of the intensity for the line
attributed to zwitterionic carbonyl about 1622 cm™ to that for the covalent one near 1736
cmis approximately 2:1, as shown in Figure 2-1(a); hence P1 includes 1/3 covalent units in
its structure [75-80]. Also, we prepared polysquaraines P1 for four batches, P1-1, P1-2, P1-

3, and P1-4; the IR absorption spectra of these products are compared in Figure 2-4. With
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the same argument, we analyzed the backbone structures of theses polymers. By this
means, the percentages of zwitterionic and covalent carbonyl backbones in polymeric
chains for these P1 polysquaraines are also listed in Table 2-1. Approximately, the
zwitterionic carbonyls to the covalent ones in polymeric chains of these P1 polysquaraines

follow the same ratio 2:1.

2-3.3 Position of the alkyl group in the reagent of the pyrrole derivative affects the

structural construction

The condensation product from a reaction of squaric acid and a pyrrole derivative
might retain two basic structural units in the polymer chain, as shown in Scheme 2-1. The
condensation via 1,2- or 1,3-addition is discussed elsewhere and the polymerization
reaction is still under investigation. The reaction-and its mechanism might be subject to
interference from water contamination in the ‘polymerization and affect the product
generated [66]; perhaps the 1,2-addition occurs-significantly only in reactions performed in
solvent systems from which the produced water is not removed. For the purpose of
application as a CP, the poly(pyrrolyl)squaraine has a desired structure predominantly 1,3-
squarate. We thus eliminated water as a contamination problem according to several
methods described in the experimental section. By this means, we obtained product P3
from reagent 3-octylpyrrole possessing mostly zwitterionic repeating units (>97 %), but
polymer P1 from the reagent 1-octylpyrrole was produced with a backbone ratio 2:1 of the

zwitterionic repeating units to the covalent ones.

What is the source of this discrepancy in the ratio of structural components for P1
and P3? As we used the same experimental procedures to synthesize the polymers, we

conclude that water contamination is not the only factor directing the polymerization. Of
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the reagents to produce these two polymers, 1-octylpyrrole for P1 and 3-octylpyrrole for
P3, both pyrrole derivatives have the same molecular moiety, octyl, but linked at separate
positions in pyrrole. As explained above, P3 from the alkyl group linked to the —C atom in
pyrrole comprises mostly a zwitterionic structure, whereas P1 from the alkyl group linked
to the —N atom possesses one third covalent units in polymer chain. We conclude that the
position of the alkyl group in the reagent of the pyrrole derivative affects the structural

construction in the condensation of poly(pyrrolyl)squaraine.

Regarding Schemes 2-1 and 2-2, the condensation of the pyrrole derivative with
squaric acid might adopt 1,2- or 1,3- addition to form the covalent and zwitterionic
backbones, respectively. For the route of 1,3-addition, the electron cloud of the double
bond between positions 2 and 3 in the pyrrole derivative donates to the bond linking to the
squaric acid, in which the double bond-is:eventually formed. The electron donation of the
alkyl group in position 3 might ‘thus promote 1;3-addition. 3-Octylpyrrole, that thus
possesses an octyl group in the 3 position; can hence contribute to 1,3-addition to yield the
most zwitterionic backbones, whereas 1-octylpyrrole that has an H atom in the 3 position

engages in both additions in a weighted ratio.

2-3.4 Solvent effect in visible absorption spectra

As the polysquaraines have = -conjugated structures that produce intense
absorption of visible light, visible absorption spectra serve also to characterize these
polymers. We measured the visible absorption spectra of poly(pyrrolyl)squaraines as
synthesized in solvents of two classes — hydrogen-bonding (HB) solvents and non-

hydrogen-bonding (NHB) solvents, as shown in Figures 2-5 and 2-6, respectively.
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The poly(1l-octylpyrrolyl)squaraine and poly(3-octylpyrrolyl)squaraines as
synthesized exhibit distinct features in their visible absorption spectra. P3 has a single and
narrow Vvisible absorption centered about 538-550 nm depending on the solvent, as
displayed in Figures 2-5 (b) and 2-6 (b), producing a red color in solution, whereas P1 has
a line with maximum absorption at 539-553 nm and a broad shoulder near 600 nm, as

depicted in Figures 2-5 (a) and 2-6 (a), appearing blue in solution.

As discussed above, because P3 possesses mostly zwitterionic repeating units in its
structure, the backbones tend to be identical and to bestow on its visible absorption only
one narrow band, with maxima in various solvents listed in Table 2-2, whereas P1 contains
two backbones in its polymer chain, so producing a more complicated absorption in its
visible spectra. Through comparison with the narrow absorption for zwitterionic P3, we
assign the corresponding narrow band of P1, of which the maxima are also listed in Table

2-2, which we attribute to its zwitterionic moiety; the shoulder is due to its covalent part.

The wavelengths of the maximum visible absorptions of the polymers as
synthesized varied with the solvent, possibly related to its polarity. The relative
permittivity &, that is a measure of a solvent to separate charge and to orient a dipole is a
useful parameter to describe the polarity of the solvent. Relations of the visible absorption
maxima of P1 and P3 versus relative permittivity of HB solvents are displayed in Figure 2-
7. As the wavenumbers of maximum absorption exhibit a linear shift with relative
permittivity in the HB solvents [81,82], the visible absorption spectra of both polymers as
synthesized exhibit significant negative solvatochromism [83-87]; i.e., the absorption
exhibits a bathochromic effect with decreasing polarity in alcoholic solvents. The slopes of
these relations for P3 and P1 are almost the same; the zwitterionic structures in these two

polymers are hence similar, but for the same solvent the wave length of maximum
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absorption of P3 is blue-shifted relative to P1; this phenomenon reflects the fact that the

mass ratio of the zwitterionic moiety in P3 is greater than that in P1.

2-3.5 Solvent effect in photoluminescence spectra

Polysquaraines possess = molecular orbitals delocalized along the polymer chain;

therefore, it is expected that these polymers have high photoluminescence quantum yields.
Figure 2-8 shows the photoluminescence spectra of P1 and P3 in four HB-solvents. In
solvents of methanol, ethanol, isopropanol, and 1-butanol, the maximum emission bands of
P1 were observed at 552.2, 555.3, 555.4, and 556.0 nm, respectively; the peaks shift within
4 nm. Whereas, those bands of P3 were recorded at 559.5, 563.7, 567.4, and 568.0 nm,

respectively; the positions of maximum peaks differ in the wavelength range 8.5 nm.

Similar to the visible absorptions in HB-solvents, the emission bands of P1 and P3
undergo hypsochromic shifts with increasing solvent polarity. Relations of the emission
maxima of P1 and P3 versus relative permittivity of HB solvents are displayed in Figure 2-
9. As the wavenumbers of maximum emission display a linear shift with relative
permittivity in the HB solvents, the photoluminescence spectra of both polymers also

possess significant negative solvatochromism.

Due to the similar zwitterionic structures in these two polymers, the slopes of these
relations for P3 and P1 are also the same, as shown in Figure 2-9. Compare to the

absorptions in the same solvent, the Stokes shifts of P1 and P3 are in the ranges 12.2 -
13.0 cm™ and 21.3 - 26.0 cm™, respectively; the values for P3 are greater than those for P1.

This occurrence also reveals the phenomenon that the mass ratio of the zwitterionic moiety

in P3 is greater than that in P1.
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2-3.6 Thermal stabilities of polysquaraines as synthesized

For various applications the thermal stability of these polysquaraines is a matter of
concern. As displayed in Figure 2-10, the TGA curves of P1 and P3 under N, were
recorded at heating rate 15 °‘C/ min. Both polymers exhibited no loss of mass at
temperature below 155 °C; when temperatures went up to 200.0 °C, the mass loss of P1

and P3 were 1.2 % and 0.8 %, respectively.

If we define the temperature at which mass loss is 5 % as Td, we obtain values
259.8 °C for P1 and 270.1 °C for P3. For a temperature below 304 °C, the extent of mass
loss of P1 is slightly greater than for P3, but above 304°C, the mass loss of P3 increases

more rapidly; this result indicates that the thermal degradation of P3 under the latter
condition is more pronounced than that of P1. In'the chain of polysquaraine, the covalent
backbone is expected to be more stable than the zwitterionic one. As P1 comprises more

covalent moieties than P3, P1 hence tends to resist thermal degradation above 304 “C.

Further evidence of thermal stability for these two polymers was obtained from
thermal tests monitored with IR spectra. We dipped polymers on the low-E plates and
heated the plates in situ for IR measurements in the reflection mode, see Figure 2-S5 in
Supporting Information. IR spectra of polysquaraines as synthesized in the spectral range

650 - 4000 cm™ at various temperatures are shown in Figure 2-11 and 2-12.

The IR reflection spectra remained constant below 155 “C for both polymers, but
varied slightly at 180 “C at which the mass losses were 0.5 % and 0.2 % for P1 and P3,

respectively. The line at 1600 cm™ attributed to the zwitterionic carbonyl of P3 was

present at 236 °C, but vanished by 266 °C in Figure 2-12, whereas the line at 1736 cm™
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attributed to the covalent carbonyl of P1 was observable at 287 “C in Figure 2-11. This test

is consistent with the thermal stability of the covalent backbone exceeding that of the

zwitterionic one in the structure of polysquaraine.

2-4 Summary

Poly(1-octylpyrrolyl)squaraine and poly(3-octylpyrrolyl)squaraine were synthesized
from squaric acid with 1-octylpyrrole and 3-octylpyrrole under identical conditions of
condensation. Visible absorption spectra, photoluminescence spectra, TGA curves, and IR
spectra were recorded to characterize the structures of these polymers as synthesized; the
measured optical and thermal properties are consistent with backbone structures. The
polysquaraine from 3-octylpyrrole possesses mostly zwitterionic repeating units (>97 %),
but the polymer from 1-octylpyrrole consists of zwitterionic and covalent repeating units in
a ratio 2:1. Observations from the-visible absorption and photoluminescence spectra in
varied solvents, TGA curves, and thermal IR measurements for these two polymers
reconciled to their structures. This result indicates that the position of the alkyl group in the
pyrrole derivative affects the conformation in the condensation of poly(pyrrolyl)squaraine.
These polysquaraines are stable below temperature 155 “C and their visible absorption and
photoluminescence  properties in  hydrogen-bonding solvents exhibit negative

solvatochromism.
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2-5 Figures and Tables
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Figure 2-1. IR absorption spectra of polysquaraines as synthesized, in the spectral range
400 - 4000 cm™: (a) P1; (b) P3.
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Figure 2-2. IR absorption spectra of monomers in the spectral range 400 - 4000 cm™ (a)

squaric acid; (b) 1-octylpyrrole; and (c) 3-octylpyrrole.
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Figure 2-5. Visible absorption spectra of poly(pyrrolyl)squaraines, as synthesized, in
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Figure 2-8. Photoluminescence spectra of poly(pyrrolyl)squaraines, as synthesized, in
hydrogen-bonding solvents: (a) P1 excited at 540 nm; (b) P3 excited at 530 nm.

-29.-



-1

Wavenumber /cm

18400

[ ' ' ' .
18200 ; é
18000 ®
17800 ; é
17600 ; é
17400 » — — — :
15 20 25 30 35

Relative permittivity
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Figure 2-10. Thermal gravimetric analysis (TGA) curves of P1 (solid line) and P3 (dotted
line) as synthesized.
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Figure 2-11. IR absorption spectra of P1 at various temperatures as indicated.
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Figure 2-12. IR absorption spectra of P3 at various temperatures as indicated.
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Table 2-1. Wavenumbers (cm™), intensities, and ratios of covalent and zwitterionic
carbonyl of poly(1-octylpyrroyl)squaraines P1 and poly(3-octylpyrroyl)squaraines P3 as
synthesized.

Batch No. V c.o (cm?) Intensity V c.o (cm?) Intensity Ratio
Covalent Part, m Zwitterionic Part, N Covalent : Zwitterionic
P1-1 1736.0 0.111 1625.0 0.222 1:2.0
P1-2 17375 0.228 1625.0 0.477 1:21
P1-3 1737.5 0.248 1626.5 0.413 1:1.6
P1-4 1736.0 0.160 1622.0 0.314 1:1.9
P3-1 1700.0 0.019 1600.0 0.612 3:97
P3-2 1745.0 0.038 1600.0 1.110 3:97
P3-3 1742.0 0.039 1600.0 0.961 4:96
P3-4 17415 0.030 1601.5 0.817 4:96

-34 -



Table 2-2. Wavelength/nm of maximum visible absorption of P1 and P3, as synthesized,

in various solvents

solvent relative permittivity P1 P3

C,HsOH 24.55 542.3 540.0

C4HyOH 17.55 543.8 542.2
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2-6 Supporting Information

2-6.1 The IR beamline BL14A1 at the National Synchrotron Radiation Research

Center

The IR beamline BL14A1 located in National Synchrotron Radiation Research
Center (NSRRC) has been opened since September 2005. The end-station of infrared
microspectroscopy (IMS) beamline is a technology of combination of the state-of-the-art
FT-IR spectroscopy, optical microscope with all-reflecting optics, and synchrotron infrared
radiation generated from bending magnet edges in a 1.5 GeV electron storage ring. This
IMS beamline based on synchrotron source provides considerable brightness advantages

over conventional IR sources.

The optical layout of IR beamline BL14AL is shown in Figure 1-S1.
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Figure 2-S1. The optical layout of IR beamline BL14A1
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The technical data of IR beamline BL14A1 are listed in the following table.

Operational (general use)

Yes

%Time available (general
use)

75%

Experiments

FT-IR, ATR-FT-IR and Infrared Microspectroscopy

Source

Bending Magnet

Ring Current (mA)

300 mA

Average Beam Lifetime

Infinite Under NSRRC Top Up Conditions

Energy Range

4000-650 cm™

Spectral Resolution

0.125 cm™

Spot Size

FWHM: 10 um (H) x13 um (V)

Optics

Bendable Horizontal Focusing Mirror, Bendable
Vertical Focusing Mirror, Parabolic Collimating
Mirror

Acceptance Angle (mrad) 70 mrad(H) x 30 mrad(V)

Flux (photons/sec) 2 x 10"

Wavelength Min (um) 2.5

Wavelength Max (um) 15.4

Mirrors Au Coated

Detector LN-Cooled MCT/A

Biohazard Contact in Advance

Software OMNIC 7.3 and Atlus

Hardware Nicolet Magna 860 Spectrometer and Spectra Tech

Continum IR Microscope

Backup Devices

USB2.0 Portable Disk
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2-6.2 'H NMR spectrum of P1
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Figure 2-S2. *H NMR spectrum of P1.
= 0.9 (brs, 3H, CHa), 1.23 (br s, 10H, CH,), 1.58 (br s, 2H, CH,), 3.63(br s, 2H, CH»),
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2-6.3 'H NMR spectrum of P3
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Figure 2-S3. *H NMR spectrum of P3,
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2-6.4 *C NMR spectrum of P3
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2-6.5 Sample plate for in situ IR measurement
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Chapter 3

Reversible Isomerization of a Zwitterionic Polysquaraine

Induced by a Metal Surface

3-1 Introduction

Polymers with extended m-electron conjugation that have unique intrinsic
conductivity are classified as conjugated polymers or conducting polymers (CP) [1-3,88];
these compounds exhibit novel electrical, optical and magnetic phenomena that can serve
optoelectronic [89,90], solar cell [91-93], sensor and biomedical applications [94-96] in
various devices. The polymeric nature of a CP enables great structural flexibility; CP thus
attracts attention and remains at the.forefront.in.many areas of development. One of the
most significant interests in developing a CP is that its optical, physical and electronic
properties are affected strongly by @a variation of the polymer conformation [97-100].
Development of a CP requires an understanding of its detailed structure and its variation
under various manipulations. This topic has hence become a focus of research from both

scientific and practical points of view.

Polysquaraines are zwitterionic dyes containing squaraines and w-conjugated
polymers that are characterized by intense red absorption [25-27]; these compounds are
suitable for the design of conducting polymers with small optical band gaps [34-40]. This
possession of unique properties has made polysquaraines provide great sensitivity and
optimal performance in such applications as communication and biosensors, etc.

[46,48,51,101,102].
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The optical, physical and electronic properties of CP are affected strongly by a
variation of the polymer conformation because of excitonic interaction among the
constituent chromophores. To optimize the performance, controlling the conformation is a
critical issue for applications based on these materials. Preceding authors have investigated
the variation of the structural conformation for squaraine-based materials through external
stimuli by solvent concentration [58-60], solvent polarity [58,61,62], temperature [58,63],
metal ions [49,64,65] and other conditions. Besides induction by these external stimuli,

other techniques might control the conformation of polysquaraine.

A condensation of squaric acid with electron-donating aromatic compounds
produces squaraines [28,30,103]. In one such reaction, squaric acid reacts with a pyrrole
derivatives to form poly(pyrrolyl)squaraines [76], having either covalent or zwitterionic
backbones, so differing in the chain of the palymer. The intrinsic molecular structure of
polysquaraine is expected to influence strongly its stability and opto-electronic properties;
for instance, as the positive moiety containinga N atom in the zwitterionic polysquaraine
can bind to either a H atom or an alkyl group (R), this subtle local variation of molecular

structure likely affects its chemical and physical properties.

Here we demonstrate that, besides induction by metal ions, the structure of poly(3-
octylpyrrole)squaraine having a zwitterionic repeating unit is variable when its solution in
trichloromethane makes contact with the surface of an active metal. A possible structural
alteration of this CP is thus a reversible isomerization from a linear conformer to a folded
one induced with an active metal surface. This observation has no precedent; our findings
provide an impetus for further investigation of the structural modification of similar CP

and the structural dynamics of their polymer chains in solution.
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3-2 Experimental Section

3-2.1 Materials

Reagents 1-octylpyrrole (97.3 %), 3-octylpyrrole (99.5 %) and squaric acid
(99.0 %) (all from T.C.l.), lithium perchlorate (99.99 %), sodium perchlorate (98+ %),
cesium perchlorate (99.999 %), magnesium perchlorate (99.0 %), and barium perchlorate
(99.999 %) (all from Sigma-Aldrich), copper perchlorate hexahydrate (98 %), calcium
perchlorate tetrahydrate (98 %) (Acros), solvents 1-butanol (99.9 %), benzene (99.8 %),
diethyl ether (99 %), ethanol (99.8 %) and trichloromethane (99.4 %) (all from Merck)

were obtained from the indicated suppliers.

Plates of iron (0.1 mm, 99.994 %), aluminum (0.25 mm, 99.997 %), silver (0.1 mm,
99.998 %), cobalt (0.1 mm, 99.995 %), nickel (0.5 mm, 99.994 %), tin (1.0 mm,
99.9985 %), lead (1.0 mm, 99.9995.9%), zinc (2.0 mm, 99.999 %), gold (0.1 mm,
99.9975 %), rhenium (0.025 mm, 99.97:%), tantalum (0.127 mm, 99.95 %), molybdenum
(0.5 mm, 99.0+ %) and copper gauze (100 mesh, diameter 0.11mm) (all from Alfa Aesar),
of copper (0.5 mm, 99.98 %), rhodium (0.025 mm, 99.9 %), tungsten (0.127 mm, 99.9+ %),
platinum (0.127 mm, 99.99 %) and palladium (0.25 mm, 99.98 %) (all from Sigma-

Aldrich) were obtained from the indicated suppliers.

3-2.2 Preparation of poly(octylpyrrole)squaraine

To synthesize poly(octylpyrrole-co-squaric acid), 1-octylpyrrole or 3-octylpyrrole
(1.1224 g, 6.26 mmol) and squaric acid (0.714 g, 6.26 mmol) in equimolar proportions

were refluxed in a mixture of 1-butanol (60 mL) and benzene (30 mL) under continuously
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flowing N, for 24 h [66,104]. The general condensation of squaric acid with 1-octylpyrrole

and 3-octylpyrrole is displayed in Scheme 3-1.

! HO o) I '
C8H17 C8H17 (o) (o) C8H17 0]
I
)
o HO o CgH17 CgHi7 0
] 8 1_7|_ . | | | o J= N\
N A N — [Im [y n
H HO o H j H
o Yo ©

Scheme 3-1. In the general condensation.of squaric acid with 1-octylpyrrole and 3-
octylpyrrole, the product poly(pyrrolyl)squaraines containing m repeating units of covalent
backbone and n repeating units of zwitterionic backbone are represented with formulae |

and 11, respectively.

After the obtained solutions were filtered, the filtrates were concentrated through
vacuum distillation and poured into diethyl ether. The crude products were collected on
filtration and washed with diethyl ether, before being redissolved in trichloromethane to
yield solutions that were filtered again; the filtrates were evaporated to dryness in an open
fume cupboard to eliminate HCCI;. The precipitates were finally washed again with

diethyl ether and dried in a vacuum chamber near 295 K for two days.

According to our syntheses, the end products poly(1-octylpyrrole-co-squaric acid)
and poly(3-octylpyrrole-co-squaric acid) are named poly(1-octylpyrrolyl)squaraine,

denoted P1, and poly(3-octylpyrrolyl)squaraine, denoted P3, respectively.
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3-2.3 Characterization

P1 and P3 were characterized with elemental analysis, thermogravimetric analysis,
gel-permeation chromatography, and *H NMR, *C NMR, UV/visible absorption, infrared
absorption and photoluminescence spectra. By these means, we deduced that product P1
from reagent 1-octylpyrrole possesses backbone ratio 1:2 of covalent repeating units to
zwitterionic ones, whereas polymer P3 from reagent 3-octylpyrrole was produced with
mostly zwitterionic repeating units (>97 %), as shown in Scheme 3-2. The detailed
characterization of P1 and P3 can be found in Chapter 2 [104]. The molecular masses
according to Mn are 23 kDa for P1 and 21 kDa for P3, and according to Mw are 45 kDa

for P1 and 38 kDa for P3.

o]0

*p\l\l ‘ T L {\?/— 2n

CeHa7 5 9 CgHi7 o
P1
©
CgHiz O
\@ /
N
H n
(6]
P3

Scheme 3-2. The molecular structures of P1 and P3; P1 consists of repeating units of
covalent and zwitterionic structural backbone in a ratio 1:2, whereas P3 possesses mostly

zwitterionic repeating units (>97 %).
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3-2.4 Measurements

Visible absorption spectra were recorded with a UV-visible spectrophotometer
(Ocean Optics). IR absorption spectra were recorded with an interferometric spectrometer
(Nicolet Magna 860 FTIR) attached to the IR beamline at National Synchrotron Radiation

Research Center (NSRRC); a HgCdTe detector rendered the mid IR range 500 - 4000 cm™
or a DTGS detector for 400 - 4000 cm™. The resistance of the polymer solution was

measured by the AC impedance method using electrochemical workstations (PARATAT

2263).

Small-angle X-ray scattering (SAXS) curves were recorded with the 15-keV beam
(ca. 0.2x0.2 mm) from beam line 23A at NSRRC [105]; the technical data of this beamline
can be found in Supporting Information 3-6.1 and the optical layout is depicted in Figure
3-Slof Supporting Information. The target polymers were dissolved in trichloromethane
then injected into a stainless-steel or'copper cell (diameter 5 mm, thickness 2.2 mm), with
Kapton windows for incident X-rays; the drawing and the photo of the liquid cell are

displayed in Figure 3-S2 and Figure 3-S3, respectively, of Supporting Information.
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3-3 Results and Discussion

The target polysquaraines were synthesized from squaric acid with 1-octylpyrrole
and 3-octylpyrrole under condensation conditions [104]. The general condensations of
squaric acid with 1-octylpyrrole and 3-octylpyrrole are expressed in Scheme 3-1. The end
products of poly(pyrrolyl)squaraines for poly(1-octylpyrrole-co-squaric acid) and poly(3-

octylpyrrole-co-squaric acid) are denoted with formulae I and 11, respectively.

Polysquaraines are described as having m-conjugated structures that typically
possess intense absorption in the visible range. Figure 3-1 displays the visible spectra of
poly(pyrrolyl)squaraines in trichloromethane; poly(1-octylpyrrolyl)squaraine (P1) and

poly(3-octylpyrrolyl)squaraine (P3) exhibit distinct features in their visible spectra.

The visible absorption of zwitterionic P3.in trichloromethane exhibited a single and
narrow absorption band centred at 543.6 -nm, producing a magenta color in solution,
whereas P1 has a line with maximum absorption at 547.9 nm and a broad shoulder near

600 nm, resembling navy blue in solution.

As reported in the Chapter 2 [104], because P3 as synthesized possesses mostly
zwitterionic repeating units in its structure, the backbones tend to be identical and to
bestow on its visible absorption only one narrow band, whereas P1 contains backbones of
two types in its polymer chain, so producing a more complicated absorption in its visible
spectrum. Through comparison with the narrow absorption for zwitterionic P3, we deduce
the corresponding narrow band of P1 to imply its zwitterionic moiety; the shoulder is due

to its covalent part.
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3-3.1 Visible absorption spectra of P1 and P3 in trichloromethane solution

inserted with metals

In most electronic devices, connection to a metal surface or contact through opto-
electronic materials is generally unavoidable. Because metals used in devices are typically
rigid, these materials, including conducting polymers, tend to be considered stable when
they bond to a metal or are in contact with its surface. The physical and chemical
properties of CP are poorly explored and understood; an assumption of a CP being inactive

towards a metal should be verified before we accept it as common knowledge.

The strengths and shapes of the visible absorption features of P1 and P3 in a silica
cell remained constant for over seven days; these polymers hence appear to be stable in
trichloromethane solution. With a polymer-solution as blank for comparison, we inserted
metal plates or gauzes into the silica cells and monitored the visible absorption of the
polymer solutions as a function of time. For polymer P1 in the silica cell, the strength and
shape of the absorption spectra remained constant no matter which metal was inserted in

the solution; we conclude that solution of polymer P1 is insensitive to contact with metals.

When metal plates were inserted into solutions of polymer P3, the absorption
spectra of solutions varied depending on the metal. For metals Al, Co, Ni, Mo, Pd, Sn, Ta,
W, Re, Au and stainless steel, we observed no change of the visible absorption spectra for
solutions of polymer P3, as displayed in Figure 3-2. These results thus resembled those for
polymer P1; zwitterionic polysquaraine P3 in trichloromethane is hence unaffected on

contact with those metals.

In contrast, when metal plates of Ag, Cu, Fe, Zn, Rh, Pt and Pb were inserted into

solutions of polymer P3 in trichloromethane, the visible absorption spectra of the solutions
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altered markedly. For example with an Ag plate (surface area 907 mm?), after 40 h the
intensity of the band at 543.6 nm decreased about 10 % and the intensity near 500 nm
increased perceptibly, as displayed in Figure 3-3. Polymer P3 in trichloromethane solution
IS hence unstable to contact with those metals, but the rates and extents of alteration of
visible absorption of the solution varied, depending on the particular metal. For metals Ag,
Rh (see Figure 3-4), Pb (see Figure 3-S4 in Supporting Information), Zn (see Figure 3-S5
in Supporting Information), and Pt (see Figure 3-S6 in Supporting Information) the visible

spectra altered slightly over a protracted period.

For the solution of polymer P3 at 295 K in contact with a Fe plate in a silica cell,
the absorption altered more markedly, as shown in Figure 3-5. The stature of the band at
543.6 nm decreased about 66 % after inserted Fe plates with surface area 1720 mm? into

solution for 47 h; a new band at 513.8 nm-rised discernibly.

3-3.2 Visible absorption spectra of P1-and P3 in trichloromethane solution inserted

with copper

When we inserted a Cu plate into a solution of poly(3-octylpyrrole)squaraine, the
visible absorption spectra of these polymer solutions altered more profoundly. Figure 3-6
illustrates the temporal variation of visible absorption spectra for the case of a Cu plate
(surface area 382 mm?) at 295 K; over 40 h the original spectral feature with maximum
absorption at 543.6 nm gradually decreased, and became replaced with another broad
feature with a maximum at 513.8 nm. All these spectra retain an isosbestic point at 525.8
nm. The inset photograph in Figure 3-6 displays the distinct color change from pale

magenta before insertion of the copper plate to pale orange afterward.
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For these active metals, the relative rates of variation of the spectra of poly(3-
octylpyrrole)squaraine solution are derived from the decrease of absorbance at 543.6 nm
during the same periods. The corresponding rates relative to that for copper are listed in
Table 3-1. Among these active metals, copper is most active, and iron second: the rate for
iron is about 0.37 that for copper. Relative to the rate for copper, the rates for other metals
are Rh 0.21, Ag 0.09, Pt 0.08, Zn 0.06, and Pb 0.03. Although copper and iron are metals
commonly used in electronic devices, nobody expects that these two metals would effect a

color change of this kind for a CP.

Figure 3-6 demonstrates the existence of an isosbestic point in the temporal
variation of the absorption spectra of the solution of polymer P3 into which was inserted a
copper plate. This effect implies two species to be present in the varying system; one
species is characterized with its absorption.at 543.6 nm and the other at 513.8 nm. As no
obvious driving force is present to induce a chemical reaction in this system, and consistent
with the reversibility of whatever ‘transformation, two distinct chemical species are
unlikely to exist there. An alternative possibility is that the same chemical species exists in
two structures, or isomers, in that solution; in that case the color change would reflect a

conformational isomerization of this polysquaraine induced by a copper surface.

3-3.3 The relationship of color change vs. metal surface area and temperature

Induced by active metals in solution, the color of poly(3-octylpyrrole)squaraine
solution might change; among these active metals, copper is most active. To study what
could cause this variation, we thus selected copper as the testing metal. First, we

investigated the relationship of this color change vs. surface area of metal.
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The rates of decreasing intensity at 543.6 nm and increasing intensity at 513.8 nm
for P3 polymer solutions depend on the area of exposed surface of coppers, increasing with
increasing area. For copper plates with surface areas 860, 1720 and 1960 mm?, the color
changes were completed in 11, 6 and 4 h, respectively. Figure 3-7 depicts the decrease of
absorbance at 543.6 nm in 1 h vs. area of copper surface at 295 K: the relation is linear.
The rate of color modification for this zwitterionic polysquaraine P3 induced by a copper

surface thus increases with its increasing area.

For an active metal in contact with the polymer solution, the rate of decreasing
absorbance at 543.6 nm and increasing absorbance at 513.8 nm depended also on the
temperature, increasing with increasing temperature. Figure 3-8 depicts how the
absorbance decreased at 543.6 nm for 1 h vs. temperature after copper plates (surface area
1720 mm?) were inserted into solutions-of P3: The plot of In k vs. T in range 283-323 K
is linear, consistent with a barrier of activation for the process accompanying the
absorption line shifting from 543.6 nmto;513.8 nm. The activation energy, denoted Ea and
derived from the Arrhenius equation, In k = In A - Ea/RT (R = gas constant) for the
assumed isomerization of polymer P3 in trichloromethane solution induced by copper is

thus (18.9+0.7) kJ mol ™.

3-3.4 Reversibility of the color change induced by metal

A notable feature of the transformation of visible absorption of this zwitterionic
polymer with metals is its reversibility. After the absorption at 543.6 nm became replaced
with the feature at 513.8 nm induced by metals, the reverse shift from 513.8 nm to 543.6

nm occurred on removal of the metals from the solution.
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Figure 3-9 shows this phenomenon; on removal of the copper plates from the
solution after insertion for 11 h, the absorption at 513.8 nm of the polymer solution with
the Cu plates became replaced with the band at 543.6 nm. The temporal variation of these
spectra preserves the same isosbestic point at 525.8 nm. This reversibility of absorption
behavior implies that the polymer, without the metal in contact with its solution, reverted

to its original conformation.

The rate of the reverse transformation of P3 on removal of a metal from the
solution depends also on temperature, increasing with increasing temperature. The
completion of the reverse transformation required 24 h at 323 K but more than 102 h at
295 K. Figure 3-10 depicts the dependence of absorbance at 513.8 nm for 1 h on
temperature after the inserted copper plates were removed from the P3 solutions. The
linear relation in terms of In k vs. T-¥in-the range-303 — 328 K implies activation energy

(38+6) ki mol™ of the reverse isomerization.

3-3.5 Mechanism for switchable conformation

This observation of a reversible optical effect of the zwitterionic polysquaraine
induced by metal plates is unprecedented. How can one explain this phenomenon for a
carrier induced only by its solution in contact with a metal surface? To account for this
phenomenon accompanying a structural isomerization, we propose the transformation for
the zwitterionic polymer in solution to occur in three sequential steps: diffusion to and
adsorption on a metal surface, folding of the structure, and desorption and diffusion from

the metal, as schematically displayed in Figure 3-11.

According to this mechanism, the backbone structure of this free zwitterionic

polymer in solution is originally present in a linear form. When a metal plate is inserted
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into the solution, the polymer molecule diffuses to the metal surface and becomes adsorbed,
process (a). As the zwitterionic moieties of the polymer affix to the metal surface, the
molecule becomes strongly anchored on the surface through the interaction of its charged
regions with the metal. Although anchored on the metal surface at some points, other
portions of the polymer chain are free to move in the solution and to swing back and forth
in motion until the polymer folds, process (b). This closure decreases the force of the
anchor attachment to the metal surface; as a result, the folded polymer desorbs from the
metal surface, process (c). The folded polymer retains its modified conformation in
solution and thus exhibits its altered optical property on removal of the metal plate. In
absence of the interaction with a metal surface, the free folded polymer eventually acquires

energy on collisions and reverses its closure by becoming linear again.

Although not definitive, this-mechanism of isomerization explains the observation
of the optical reversible phenomenafor the zwitterionic polysquaraine on interaction with a
metal. From a thermodynamic point of view, the free zwitterionic polymer in solution
tends to maximize its entropy and thus exists in an almost linear form [63,106-108]. When
the zwitterionic polymer makes contact with the surface of the active metal, the
zwitterionic moiety attaches to the metallic surface to resemble becoming anchored on the
metal surface. If the adsorption on the metallic surface occurs in this step, the rate of
transformation should depend on the extent of the metal surface. Figure 3-7 shows that the
rate of transformation for P3 induced by copper is proportional to the area of the copper
surface; also, the fitting line of the relationship intercepts at the point of the origin. That the
structural modification of the polymer is directly associated with the area of the metal

surface supports adsorption as the first step.
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The adsorbed polymer might desorb from the surface from random movements or
collisions and maintain its linear conformation in solution, but, while the zwitterionic
polymer is anchored at one end on the metal surface, the other terminus of the polymer
chain remains free to move in the solution. The polymer chain would swing back and forth
and might fold its structure. If an energy term for the folded conformation compensates the
entropy term, this conformation might be stable and exist in solution for a protracted
period. The zwitterionic poly(3-octylpyrrole)squaraine has alternately negatively charged -
O- and positively charged -NH" moieties that might interact in the folded conformation.
The closure might cause the -O- and the -NH" moieties to attract each other and to bind
together through hydrogen bonds. Scheme 3-3 illustrates the proposal molecular structures
of the reversible isomerization of poly(3-octylpyrrole)squaraine induced by an active

metal; the internal hydrogen bonds are schematically depicted in the folded conformation.

-55-



CgH17 o | CsHir 0 CgH17 o
® ST— — (CF— N c—
SN Vi N N
H n H H
o - o 0
6 e <}
active metal

Scheme 3-3. Reversible structural’ transformation of poly(3-octylpyrrole)squaraine
induced by an active metal depicted in molecular structures; formulae Il and IV
represent the linear and folded conformers, respectively.

3-3.6 Evidence of folding structure from IR absorption spectra

According to Scheme 3-3, we perceive that internal hydrogen bonds might be
formed in the folded structure of poly(3-octylpyrrole)squaraine. Such a formation of
hydrogen bonds might play a key role in this closure. Information about the structure of
this polysquaraine in solution might be derived from infrared spectra. As shown in Figure
3-12, although trichloromethane absorbs strongly in the mid IR region, so interfering with
measurements of dissolved samples, it is still possible to obtain useful IR absorption

spectra of liquid samples by careful subtraction of the absorption by the solvent. Figure 3-
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13 presents the IR net absorbance of poly(3-octylpyrrole)squaraine between solutions

without, in 3-13 (A), or with, in 3-13 (B), contact with a Cu plate, relative to the solvent.

Apart from artefacts produced by imperfect subtraction of trichloromethane in both
spectra, the significant feature located at 1602 cm™ belongs to the functional group of the
zwitterionic carbonyl of this polysquaraine sample [75,78,80,104]. A notable difference
between these two spectra is a line at 3364 cm™ that appears only in Figure 3-13 (B), and
that is assigned to an OH stretching mode of a intra-hydrogen bond [109]. As discussed
above, the carrier sample of poly(3-octylpyrrole)squaraine in trichloromethane is
postulated to exist as a linear form (formula I111) that contains no OH functional group,
consistent with its absence from Figure 3-13 (A), whereas in the presence of the copper
plate this polysquaraine sample has a folded structure (formula 1V); the negatively charged
-O- then binds to positively charged -NH' to.form a internal hydrogen bond, revealed
through its OH stretching mode at 3364 cm™ in Figure 3-13 (B). The evidence from the IR
spectra is thus consistent with a folded conformation of this polysquaraine sample induced

by active metal surfaces, as demonstrated in Scheme 3-3.

To retain its maximum entropy in solution, the free zwitterionic polymer is thus
configured as a flexible linear chain. For the zwitterionic polymer to convert to a folded
conformation, energy must be released to compensate the entropy term. In this folding,
poly(3-octylpyrrole)squaraine possesses —NH* groups that can bind to its —O- ends. In this
way internal hydrogen bonds O—H form in the folded conformation and stabilize the folded
structure for this polymer. If the structure has no contribution from such an energy factor,

the polymer would not fold its chain.
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To clarify this point, we compared the behaviors of poly(1-octylpyrrole)squaraine
in the same experimental conditions. The similar structure of poly(1-octylpyrrole)squaraine
possesses its octyl group bound to —N (position 1) instead of —C (position 3); with such an
alkyl location, it contains charged —"NCgHy7 groups, not -NH™ groups , as shown in
formula 1. No intra-hydrogen bond can form even when the charged —'NCgHi7 group is
able to approach the charged —O- group. In this case, no hydrogen bond can form to
stabilize the closure of the structure; poly(1l-octylpyrrole)squaraine can thus adopt no
folded structure. As the visible absorption of poly(1-octylpyrrole)squaraine solution in
contact with a metal remained constant under our experimental conditions, poly(1-
octylpyrrole)squaraine preserves its linear conformation in solution. This constancy of the

poly(1-octylpyrrole)squaraine in solution is consistent with the folded model.

3-3.7 Evidence from small-angle-X-ray scattering experiments

Experiments of small-angle X-ray.scattering provide further evidence supporting
the isomerization of the target polymer in solution induced on contact with an active metal.
For SAXS measurements of poly(3-octylpyrrole)squaraine in trichloromethane solution,
we used stainless-steel and copper cells. As the SAXS curve remained constant for this cell,
stainless steel is an inactive metal for the isomerization of this polymer in solution. In
contrast, the SAXS profiles of solution for poly(3-octylpyrrole)squaraine in a copper cell

varied with time, as shown in Figure 3-14.

The SAXS curve of the polymer solution in the copper cell at the initial stage,
displayed as a solid line, was similar to that in the stainless steel cell; it gradually altered
and eventually became the dotted curve in Figure 3-14. The radius of gyration (Rg) of the

polymer is determined from the plot of In 1(q) versus g° in the range of small g; the value
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of Rg thus extracted from the slope (-Rg?/3) of this plot [110,111], as shown in the insert of
Figure 3-14, was (21+2) nm and (16£2) nm in the copper cell at the initial and final stages,
respectively. The result is consistent with two conformers existing in solution and with our

folded model.

3-3.8 Possible mechanisms for isomerization

Summarizing the above, we observed reversible changes in visible absorption, IR
absorption and SAXS spectra of poly(3-octylpyrrole)squaraine in solution in contact with
particular metals; we postulate that the effects reflect conformational isomerization of this
conducting polymer induced by metals. Is there another possible mechanism to cause the
changes in these spectra of poly(3-octylpyrrole)squaraine on exposure to metal plates in
solution? One mechanism that might explain these spectral changes is the chemical
oxidation of the polymer chains by-either dissolved metal ions or oxidation of the polymer

chains by dissolved oxygen at the metal surfaces.

Zwitterionic organic dyes act as ligands and react with metal ions to form stable
complexes, resulting in altered optical properties. As synthesized, poly(3-
octylpyrrole)squaraine reacts thus with metal ions; the color of its solution alters

concurrently. To test the role of metal ions, we added cations to similar polymer solution.

On reaction of our poly(3-octylpyrrole)squaraine, as synthesized, with Cu®* cation in
trichloromethane solution, the absorption maximum gradually shifted with time from 543.6
nm to 524.0 nm; the intensity of the former band correspondingly decreased, as shown in

Figure 3-15. For this reaction we prepared a saturated solution of Cu?* in HCCls over

Cu(ClOy)- 6H,0. The curves of these spectra intersect at 531.2 nm, an isosbestic point.
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Thus either poly(3-octylpyrrole)squaraine reacted with Cu* ion in trichloromethane
or the metal ion altered the structure of this zwitterionic polymer, in either case to shift the
absorption band of poly(3-octylpyrrole)squaraine. Scheme 3-4 illustrates the proposed
transformation of the molecular structure of poly(3-octylpyrrole)squaraine caused by Cu®';
the linear backbone of this polymer represented as formula 111 converts to a folded complex
with Cu®* ion as formula V. In such modification of conformation caused by a cation, the

metal ion plays a key role.

Scheme 3-4. Structural transformation of poly(3-octylpyrrole)squaraine induced by Cu?*

depicted in molecular structures.

To compare with other cations, we also added Na*, Cs*, Mg, Ba** and Ca?* into

the trichloromethane solution containing the target polymer. In these experiments, there
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was no spectral change on adding these metal cations except Ca®*, Figure 3-16 shows
temporal variation of the visible absorption spectrum of poly(3-octylpyrrole)squaraine in
trichloromethane to which was added the Ca?* in trichloromethane. The stature of the line
at 543.6 nm decreased about 40 % after for 126 h and the intensity near 500 nm increased
discernibly. In the case of Ca®*, the isosbestic point is located about 525 nm, significantly

distinct from that with Cu®* at 531.2 nm.

As mentioned above, the zwitterionic polymers react with metal ions to form stable
complexes, resulting in altered optical properties. The extension of the optical change
depends not only on the metal ions but also on their solubilities in solvents; for example, the
solubility of calcium perchlorate tetrahydrate might be less soluble than copper perchlorate
hexahydrate in trichloromethane. This phenomenon of a color change for a polysquaraine

induced by a metal ion implies a prospective practical technical application as a sensor.

Scrutiny of Figures 3-6 and-3-15 indicates that, although the spectral changes are
similar, they are not the same. The wavelength of the line caused by the copper ion is 523.9
nm, whereas that influenced by the copper plate is 513.8 nm; the difference is about 10 nm.
Moreover, the isosbestic point on adding the copper ion is at 531.2 nm, but that on
inserting the copper plate is at 525.8 nm; the difference is about 5.4 nm. These
discrepancies suffice to indicate that copper ion is not the factor driving the transformation

of this zwitterionic polymer solution induced by metallic surfaces.

Copper is unlikely to dissolve into ionic from copper sheet in trichloromethane.
Moreover, after dissolved cations cause a structural modification of this CP, it is difficult
to remove those cations from the solution; for this reason the transformation is irreversible
so that altered structure does not revert to the original conformation. In contrast, with the

metal plates, simply withdrawing the plate from the solution of the polymer suffices to
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initiate reversion of the polymer to its original form. These two structural transformations
of this zwitterionic polymer differ intrinsically: with the metal plate in heterogeneous
contact with the solution of the polymer, the phenomenon involving the structure of the
polymer is reversible, whereas with metal ions homogeneously present in the solution
phase the change is irreversible. According to this test, we exclude the possibility of a
conformational change of this CP induced by a metal being due to a metal ion that is

dissolved from the metal.

In addition, although this polysquaraine solution exhibited a similar variation of the
conformation induced by both cations and some active metal plates, but this zwitterionic
polymer folds its structure in two distinct ways. While the polysquaraine reacts with a
cation and folds its structure, the negative charge of —~O- binds to the cation; in this case, no
OH group is be formed in the complex.-The difference IR absorption spectrum of poly(3-
octylpyrrole)squaraine with added Cu?* cations in trichloromethane is shown in Figure 3-
17; compared to Figure 3-13 (B), this IR absorption spectrum possessed no such OH band.
The evidence from the IR spectra thus further confirms the distinct conformational changes

of this polysquaraine sample induced by cations and by the surfaces of active metals.

An analogous argument of reversible and irreversible processes applies also to
oxidation of the polymer from oxygen dissolved at the metal surfaces: a conformational
change caused by such oxidation would be irreversible. Without adding a reductant, the
oxidation product would not be reduced to its original form. The intrinsic irreversibility of
an oxidation mechanism is inconsistent with the reversible observation and must be

excluded.
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3-3.9 Activation energies of isomerization

As mentioned above, the linear conformation of the target polymer is stable in
solution; without perturbation, it does not transform spontaneously to the folded structure.
The barrier for transformation from the linear zwitterionic polysquaraine to the folded
conformer is large in the free solution. Induced by active metals, this CP performs the
folding isomerization in solution, in which an active metal behaves as a catalyst for the

conformational transformation.

With the copper catalyst, the activation energy of the structural change from the
linear to the folded conformer for poly(3-octylpyrrole)squaraine is decreased to (18.9+0.7)
kJ mol™; the value is sufficiently small that isomerization proceeds near 295 K, but the
folded conformer of poly(3-octylpyrrole)squaraine is unstable in the free solution and
eventually opens its conformation; the activation energy of this structural opening for

poly(3-octylpyrrole)squaraine is (38+6) kJ mol™.

According to our proposed model, these activation energies are associated with
intramolecular hydrogen bonds N—H---O. The typical bond strength of an intra-hydrogen
bond N—H---O is about 8 kJ mol™ [112-115]. By comparison with the activation energy
of the unfolding, perhaps five hydrogen bonds N—H---O are formed in the folded

conformer.

3-3.10 Photoluminescent spectra of linear and folded conformers

The conformation of the zwitterionic polysquaraine is thus reversible, back and
forth, depending on the presence or absence of an active metal. We thus reversibly control

the conformation of this CP with this simple heterogeneous process without altering the
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chemical environment in solution, whereas adding metal ions to the polymer solution

causes an irreversible change of the chemical environment and the structure for this CP.

The isomerization of this polysquaraine induced with a metal surface modified the
optical properties, not only the visible absorption spectra described above but also the
emission spectra. Figure 3-18 displays photoluminescent spectra (PL) of this polymer in
trichloromethane; the emission maximum shifted from 562 nm to 557 nm accompanying

the conformational change induced with the copper plate.

The quantum yield of this polysquaraine with the linear structural conformation
reduced to 47% as that of folded one. Regarding the PL yields for comparison, we used
2,3-benzanthracene as an external standard under the same optical conditions. Based on the
PL intensity of 2,3-benzanthracene at:478 nm, in Figure 3-19, the relative quantum yields

of the linear and folded target polymers are 2.23 and-1.07, respectively.

3-3.11 Conductivity of linear and folded conformers

The optical, physical and electronic properties affected by a variation of the
polymer conformation are quite interesting for applications. For example, the
conductivities of altered conformational structures for target polymer in solution might be

different.

Figure 3-20 displays the impedance plots of linear and folded conformers of this CP.
The conductivity o of the polymer in solution was calculated from the measured resistance
(Rp), the area (S 1.227 cm?) and length (L 0.44 cm) of the liquid cell using the equation ¢ =
L/SRy; in which, the R, of the polymer solution was determined from the intercept of the

line of the impedance curve at the high frequency end. By this means, the conductivities of
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the linear and folded conformers were obtained to be 3.27x107 and 1.56x107 s/cm,

respectively; the value of the linear conformer is twice to that of the folded one.

3-3.12 Manipulation of the durations of forward and reverse isomerizations

The observation of this reversible structural modification accompanying the optical
alterations for the zwitterionic polysquaraine induced by active metal surface is
unprecedented; it represents a new chemical and physical process. This optical-switching
property of a CP induced by active metals has prospective applications. Our findings
provide an impetus for the investigation of the structural modification of similar CP and

the structural dynamics of their polymer chains in solution.

If the response periods of the transformations can be further decreased with
improved technique, an optical switch might be- achievable in the liquid state. The
durations of forward and reverse reactions for this isomerization might be subject to

manipulation.

As shown in Figure 3-6, the forward isomerization of the target polymer in
trichloromethane was completed longer than 40 h by inserted a copper plate (surface area
382 mm?) at 295 K. For the forward transformation, increasing the surface area of metal
and temperature decreases the duration of reaction. By increasing the surface area, we thus
can reduce the forward reaction time. Figure 3-21 shows that the forward isomerization

completed in 6 h with surface area 1720 mm? of copper plates at 296 K.

The reaction time of forward isomerization could even be reduced by using gauzes.
For example, with Cu gauze (100 mesh, diameter 0.11 mm and mass 2.133 g) in a cell of

liquid volume 3 mL and optical path of length 1.0 cm, the change was completed in 60 min
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at 296 K, as displayed in Figure 3-22. Increasing the temperature could reduce the forward
time further, with the same Cu gauze (100 mesh, diameter 0.11 mm and mass 2.133 g) in a

cell of liquid volume 3 mL, the change was completed in less than 30 min at 323 K.

For the reverse transformation in the free solution, increasing the temperature
decreases the duration of unfolding. As shown in Figure 3-9, the backward isomerization
time was over 22 h at 323 K. Thus, the reverse transformation in the free solution is slow.
Strikingly, ultrasonic agitation to perturb the folded polymer solution also decreases the
duration profoundly: we found that only 25 min was required to accomplish the reversal

with ultrasonic agitation, as shown in Figure 3-23.

We believe the response periods of the transformations might be further decreased
with improved technique. This reversible behavior accompanying color changes hence
endows materials of this type with a great prospective capability for display applications or
information storage, and might lead to.the development of other significant applications.
For example, by means of this mechanism, an optical switch might be achievable in the

liquid state.

This reversible phenomenon encourages the discovery of further knowledge about
the interactions of polymers with metallic surfaces, and about the dynamics and energetics
of conformational changes of polymers. We expect our findings to motivate the
investigation of conformational modifications of other CP and applications of this
phenomenon. Applying these polymer solutions onto substrates might enable these CP to
retain their specific structures in the solid after removal of solvent. The properties and
applications of these switchable films or materials remain uncharted territory. These CP

might be developed as shape-memory polymers [116-118]. Further work is required.
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3-4 Summary

Visible and infrared absorption spectra and small-angle X-ray scattering curves of
poly(3-octylpyrrole)squaraine, having a zwitterionic repeating unit, in trichloromethane
solution altered on contact of the solution with the surface of an active metal. These
observed spectral variations are deduced to indicate that the conformation of this CP

becomes modified on contact with an active metallic surface.

Spectral evidence unambiguously confirms the reversible isomerization of poly(3-
octylpyrrole)squaraine induced by an active metallic surface; the structure of this
polysquaraine might be switchable from a linear conformer to a folded one back and forth
depending on the presence or absence of an active metal. Induced by the copper surface,
the activation energy of the forward.isomerization is (18.9£0.7) kJ mol™, whereas the
activation energy of the reverse process to regenerate the linear conformer is (38+6) kJ
mol™; this result might indicate that about five intramolecular hydrogen bonds form in the

folded conformer of poly(3-octylpyrrole)squaraine.

Observation of the reversibility of the postulated change of conformation associated
with a metallic surface for this zwitterionic polymer provides an impetus to investigate

both this structural modification of other CP and applications of this phenomenon.
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3-5 Figures and Tables
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Figure 3-1. Visible absorption spectra of poly(pyrrolyl)squaraines in trichloromethane
solution (concentration 3.5 mg/L) and a silica cell (length 1 cm of optical path) at 295
K: (A) poly(1-octylpyrrolyl)squaraine (P1); (B) poly(3-octylpyrrolyl)squaraine (P3).
The insets show the molecular structures of P1 and P3; P1 consists of repeating units
of covalent and zwitterionic structural backbone in a ratio 1:2, whereas P3 possesses

mostly zwitterionic repeating units (>97 %).
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Figure 3-2. Visible absorption spectrum of poly(3-pyrrolyl)squaraines in
trichloromethane solution (concentration 3.5 mg/L) and a silica cell (length 1 cm of
optical path) at 295 K has no change inserted with metals Al, Co, Ni, Mo, Pd, Sn, Ta,

W, Re, Au and stainless steel.
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Figure 3-3. Temporal variation over 40 h of visible absorption spectra of poly(3-
octylpyrrole)squaraine (3.5 mg/L) in trichloromethane solution (3.0 mL) in a silica cell

(optical path 1 cm) into which was inserted a Ag plate (surface area 907 mm?) at 295 K.
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Figure 3-4. Temporal variation over 77 h of visible absorption spectra of poly(3-
octylpyrrole)squaraine (3.5 mg/L) in trichloromethane solution (3.0 mL) in a silica cell
(optical path 1 cm) into which was inserted a Rh plate (surface area 372 mm?) at 295 K.
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Figure 3-5. Temporal variation over 47 h of visible absorption spectra of poly(3-
octylpyrrole)squaraine (3.5 mg/L) in trichloromethane solution (3.0 mL) in a silica cell

(optical path 1 cm) into which was inserted Fe plates (surface area 1720 mm?) at 295 K.
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Figure 3-6. Temporal variation over 40 h of absorption spectra of poly(3-
octylpyrrole)squaraine (3.5 mg/L) in trichloromethane solution (3.0 mL) in a silica cell
(optical path 1 cm) into which was inserted a copper plate (surface area 382 mm?) at
295 K. Inset photograph: visible color change of poly(3-octylpyrrole)squaraine in
trichloromethane solution: (right side) no metal plate, (left side) after 40 h with a Cu

plate.
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Figure 3-7. For poly(3-octylpyrrole)squaraine in trichloromethane solution, the

decrease of absorbance at 543.6 nm in 1 h vs. area of copper surface at 295 K.
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Figure 3-8. Absorbance decrease at 543.6 nm in 1 h vs. temperature; copper plates
(surface area 1720 mm?) were inserted into trichloromethane solutions of poly(3-

octylpyrrole)squaraine.
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Figure 3-9. Temporal variation of absorption spectra of poly(3-octylpyrrole)squaraine
in trichloromethane at 323 K after removal of the copper plate following its insertion
for 11 h: scans were made at hourly intervals from 0 to 12 h, then at 15, 19 and 22 h.
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Figure 3-10. Absorbance decrease at 513.8 nm in 1 h vs. temperature after removal of

inserted copper plates from P3 solutions.
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Figure 3-11. Schematic illustration of the isomerization of a zwitterionic polymer

induced with a plate of an active metal; the colored segments represent separate

charged moieties of the polymer.
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Figure 3-12. IR absorption spectrum of trichloromethane with optical path 1 mm.
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Figure 3-13. Difference IR absorption spectra in trichloromethane solution with optical
path 1 mm relative to pure solvent: (A) poly(3-octylpyrrole)squaraine in

trichloromethane solution, (B) the same solution into which a Cu plate is inserted.
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Figure 3-14. SAXS profiles of poly(3-octylpyrrole)squaraine in trichloromethane
solution in a copper cell at initial (solid line) and final (dotted line) stages. The inset
depicts relations of In 1(q) versus g° for small q at initial (solid line) and final (dotted

line) stages.

-81-



543.6

0.8

0.6 180 min 524.0

A

0.4

Absorbance

Wavelength (nm)

Figure 3-15. Temporal variation of visible absorption spectra of poly(3-
octylpyrrole)squaraine in trichloromethane (3 mL) in a quartz cell (length 1 cm of
optical path) to which was added a saturated solution (10 pL) of Cu?* in
trichloromethane: before addition (black curve), and after 2, 5, 10, 30, 60, 120, 180
(orange curve) min. For this reaction we prepared a saturated solution of Cu?* in

trichloromethane over Cu(Cl0O,),:6H,0.
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Figure 3-16. Temporal variation of visible absorption spectra of poly(3-
octylpyrrole)squaraine in trichloromethane (3 mL) in a quartz cell (length 1 cm of
optical path) to which was added a saturated solution (10 pL) of Ca®* in
trichloromethane: before addition (black curve), and after 0.5, 1, 2, 3, 7, 10, 19, 33, 46,
126 (blue curve) h. For this reaction we prepared a saturated solution of Ca®* in

trichloromethane over Ca(ClQO4)2-4H,0.
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Figure 3-17. Differen Difference IR absorption spectrum of poly(3-

octylpyrrole)squaraine in trichloromethane (optical path 1 mm) to which was added

Cu?" in solution.

-84 -



| | | | | | |
: 562 ;
40000 .
S : :
< 30000 f ]
2 [ )
g 20000 | ]
= )
10000 F .
0k —

700

Wavelength / nm

Figure 3-18. Photoluminescent spectra of poly(3-octylpyrrole)squaraine in trichloromethane

solution: (solid line) no metal plate, (dashed line) with a Cu plate.
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Figure 3-19. Photoluminescent spectrum of 2,3-benzanthracene under the same optical

conditions; the spectrum was used as an external standard.
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Figure 3-20. Impedance plots of poly(3-octylpyrrole)squaraine (3.5 mg/L) in solution:

(A) the linear conformer and (B) the folded conformer.
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Figure 3-21. Temporal variation of the visible absorption spectra of poly(3-
octylpyrrole)squaraine (3.5 mg/L) in trichloromethane solution (3.0 mL) in a silica cell
(optical path 1 cm) into which was inserted a copper plate (surface area 1720 mm?) at

296 K: before addition (black curve) and 6 h after addition (green curve).
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Figure 3-22. Temporal variation of the visible absorption spectrum of poly(3-
octylpyrrole)squaraine in trichloromethane solution (conc. 3.5 mg/L) in a silica cell
(optical path 1 cm) into which was inserted copper gauze was added to the solution at

296 K: before addition (black curve) and 60 min after addition (purple curve).
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Figure 3-23. Temporal variation of the visible absorption spectrum of poly(3-
octylpyrrole)squaraine in trichloromethane (conc. 3.5 mg/L) in a silica cell (optical path 1
cm) after removal of copper plates following ultrasonic agitation (40 kHz, 25 min): before

agitation (black curve) and after agitation (blue curve).
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Table 3-1. Relative rates of isomerization caused by active metals based on the

decrease of absorption at 543.6 nm during 1 h.

Metal Area / mm?® Decrease / % Relative rate®

Cu 860 22.3 1

Fe 593.2 5.66 0.37
Rh 371.6 2.05 0.21
Ag 907 2.0 0.09
Pt 545.7 11 0.08
Zn 430.6 0.57 0.06
Pb 381 0.3 0.03

®Relative rate is derived from the-decrease of absorption and normalized with surface

area.
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3-6 Supporting Information

3-6.1 The beam line 23A of small and wide angle X-ray scattering (SWAXS) at

NSRRC

Since May 2009, a dedicated small/wide angle X-ray scattering (SWAXS) end-station
located at the BL23A beamline has been opened to all NSRRC users. The SWAXS
instrument aims for structural characterization of air-liquid interfaces, thin films, and
solution and bulk specimens, covering the length scale from ~0.1 nm to ~300 nm and the

research fields in soft matter, nanomaterials, and alloy.

The optical layout of the beamline is shown in Figure 3-S1.

Superconducting 3.1 T

Wiggler
XBPM :
468m Slits 1 FM (1:1 focusing)
6.4m Slits 2 13.25m
_ 9.7 m
=" PM
-~ 184 m WAXS
Aperture B [ detector
61m CM 20.6~21.6 m
84m DMM/DCM Slits 3 ~~ Pinhole-2 ¢
1095 m 144 m (g 20.1m
Be-Window ™\~
191m @ L
Pinhole-1 D Sl
196 m
Sample
4
B04M  caxs
detector
21~27 m

Figure 3-S1. The optical layout of the beamline BL23A for small/wide angle X-ray
scattering (SWAXS) in National Synchrotron Radiation Center (NSRRC).
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The technical data of BL23A beamline are listed in the following table.

Operational (general use) Yes
%Time available (general use) | 75 %
Experiments SAXS/WAXS

Source

14 Poles, 6.1 cm Period Length, 3.1 Tesla Wiggler

Ring Current(mA)

300 mA

Average Beam Lifetime

Infinite Under NSRRC Top Up Conditions

Energy Range 5~23keV (2.48A ~0.54 )

Energy Resolution 2.2 X 10E(-4) (DCM ) or 1.2 x 10E(-2) (DMM)

Spot Size FWHM: 0.8 mm (H) x 0.3 mm (V)

Optics Vertically Collimating Mirror, Coupled Double
Crystal Si(111)/Multilayer (Mo/B4C)
Monochromators, Toroidal Focusing Mirror

Flux 2 x 10E(10) (DCM) / 3 x 10E(11) (DMM)

Flux Detailed Flux Measured Through a 0.5 mm Round Aperture
@ 8 keV

Wavelength Min (A) 0.54

Wavelength Max (A) 2.48

Monochromator Double Crystal/Multilayer Monochromators

Crystal Type Si(111) or MoB,C

Mirrors Two strips: Rh/Pt double layers / bare Si surface

Mirror Cutoff 23 keV

Detectors Linear:Proportional Delayline Area Detector (180
mm by 180 mm); Linear detector: 180 mm;
MARCCD165 (dia. 165 mm)

Lab Facilities Heating Oven, Cooler, DSC, shear stage, stretching-
heating device, stop-flow system

Software Supersonic data collection acquisition system;
MARCCD data acquisition system; NSRRC auto
data collection kit; NSRRC SAXS Data Reduction
Kit

Hardware Linex & MS windows PC Control

Backup Devices

Windows PC; Data Analysis; Backup
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3-6.2 A cell for measurement of small angle X-ray scattering

The drawing and the photo of the designed cell for measurement of small angle X-

ray scattering are shown in Figure 3-S2 and Figure 3-S3, respectively.
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Figure 3-S2. The drawing of the liquid cell for measurement of small angle X-ray

scattering at the beamline BL23A in National Synchrotron Radiation Center.

Figure 3-S3. The photo of the liquid cell for measurement of small angle X-ray scattering.
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3-6.3 Temporal variation of visible absorption spectra of poly(3-

octylpyrrole)squaraine in trichloromethane into which was inserted a Pb plate
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400 450 500 550 600 650
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Figure 3-S4. Temporal variation over 384 h of visible absorption spectra of poly(3-
octylpyrrole)squaraine (3.5 mg/L) in trichloromethane solution (3.0 mL) in a silica cell

(optical path 1 cm) into which was inserted a Pb (surface area 381 mm?) plate at 295 K.
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3-6.4 Temporal variation of visible absorption spectra of poly(3-
octylpyrrole)squaraine in trichloromethane into which was inserted a Zn plate
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Figure 3-S5. Temporal variation over 280 h of visible absorption spectra of poly(3-
octylpyrrole)squaraine (3.5 mg/L) in trichloromethane solution (3.0 mL) in a silica cell

(optical path 1 cm) into which was inserted a Zn (surface area 431 mm?) plate at 295 K.
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3-6.5 Temporal variation of visible absorption spectra of poly(3-
octylpyrrole)squaraine in trichloromethane into which was inserted a Pt plate
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Figure 3-S6. Temporal variation over 58 h of visible absorption spectra of poly(3-
octylpyrrole)squaraine (3.5 mg/L) in trichloromethane solution (3.0 mL) in a silica cell

(optical path 1 cm) into which was inserted a Pt (surface area 363 mm?) plate at 295 K.
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Chapter 4 Conclusion

Polymers with extended 7 -electron conjugation have unique intrinsic conductivity

and are classified as conjugated polymers or conducting polymers (CP). These materials
attract increasing attention because of their novel electrical, optical and magnetic
properties, which might be prospectively translated into diverse devices in optoelectronic,

sensor, and biomedical applications.

Among these CP, polysquaraines are organic dyes containing squaraines and = -

conjugated polymers; these compounds are suitable for the design of conducting polymers
with small optical band gaps. This possession of unique optical, physical and chemical
properties has made polysquaraines suitable materials for technical applications such as in
solar cells, xerographic sensitizers,-optical data storage, photodynamic therapeutics, and
chemical sensors. In this thesis, we studied the synthesis and conformations of this new

optoelectronic material of polysquaraine.

Considerable effort has been directed towards the synthesis of polysquaraines. As
one polysquaraine, squaric acid reacts with pyrrole derivatives in condensation to form
polymeric chains. In this condensation, the pyrrole derivative might react with the squaric
acid with 1,2- or 1,3-addition and produce distinct backbone structures of
poly(pyrrolyl)squaraines. In the first part of this work, we focused on investigation of
influencing of the intrinsic nature of pyrrole derivatives in the condensation and impinging

on the backbone structure of polysquaraine.

Condensation of squaric acid with pyrrole derivatives yields copolymers of the

class of polysquaraines. In this condensation, the pyrrole derivative reacts with squaric acid
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by 1,2- or 1,3-addition and generates covalent or zwitterionic backbones, respectively. The
position of the alkyl group in the pyrrole derivative might affect this condensation and

result in a distinctive backbone structure for the poly(pyrrolyl)squaraine.

We polymerized squaric acid with octyl linked to C- and N- positions in pyrrole
derivatives, so effecting a synthesis of poly(1-octylpyrroyl)squaraine P1 and poly(3-
octylpyrroyl)squaraine P3, respectively. The backbone structures of the covalent and
zwitterionic units in these polysquaraines are distinguished by their covalent and zwitterionic
carbonyl functional groups having associated IR absorptions near 1750 cm™ and 1600 cm™,
respectively. By this means, we deduced that product P3 from reagent 3-octylpyrrole
possesses mostly zwitterionic repeating units (>97 %), whereas polymer P1 from reagent
1-octylpyrrole was produced with backbone ratio 2:1 of zwitterionic repeating units to
covalent ones. We hence conclude that the ‘position of the alkyl group in the reagent of

pyrrole derivative affects the construction in‘the condensation into poly(pyrrolyl)squaraine.

Also from the visible absorption, as shown in Figure 4-1, and photoluminescence
spectra in varied solvents, TGA curves, and thermal IR measurements for these two
polymers, the observations of these optical and thermal properties were reconciled to their

structures.

The optical, physical and electronic properties of CP are affected strongly by a
variation of the polymer conformation because of excitonic interaction among the
constituent chromophores. To optimize the performance, controlling the conformation is a
critical issue for applications based on these materials. Preceding workers have
investigated the variation of the structural conformation for squaraine-based materials

through solvent concentration, solvent polarity, temperature, metal ions and other
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conditions. Besides induction by these external stimuli, we found that the conformation of

polysquaraine can be controlled by active metals.

We synthesized the target CP poly(3-octylpyrrolyl)squaraine to possess mostly
zwitterionic repeating units. Accompanied by color changes, the conformational structure
of the carrier was altered on adding metal ions to solutions of the polymer and also induced
by some active metals. Active metals induce a variation of the conformation of zwitterionic

conducting polymer poly(3-octylpyrrole)squaraine in trichloromethane solution.

Evidence from infrared, visible and photoluminescent spectra and from small-
angle X-ray scattering profiles unambiguously confirms the isomerization of this
polysquaraine induced by the surfaces of active metals. Unlike the irreversible change
induced by cations in solution, the folded conformation induced by active metals reverts to

its original structure on eliminating:contact between the metals and the solution.

Accompanied by altered optical ‘properties, as displayed in Figure 4-2, this
reversible structural modification of the zwitterionic polysquaraine induced by active
metals represents a new chemical and physical process. The structure of the target polymer
might switch from being linear to being folded. For a copper surface, the activation energy
of isomerization between the two forms, whatever their nature, is 18.9+0.7 kJ mol-1,
whereas for the reverse process the activation energy is 38+6 kJ mol-1. In a folding

transformation, formation of intramolecular hydrogen bonds might play a key role.

This observation of a reversible structural modification, accompanying altered
optical properties, for the zwitterionic polysquaraine induced by active metal plates is
unprecedented; it represents a new chemical and physical process, and it has a potential to

lead to the discovery of significant knowledge about the interactions of polymers with
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metal surfaces, the dynamics and the energetics of polymer conformations. This
observation of a reversible conformation for a zwitterionic polymer induced by a metallic
surface provides an impetus to investigate both such a structural modification of other CP

and applications of this phenomenon.
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Figure 4-1. The position of the octyl group in the pyrrole derivative affects the
construction of the polymer in poly(octylpyrrolyl)squaraine; as a result, visible absorption
spectra are reconciled with the backbone structures of poly(octylpyrrolyl)squaraine as

synthesized.
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Figure 4-2. The visible absorption band of a zwitterionic conducting polymer poly(3-n-
octylpyrrole)squaraine exhibits reversible color change on inserting and extracting active
metal in trichloromethane solution. This color change implies a reversible variation of the
conformation in solution; the folding conformer induced by active metal surface is re-

converted to linear conformation on removing the metal plate.
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