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Part I. Synthesis and Conformation Investigations bConducting Polymer
Poly(pyrrolyl)squaraines

Section A. Effect of Alkyl Position of Pyrrole on &uctures and Properties of Conjugated
Polysquaraines

1-1. Abstract

Poly(1-octylpyrrolyl)squaraine and poly(3-octylpgtyl)squaraine were synthesized from squaric
acid with 1-octylpyrrole and 3-octylpyrrole undeatentical conditions of condensation. Visible
absorption spectra, photoluminescence spectra, T@&es, and IR spectra were recorded to
characterize the structures of these polymers athesized; the measured optical and thermal
properties are consistent with backbone structdres.polysquaraine from 3-octylpyrrole possesses
mostly zwitterionic repeating units (>97 %), butetipolymer from 1-octylpyrrole consists of
zwitterionic and covalent repeating units in acg&il. Observations from the visible absorption and
photoluminescence spectra in varied solvents, T@&es, and thermal IR measurements for these
two polymers reconciled to their structures. Tleisult indicates that the position of the alkyl grou
in the pyrrole derivative affects the conformationthe condensation of poly(pyrrolyl)squaraine.
These polysquaraines are stable below temperattBe’l and their visible absorption and
photoluminescence properties in hydrogen-bondihgests exhibit negative solvatochromism.

1-2. Introduction

As one polysquaraine, squaric acid reacts with gigrderivatives in condensation to form
polymeric chains. In this condensation, the pyra#evative might react with the squaric acid with
1,2- or 1,3-addition and produce distinct backbsinectures of poly(pyrrolyl)squaraines, as shown
in  Scheme 1-1. Previous works [66] reported thatrucsiral compositions of
poly(pyrrolyl)squaraines of two types can thus lemeyated with formulae | and Il implying the
1,2- and 1,3- reactions, respectively. Poly(pyfjstyuaraine containing a repeating backbone in
formula Il features a zwitterionic structure; whasethat in formula | adopts a covalent structure.
For these polymers, the distinctive bonding characf the backbone structure affects their
chemical and physical properties and thus theilicgtmpns.
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Scheme 1-1. Reaction of a pyrrole derivative wigjnagic acid in condensation forms repeating
units in the structure of poly(pyrrolyl)squarainetwo types, of which formulae | and Il imply the
covalent and zwitterionic backbones; respectivielgnd R’ represent H or an alkyl group.

In forming the squaraine backbone with squaric ,aitid intrinsic nature of pyrrole derivatives
might influence the condensation and impinge on lihekbone structure in polysquaraine. To
improve control of the physical and chemical prapsrof this polymer, we investigated the effect
of derivatives of the pyrrole moiety on the synthasf polysquaraine by condensation. For this
purpose, we focused on the condensation for pofgdpy)squaraines affected by the position of
the alkyl group in the pyrrole derivatives. We $ytized and analyzed poly(pyrrolyl)squaraines
from the condensation of squaric acid with 1-oc#yld 3-octylpyrroles having the same molar mass
to investigate the products from the same alkyugrinking to separate N— and C— positions.

1-3. Experimental
1-3.1. Materials
Reagents 1-octylpyrrole (97.3 %), 3-octylpyrrol®.8 %) and squaric acid (99.0 %) (all T.C.1.



Co.), solvents Acetone (99.9 %), 1-butanol (99.9 B@nzene (99.8 %), cyclohexane (99.8 %),
diethyl ether (99 %), ethanol (99.8 %), isopropa(®l99.9 %), methanol (99.8 %), methylene
chloride (99.8 %) and trichloromethane (99.4 %) fdérck Co.), and drying agent anhydrous
magnesium sulfate powder (J. T. Baker Co.) werainbd from the indicated suppliers.

1-3.2. Measurements

'H NMR and®*C NMR (700 MHz, VARIAN VNMRS-700) spectra were reded of samples in
CDCl; with TMS as an internal standard. The molar mas$déke polymers were measured with a
gel permeation chromatograph (GPC, Viscotek-TDAYE(E , using trichloromethane as eluent and
polystyrene as the standard reference; this GP@spes multi detectors including a refractive
index detector, a right angel laser light scattpradetector, a low angel laser light scattering
detector, a viscometer, and an UV detector.

IR absorption spectra were recorded with a specatenmBomem DA8 FTIR or Nicolet Magna
860 FTIR attached to the IR beamline at the Nati@ymchrotron Radiation Research Center in
Taiwan, see Figure 2-S1 in Supporting Informat@atjgCdTe or DTGS detector served to span the
mid-IR range 500-4000 cmor 400-4000 cfh respectively. The IR spectra were typically
measured with resolution 0.5 ¢rand 200-512 scans. Samples of polysquarainesdiss@lved in
trichloromethane. KBr discs were dipped in the dasy@s saturated solutions and subsequently
dried in a vacuum oven to remove the solvent.

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

1-3.3. Preparation of poly(1-octylpyrroleco-squaric acid)

Poly(1-octylpyrroleco-squaric acid) was synthesized on refluxing 1-gutsiole (1.1224 g, 6.26
mmol) and squaric acid (0.714 g, 6.26 mmol) in egplar proportions in a mixture of 1-butanol
(60 mL) and benzene (30 mL) under a continuousifigvN, atmosphere for 24 h [28,29 66-68].
The dark blue solutions obtained were filtered, #mel filtrates were concentrated with vacuum
distillation and poured into diethyl ether. The aguproducts were collected on filtration and
washed with diethyl ether, before being redissoivetlichloromethane to yield solutions that were
filtered again; the filtrates were evaporated tgndss in an open fume cupboard to eliminate the
HCCl;. The precipitates were finally washed again witathd/l ether and dried in a vacuum
chamber near 295 K for two days.

The dark blue product of poly(1-octylpyrrobe-squaric acid) was obtained with the yield 53 %.
'H NMR (CDCh): 6 = 0.9 (br s, 3H, Chj, 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, aromatick Begure 2-S2 in Supporting Information.

Elemental analysis for @Hi1gNO, « H,0),(275.188): Calcd. C 69.78, N 5.09, H 7.69; Found C
71.20, N 5.10, H 8.42R (KBr) : 2956 (as s, CkJ, 2923 (as s, C}), 2871 (s, CH), 2850 (s, Ch),
1736 (s, C=0), 1622 (s, C-0), 1482 (ring modesih3ltas b, Ch), 1422 (scissor, Ch, 1357
(umbrella b, CH), 1082 (b, CH), 755 (b, CH), 721 &nfr, CH,). Visible: Ama/nm (methanol) 539.4,
(ethanol) 542.3, (isopropanol) 542.6, (1-butand.B.

1-3.4. Preparation of poly(3-octylpyrroleco-squaric acid)

Poly(3-octylpyrroleeo-squaric acid) was prepared from reaction of 3dpgtyole (1.1224 g,
6.26 mmol) and squaric acid (0.714 g, 6.26 mmotpeting to the same process used to prepare
poly(1-octylpyrroleeo-squaric acid)29,66-68]; in which the product was obtained vitie yield
66 %.

'H NMR (CDCl): 8 = 0.84 (s, 3H, Ch), 1.23 (d, 10H, Ch) 1.63 (t, 2H, CH), 2.51(s, 2H, Ch),

6.38 (br s, 1H, aromatic) , 10.43 (br s, 1H, NHde Figure 2-S3 in Supporting Informatidrc
NMR (CDCk): & = 14.09, 22.67, 26.63, 27.39, 29.23, 29.28, 2928651, 29.69, 30.47, 31.50,
31.79, 31.88, 115.19, 115.45, 125.87, 132.43, 233.43.05, 174.76, 177.13.



Elemental analysis for (@H1oNO,),(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, CR2B55 (as s, C§J, 2922 (as s, Ch), 2871 (s,
CHs), 2851 (s, CH), 1742 (s, C=0), 1600 (s, C-0), 1557 (b, NH), 1883NH), 1491 (ring modes),
1465 (as b, ChJ, 1429 (scissor, Chl, 1373 (umbrella b, C§)l, 1112 (b, CH), 936 (b, CH), 882 (b,
CH), 775 (b, CH), 726 cth(r, CH,). Visible Ama/ Nm (methanol) 538.2, (ethanol) 540, (isopropanol)
541.4, (1-butanol) 542.2.

1-4. Results and Discussion

Squaric acid might react with a pyrrole derivatiby 1,2- or 1,3-addition to form
poly(pyrrolyl)squaraines of two types, designatedamulael andll . Condensation of these two
reagents might thus generate poly(pyrrolyl)squagiassessing both repeating units of formulae
and Il in the polymer chain. The general condensatiorsgqufaric acid with 1-octylpyrrole and
3-octylpyrrole is expressed in Scheme 1-2; the prodiucts poly(1-octylpyrrolee-squaric acid)
and poly(3-octylpyrrolezo-squaric acid) are denoted with formuldeandIV, respectively.

S}

o

N CgH17 5 o CgHy7 o)
éan HO o)
reflux 24h "
or | 1-butanol/ or
CgHy7 HO o benzene CgH17 CgHy7 8
J g Ny
N —[Iml n

N
H H

>

[ E—

Iz®

o o) o
\Y

Scheme 1-2In the general condensation of squaric acid witittidpyrrole and 3-octylpyrrole, the
end-product poly(pyrrolyl)squaraines are representiéh formulaelll andlIV, respectively.

These poly(pyrrolyl)squaraines might contanrepeating units with a covalent backbone and
repeating units with a zwitterionic backbone initls¢ructures; poly(1-octylpyrrolee-squaric acid)
and poly(3-octylpyrroleso-squaric acid) as we synthesized are named
poly(1-octylpyrrolyl)squaraine, abbreviatedP1, and poly(3-octylpyrrolyl)squaraine, P3,
respectively.

1-4.1. Molecular weight of polysquaraines as syntsezed

The molar masses of as synthesized P1 and P3 wemenined with the GPC. The values\
for P1 and P3 are 23 and 21 kDa, and thd¥laffor P1 and P3 are 45 and 38 kDa, respectively.
The polydispersity indexMw/Mn) of P1 (1.96) is thus greater than that of PBIL. The
dissimilarity of polydispersity for these two polegns hints of a variation of their structures.

1-4.2. Structure analysis based on IR absorption

Infrared spectra serve to distinguish the cherolzaracteristics of polymers through their sevigiti
to functional groups. Polysquaraines feature stragprption in the mid-IR range, in which occurs
useful information to characterize the structuramposition of these polymers. Distinct IR
absorption spectra @1 and P3 in the spectral range 400—4000 trare shown in Figure 1-1.
Including weak absorption features, the lines in dpectra ofP1 and P3 number 27 and 32,
respectively. For the analysis of these featurestegorded IR spectra also of the three monomers, a
depicted in Figure 1-2.
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Figure 1-1. IR absorption spectra of Figure 1-2.IR absorption spectra of monomers
polysquaraines as synthesized, in the spectrah the spectral range 400—4000tifa) squaric
range 400—4000 cf (a) P1; (b) P3. acid; (b) 1-octylpyrrole; and (c) 3-octylpyrrole.

IR spectra of the P1 and P3 are divided into tvgiores. The left region, from 2700 to 3400 tm
contains strong absorptions attributed to C—H anreH Nstretching modes. The intense lines
observed between 2800 and 3000"cme assigned to C—H stretching modes of the ooojéty in
both polymers. Unlike the octyl group linked to dtbm in P1, P3 has its octyl group linked to
a —C atom and shows a signal of the —NH group doogrto a —NH stretching mode near 3300
cm-1 in Figure 1-1(b).

The right parts of the spectra, from 400 to 1Z60', serve as ‘fingerprints’ of other functional
groups and modes. The lines associated with carbe®0O) functional groups in the intrinsic
structural backbone of the polymer are typicallgcdrnible in the spectra. The covalent and
zwitterionic —CO functional groups in polysquaranieave characteristic absorptions near 1750
cm™® and 1600 cil[69-74], respectively; these values are smallen ttiee corresponding value
1815 cnt of squaric acid.

As carbonyl moieties of these two kinds are tHisdinguished directly in the IR spectra, we
derive information about these dissimilar composentpolymers on the basis of these lines. For
instance, Figure 1-1 (b) shows a strong absorgitoh600 crit and a weak one at 1742 ¢nthe
intensity of the latter attributed to covalent aarpl is about 3 % as that of the former associated
with zwitterionic carbonyl. This result demonstsathatP3 possesses mostly zwitterionic repeating
units in the polymer chain, so that it's repeatumgts represented asin Scheme 1-2 are about 97
%. Even with the same procedures for the polycosalem, a variation of backbone structures
might happen from batch to batch. To test this ttac#y, we prepared polysquarairnes for four
batchesP3-1, P3-2 P3-3 andP3-4 The IR absorption spectra BB-1, P3-2 P3-3 andP3-4 are
compared in Figure 1-3; the shapes of these sparaimilar. The percentages of zwitterionic and
covalent carbonyl backbones in polymer chainslies€P3 polysquaraines are listed in Table 1-1.
All theseP3 polysquaraines possess mostly zwitterionic strestlarger than 96 %.
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polysquarainesP3 as synthesized for four gg/tscﬂlézrames Pl as synthesized for four

batches.

For a similar analysis applied to tR&, the ratio of the intensity for the line attribdte zwitterionic
carbonyl about 1622 cimto that for the covalent one near 1736dsapproximately 2:1, as shown

in Figure 1-1(a); hencPl includes 1/3 covalent units in its structure [1g-8Also, we prepared
polysquaraine®1 for four batchesP1-1, P1-2 P1-3 andP1-4 the IR absorption spectra of these
products are compared in Figure 1-4. With the sargement, we analyzed the backbone structures
of theses polymers. By this means, the percentaigasitterionic and covalent carbonyl backbones
in polymeric chains for thesBl polysquaraines are also listed in Table 1-1. Apipnately, the
zwitterionic carbonyls to the covalent ones in padyic chains of thesBl polysquaraines follow
the same ratio 2:1.

Table 1-1. Wavenumbers (cH), intensities, and ratios of covalent and zwitieit carbonyl of
poly(1-octylpyrroyl)squaraineB1 and poly(3-octylpyrroyl)squarainé®3 as synthesized.

veo (cm?) veo (cm?) Ratio
Batch No. Covalent Part,m Intensity Zwitterionic Part, n Intensity Covalent : Zwitterionic
P1-1 1736 0.111 1625 0.222 1:2.0
P1-2 17375 0.228 1625 0.477 1:21
P1-3 1737.5 0.248 1626.5 0.413 1:1.6
P1-4 1736 0.16 1622 0.314 1:1.9
P3-1 1700 0.019 1600 0.612 3:97
P3-2 1745 0.038 1600 1.11 3:97
P3-3 1742 0.039 1600 0.961 4:96
P3-4 17415 0.03 1601.5 0.817 4:96

1-4.3 Solvent effect in visible absorption spectra

As the polysquaraines haweconjugated structures that produce intense abearpif visible
light, visible absorption spectra serve also torati@rize these polymers. We measured the visible
absorption spectra of poly(pyrrolyl)squaraines gstlesized in solvents of two classes —
hydrogen-bonding (HB) solvents and non-hydrogendomn (NHB) solvents, as shown in Figures
2-5 and 2-6, respectively.

The poly(1-octylpyrrolyl)squaraine and poly(3-dplrrolyl)squaraines as synthesized exhibit
distinct features in their visible absorption spedP3 has a single and narrow visible absorption
centered about 538-550 nm depending on the solasrdjsplayed in Figures 1-5 (b) and 1-6 (b),
producing a red color in solution, wherdgkhas a line with maximum absorption at 539-553 nm



and a broad shoulder near 600 nm, as depictedgurds 1-5 (a) and 1-6 (a), appearing blue in
solution.

T T
—— Acetone

Dichloromethand

Chloroform

—— Benzene

—— Cyclohexane A

T
Methanol 1.0F
Ethanol (a)
—— Isopropanol 0.8F
1-Butanol

0.6F

0.4F 1 0.4}
0.2k

oot @
0.6fF

1.0F
0.8F
0.6
0.4F
0.2F

0 550 560 570 SO

n ! ! T T T 0.0 1 1 ! N T

400 450 500 550 600 650 700 750 400 450 500 550 600 650 700 750
Wavelength / nm Wavelength / nm

Figure 1-5. Visible absorption spectra of Figure 1-6. Visible absorption spectra of
poly(pyrrolyl)squaraines, as synthesized, inpoly(pyrrolyl)squaraines, as synthesized, in
hydrogen-bonding solvents: (B); (b) P3 non-hydrogen-bonding solvents: @); (b) P3.
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As discussed above, becal®s®possesses mostly zwitterionic repeating unitssistructure, the
backbones tend to be identical and to bestow owisible absorption only one narrow band, with
maxima in various solvents listed in Table 1-2, wasP1 contains two backbones in its polymer
chain, so producing a more complicated absorptioitsi visible spectra. Through comparison
with the narrow absorption for zwitterionR3, we assign the corresponding narrow ban@hfof
which the maxima are also listed in Table 1-2, Wwhige attribute to its zwitterionic moiety; the
shoulder is due to its covalent part.

Table 1-2.Wavelength/nm of maximum visible absorptiorPrdfandP3, as synthesized, in various
solvents

solvent relative permittivity P1 P3
H;COH 32.66 539.4 538.2
C,H=OH 24.55 542.3 540
i-C3H-,OH 19.92 542.6 541.4
C4H,OH 17.55 543.8 542.2
(CH3).CO 20.56 547.4 544.8
H,CCl> 8.93 550.1 544.3
HCCI; 4.89 547.9 543.6
CeHe 2.27 550 550.3
CeH12 2.02 553.3 546.2

The wavelengths of the maximum visible absorptiohthe polymers as synthesized varied with
the solvent, possibly related to its polarity. Tekative permittivitye, that is a measure of a solvent
to separate charge and to orient a dipole is aiupafameter to describe the polarity of the sdlven
Relations of the visible absorption maximaPdfandP3 versus relative permittivity of HB solvents
are displayed in Figure 1-7. As the wavenumbematimum absorption exhibit a linear shift with
relative permittivity in the HB solvents [81,82he visible absorption spectra of both polymers as
synthesized exhibit significant negative solvatochism [83-87]; i.e., the absorption exhibits a
bathochromic effect with decreasing polarity incélolic solvents. The slopes of these relations for
P3 andP1 are almost the same; the zwitterionic structunethése two polymers are hence similar,
but for the same solvent the wave length of maxinalsorption oP3 is blue-shifted relative tB1;
this phenomenon reflects the fact that the mass oathe zwitterionic moiety ifP3 is greater than



that inP1.
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Figure 1-7.Wavenumber of absorption maximaRit (solid circle) and”3 (solid diamond), as
synthesized, versus relative permittivity of metblaethanol, isopropanol and 1-butanol.

1-4.4. Solvent effect in photoluminescence spectra
Polysquaraines possesmolecular orbitals delocalized along the polymeaichtherefore, it is
expected that these polymers have high photolurcéme® quantum yields. Figure 1-8 shows the

photoluminescence spectraRif andP3in four HB-solvents. In solvents of methanol, etbla
isopropanol, and 1-butanol, the maximum emissiordbafP1 were observed at 552.2, 555.3,
555.4, and 556.0 nm, respectively; the peaks sfhiiftin 4 nm. Whereas, those band¥P@fwere
recorded at 559.5, 563.7, 567.4, and 568.0 nmeotisply; the positions of maximum peaks differ
in the wavelength range 8.5 nm.
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Figure 1-8. Photoluminescence spectra of poly(pyrrolyl)squasjn as synthesized, in
hydrogen-bonding solvents: (B) excited at 540 nm; ()3 excited at 530 nm.

Similar to the visible absorptions in HB-solventise emission bands &1 and P3 undergo
hypsochromic shifts with increasing solvent polarRelations of the emission maximaft and
P3 versus relative permittivity of HB solvents arsmglayed in Figure 1-9. As the wavenumbers of
maximum emission display a linear shift with ralatipermittivity in the HB solvents, the
photoluminescence spectra of both polymers alssgssssignificant negative solvatochromism.
Due to the similar zwitterionic structures in thés® polymers, the slopes of these relationsP8r
andP1 are also the same, as shown in Figure 1-9. Contpates absorptions in the same solvent,
the Stokes shifts @1 andP3 are in the ranges 12:213.0 cm* and 21.3- 26.0 cm', respectively;



the values folP3 are greater than those fBd. This occurrence also reveals the phenomenon that
the mass ratio of the zwitterionic moietyR3 is greater than that iRl
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Figure 1-9. Wavenumber of emission maxima BfL (solid circle) andP3 (solid diamond), as
synthesized, versus relative permittivity of metblaethanol, isopropanol and 1-butanol.

1-4.5. Thermal stabilities of polysquaraines as syinesized

For various applications the thermal stability loéde polysquaraines is a matter of concern. As
displayed in Figure 1-10, the TGA curvesf andP3 under N were recorded at heating rate
15 °C/ min. Both polymers exhibited no loss of mass exhgerature below 158C; when
temperatures went up to 2000, the mass loss &1 andP3 were 1.2 % and 0.8 %, respectively.
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Figure 1-10. Thermal gravimetric analysis (TGA) curvesRit (solid line) andP3 (dotted line) as
synthesized.

If we define the temperature at which mass lo&s 9% asTd, we obtain values 259.8 for P1
and 270.1°C for P3. For a temperature below 30€, the extent of mass loss Bfl is slightly
greater than folP3, but above 30&, the mass loss dP3 increases more rapidly; this result
indicates that the thermal degradatiorP8funder the latter condition is more pronounced tifa
of P1 In the chain of polysquaraine, the covalent baadkbis expected to be more stable than the
zwitterionic one. A$?1 comprises more covalent moieties th8) P1 hence tends to resist thermal
degradation above 304.

Further evidence of thermal stability for these tpalymers was obtained from thermal tests
monitored with IR spectra. We dipped polymers anltw-E plates and heated the platesitu for
IR measurements in the reflection mode. IR spedti@olysquaraines as synthesized in the spectral
range 650- 4000 cm' at various temperatures are shown in Figure 1ati1al2.



2.0]
1.8F
16f
14f
12f
1.0
0.8F
06k

Absorbance
Absorbance

\

; . 1 "
02k 64°C - 0.4 110C ‘ ‘ vj

[ oFC 4 02F n ~ :
0 0 el s s bl o s s o o o it 2 La s s ol o o 0 O [ ——

4000 3500 3000 2500 2000 1500 1000 '4600 3500 3000 2500 2000 1500 1000
Wavenumber / cnit Wavenumber / cnit
Figure 1-11.IR absorption spectra &fl at Figure 1-12. IR absorption spectra dP3 at
various temperatures as indicated. various temperatures as indicated.

The IR reflection spectra remained constant bel6® T for both polymers, but varied slightly
at 180 °C at which the mass losses were 0.5 % and 0.2 ®X@ndP3, respectively. The line at
1600 cm' attributed to the zwitterionic carbonyl &3 was present at 23&, but vanished by
266 °C in Figure 1-12, whereas the line at 1736cattributed to the covalent carbonyl®f was
observable at 287C in Figure 1-11. This test is consistent with thermal stability of the
covalent backbone exceeding that of the zwittec@mie in the structure of polysquaraine.

Section B. Reversible Isomerization of a Zwitteriort Polysquaraine Induced by a Metal
Surface

2-1. Abstract

Visible and infrared absorption spectra and snradl@ X-ray scattering curves of
poly(3-octylpyrrole)squaraine, having a zwitteriomepeating unit, in trichloromethane solution
altered on contact of the solution with the surfatean active metal. These observed spectral
variations are deduced to indicate that the cordtion of this CP becomes modified on contact
with an active metallic surface.

Spectral evidence unambiguously confirms the réblers isomerization  of
poly(3-octylpyrrole)squaraine induced by an activeetallic surface; the structure of this
polysquaraine might be switchable from a linear fooner to a folded one back and forth
depending on the presence or absence of an acttal.ninduced by the copper surface, the
activation energy of the forward isomerizationi8.9+0.7) kJ mat, whereas the activation energy
of the reverse process to regenerate the lineafownar is (38+6) kJ md; this result might
indicate that about five intramolecular hydrogennd® form in the folded conformer of
poly(3-octylpyrrole)squaraine.

Observation of the reversibility of the postulateldange of conformation associated with a
metallic surface for this zwitterionic polymer prdgs an impetus to investigate both this structural
modification of other CP and applications of thiepomenon.

2-2. Introduction

Polymers with extended-electron conjugation that have unique intrinsicchactivity are
classified as conjugated polymers or conductingmels (CP) [1-3,88]; these compounds exhibit
novel electrical, optical and magnetic phenomersd tan serve optoelectronic [89,90], solar cell
[91-93], sensor and biomedical applications [944@6Yyarious devices. The polymeric nature of a
CP enables great structural flexibility; CP thusaats attention and remains at the forefront in



many areas of development. One of the most sigmifignterests in developing a CP is that its
optical, physical and electronic properties aree@#d strongly by a variation of the polymer

conformation [97-100]. Development of a CP requarsunderstanding of its detailed structure and
its variation under various manipulations. Thisi¢opas hence become a focus of research from
both scientific and practical points of view.

Polysquaraines are zwitterionic dyes containiggasaines ana-conjugated polymers that are
characterized by intense red absorption [25-2@sehcompounds are suitable for the design of
conducting polymers with small optical band gap&48]. This possession of unique properties has
made polysquaraines provide great sensitivity aptin@l performance in such applications as
communication and biosensors, etc. [46,48,51,1@],10

The optical, physical and electronic properti€B are affected strongly by a variation of the
polymer conformation because of excitonic inte@ctamong the constituent chromophores. To
optimize the performance, controlling the conforimratis a critical issue for applications based on
these materials. Preceding authors have investigh&evariation of the structural conformation for
squaraine-based materials through external stirbulisolvent concentration [58-60], solvent
polarity [58,61,62], temperature [58,63], metal S0(¥9,64,65] and other conditions. Besides
induction by these external stimuli, other techegumight control the conformation of
polysquaraine.

A condensation of squaric acid with electron-dmgaaromatic compounds produces squaraines
[28,30,103]. In one such reaction, squaric acidcteeawith a pyrrole derivatives to form
poly(pyrrolyl)squaraines [76], having either covdler zwitterionic backbones, so differing in the
chain of the polymer. The intrinsic molecular stawe of polysquaraine is expected to influence
strongly its stability and opto-electronic propesti for instance, as the positive moiety contai@ing
N atom in the zwitterionic polysquaraine can bindetther a H atom or an alkyl group (R), this
subtle local variation of molecular structure likelffects its chemical and physical properties.

Here we demonstrate that, besides induction bytalmeons, the structure of
poly(3-octylpyrrole)squaraine having a zwitteriomapeating unit is variable when its solution in
trichloromethane makes contact with the surfacamoéctive metal. A possible structural alteration
of this CP is thus a reversible isomerization frafmear conformer to a folded one induced with an
active metal surface. This observation has no pextte our findings provide an impetus for further
investigation of the structural modification of giamn CP and the structural dynamics of their
polymer chains in solution.

2-3. Experimental Section
2-3.1. Materials

Reagents 1-octylpyrrole (97.3 %), 3-octylpyrrol®.@ %) and squaric acid (99.0 %) (all from
T.C.1), lithium perchlorate (99.99 %), sodium gdocate (98+ %), cesium perchlorate (99.999 %),
magnesium perchlorate (99.0 %), and barium peratéo(99.999 %) (all from Sigma-Aldrich),
copper perchlorate hexahydrate (98 %), calciumhperate tetrahydrate (98 %) (Acros), solvents
1-butanol (99.9 %), benzene (99.8 %), diethyl e{Bér%), ethanol (99.8 %) and trichloromethane
(99.4 %) (all from Merck) were obtained from thélicated suppliers.

Plates of iron (0.1 mm, 99.994 %), aluminum (0.2%,M9.997 %), silver (0.1 mm, 99.998 %),
cobalt (0.1 mm, 99.995 %), nickel (0.5 mm, 99.99% #ifh (1.0 mm, 99.9985 %), lead (1.0 mm,
99.9995 %), zinc (2.0 mm, 99.999 %), gold (0.1 MM9975 %), rhenium (0.025 mm, 99.97 %),
tantalum (0.127 mm, 99.95 %), molybdenum (0.5 mP9 %) and copper gauze (100 mesh,
diameter 0.11mm) (all from Alfa Aesar), of copp&.5 mm, 99.98 %), rhodium (0.025 mm,
99.9 %), tungsten (0.127 mm, 99.9+ %), platinumZ@.mm, 99.99 %) and palladium (0.25 mm,
99.98 %) (all from Sigma-Aldrich) were obtainedrfrahe indicated suppliers.

2-3.2. Preparation of poly(octylpyrrole)squaraine
To synthesize poly(octylpyrrole-co-squaric acidpctylpyrrole or 3-octylpyrrole (1.1224 g, 6.26
mmol) and squaric acid (0.714 g, 6.26 mmol) in suplar proportions were refluxed in a mixture



of 1-butanol (60 mL) and benzene (30 mL) under ioowtusly flowing N for 24 h [66,104]. The

general condensation of squaric acid with 1-octylpg and 3-octylpyrrole is displayed in Scheme
2-1.

Q
HO, O pr— 2
w IR Gy B ey B
I
CgHy7 Ho ° CgH17 O o CgHy7 le]
I
]
CgH17 HO, o Cobtur -| — Ferr o
L) + —"p[ IL—Jml‘*’_
N N n
N HO o H H
(e}
O (o]

Il
Scheme 2-1In the general condensation of squaric acid witictidpyrrole and 3-octylpyrrole, the

product poly(pyrrolyl)squaraines containing m repgaunits of covalent backbone and n repeating
units of zwitterionic backbone are represented ¥atimulael andll, respectively.

According to our syntheses, the end products peadg{¥lpyrrole-co-squaric acid) and
poly(3-octylpyrrole-co-squaric acid) are named gblgctylpyrrolyl)squaraine, denoteidl, and
poly(3-octylpyrrolyl)squaraine, denot&8, respectively.

2-3.3. Characterization

P1 and P3 were characterized with elemental analysis, thgraometric analysis,
gel-permeation chromatography, art#l NMR, '*C NMR, UV/visible absorption, infrared
absorption and photoluminescence spectra. By thesans, we deduced that prodi®l from
reagent 1-octylpyrrole possesses backbone ratiofic@valent repeating units to zwitterionic ones,
whereas polymeP3 from reagent 3-octylpyrrole was produced with riyogwitterionic repeating
units (>97 %), as shown in Scheme 2-2. The detaitedacterization 0?1 andP3 can be found in
Chapter 2 [104]. The molecular masses accordingrt@are 23 kDa foP1 and 21 kDa foP3, and

according taMw are 45 kDa foP1 and 38 kDa foP3.
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Scheme 2-2The molecular structures &f1 andP3; P1 consists of repeating units of covalent and
zwitterionic structural backbone in a ratio 1:2,emBasP3 possesses mostly zwitterionic repeating
units (>97 %).

2-4. Results and Discussion

The target polysquaraines were synthesized fromargguacid with 1-octylpyrrole and
3-octylpyrrole under condensation conditions [104je general condensations of squaric acid with
1-octylpyrrole and 3-octylpyrrole are expressed $theme 2-1. The end products of



poly(pyrrolyl)squaraines for poly(1-octylpyrrole-sgjuaric acid) and
poly(3-octylpyrrole-co-squaric acid) are denotethviormulael andll , respectively.

Polysquaraines are described as hawirgpnjugated structures that typically possess s#en
absorption in the visible range. Figure 2-1 displthe visible spectra of poly(pyrrolyl)squaraines i
trichloromethane; poly(1-octylpyrrolyl)squaraind®1j and poly(3-octylpyrrolyl)squaraineP8)
exhibit distinct features in their visible spectra.

Absorbance

400 450 500 550 600 650 700 750
Wavelength / nm

Figure 2-1. Visible absorption spectra of poly(pyrrolyl)squiswes in trichloromethane solution
(concentration 3.5 mg/L) and a silica cell (lengthcm of optical path) at 295 K: (A)
poly(1-octylpyrrolyl)squaraineR1); (B) poly(3-octylpyrrolyl)squaraineR3). The insets show
the molecular structures dPl and P3; P1 consists of repeating units of covalent and
zwitterionic structural backbone in a ratio 1:2, esbasP3 possesses mostly zwitterionic
repeating units (>97 %).

The visible absorption of zwitterionR3 in trichloromethane exhibited a single and narrow
absorption band centred at 543.6 nm, producinggenta color in solution, whereR4 has a line
with maximum absorption at 547.9 nm and a broadilsleo near 600 nm, resembling navy blue in
solution.

As reported in the sectioB [104], becausd®3 as synthesized possesses mostly zwitterionic
repeating units in its structure, the backbonesl tenbe identical and to bestow on its visible
absorption only one narrow band, wherBasontains backbones of two types in its polymeiirgha
so producing a more complicated absorption in iggle spectrum. Through comparison with the
narrow absorption for zwitterionie3, we deduce the corresponding narrow banBlofo imply its
zwitterionic moiety; the shoulder is due to its at@nt part.

2-4.1. Visible absorption spectra of P1 and P3 irrithloromethane solution inserted with
metals

In most electronic devices, connection to a metafase or contact through opto-electronic
materials is generally unavoidable. Because maiatd in devices are typically rigid, these
materials, including conducting polymers, tend éccbnsidered stable when they bond to a metal or
are in contact with its surface. The physical ahdngical properties of CP are poorly explored and
understood; an assumption of a CP being inactiveutds a metal should be verified before we
accept it as common knowledge.

The strengths and shapes of the visible absorpgamiures o1 andP3in a silica cell remained
constant for over seven days; these polymers hapear to be stable in trichloromethane solution.
With a polymer solution as blank for comparison, im&erted metal plates or gauzes into the silica
cells and monitored the visible absorption of tleymer solutions as a function of time. For



polymerP1 in the silica cell, the strength and shape ofabsorption spectra remained constant no
matter which metal was inserted in the solution; eemclude that solution of polymd?l is
insensitive to contact with metals.

When metal plates were inserted into solutionsatymer P3, the absorption spectra of solutions
varied depending on the metal. For metals Al, GoM¢, Pd, Sn, Ta, W, Re, Au and stainless steel,
we observed no change of the visible absorptiontspéor solutions of polymd?3, as displayed in
Figure 2-2. These results thus resembled thos@dlymer P1; zwitterionic polysquarain®3 in
trichloromethane is hence unaffected on contadt thibse metals.

1o -:
osf :

0.6F .

Absorbance

04F .

:

0.0BE 1 sl a3 |
400 450 500 550 600 650

Wavelength / nm

Figure 2-2. Visible absorption spectrum of poly(3-pyrrolyl)sgaines in trichloromethane
solution (concentration 3.5 mg/L) and a silica ¢i#hgth 1 cm of optical path) at 295 K has no
change inserted with metals Al, Co, Ni, Mo, Pd, $a, W, Re, Au and stainless steel.

In contrast, when metal plates of Ag, Cu, Fe, Zh, Rt and Pb were inserted into solutions of
polymer P3 in trichloromethane, the visible absorption spedf the solutions altered markedly.
For example with an Ag plate (surface area 907)nafter 40 h the intensity of the band at 543.6 nm
decreased about 10 % and the intensity near 500creased perceptibly, as displayed in Figure 2-3.
PolymerP3 in trichloromethane solution is hence unstabledatact with those metals, but the
rates and extents of alteration of visible absorptof the solution varied, depending on the
particular metal. For metals Ag, Rh (see Figure),2tde visible spectra altered slightly over a
protracted period.
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Figure 2-3. Temporal variation over 40 h of visible absorptiospectra of
poly(3-octylpyrrole)squaraine (3.5 mg/L) in tricinbonmethane solution (3.0 mL) in a silica cell
(optical path 1 cm) into which was inserted a Agtel(surface area 907 rfijmat 295 K.
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Figure 2-4. Temporal variation over 77 h of Figure 2-5. Temporal variation over 47 h of
visible absorption spectra of visible absorption spectra of

poly(3-octylpyrrole)squaraine (3.5 mg/L) in poly(3-octylpyrrole)squaraine (3.5 mg/L) in
trichloromethane solution (3.0 mL) in a silica trichloromethane solution (3.0 mL) in a silica
cell (optical path 1 cm) into which was cell (optical path 1 cm) into which was
inserted a Rh plate (surface area 372°na  inserted Fe plates (surface area 1720%)ran
295 K. 295 K.

For the solution of polymeP3 at 295 K in contact with a Fe plate in a silicil,abe absorption
altered more markedly, as shown in Figure 2-5. Sta¢ure of the band at 543.6 nm decreased
about 66 % after inserted Fe plates with surfaea d720 mrinto solution for 47 h; a new
band at 513.8 nm rised discernibly

2-4.2. Visible absorption spectra of P1 and P3 inrithloromethane solution inserted with
copper

When we inserted a Cu plate into a solution of (®bctylpyrrole)squaraine, the visible
absorption spectra of these polymer solutions exdteanore profoundly. Figure 3-6 illustrates the
temporal variation of visible absorption spectratfe case of a Cu plate (surface area 38Z)ram
295 K; over 40 h the original spectral feature watlaximum absorption at 543.6 nm gradually
decreased, and became replaced with another beafittd with a maximum at 513.8 nm. All these
spectra retain an isosbestic point at 525.8 nm. ilket photograph in Figure 2-6 displays the
distinct color change from pale magenta before rirese of the copper plate to pale orange
afterward.

For these active metals, the relative rates of atian of the spectra of
poly(3-octylpyrrole)squaraine solution are derivieaoim the decrease of absorbance at 543.6 nm
during the same periods. The corresponding ratasve to that for copper are listed in Table 2-1.
Among these active metals, copper is most actind,igon second: the rate for iron is about 0.37
that for copper. Relative to the rate for copplee, tates for other metals are Rh 0.21, Ag 0.09, Pt
0.08, Zn 0.06, and Pb 0.03. Although copper and ae metals commonly used in electronic
devices, nobody expects that these two metals weftédt a color change of this kind for a CP.



Table 2-1. Relative rates of isomerization
caused by active metals based on the decrease
of absorption at 543.6 nm during 1 h.
. Metal Area Decrease Relative
E (mrr12) (%) raté
‘é Cu 860 22.3 1
Fe 593.2 5.66 0.37
Rh 371.6 2.05 0.21
= Ag 907 2 0.09
S o VI, el Pt 545.7 1.1 0.08
Zn 430.6 0.57 0.06
Figure 2-6. Temporal variation over 40 h of Pb 381 0.3 0.03

absorption spectra of poly3-ctylpyrroley=
guaraine in trichloromethane solution in a
silica cell into which was inserted a copper
plate. Inset photograph: visible color change
of poly(3-octylpyrrole)squaraine in CHLI
solution: (right side) no metal plate, (left side)
after 40 h with a Cu plate.

Relative rate is derived from the decrease of
absorption and normalized with surface area.

Figure 2-6 demonstrates the existence of an istebegint in the temporal variation of the
absorption spectra of the solution of polyrR&into which was inserted a copper plate. This ¢ffec
implies two species to be present in the varyingtesy; one species is characterized with its
absorption at 543.6 nm and the other at 513.8 msma‘obvious driving force is present to induce a
chemical reaction in this system, and consisteth Wie reversibility of whatever transformation,
two distinct chemical species are unlikely to exiire. An alternative possibility is that the same
chemical species exists in two structures, or igema that solution; in that case the color change
would reflect a conformational isomerization ofstipolysquaraine induced by a copper surface.

2-4.3. The relationship of color change vs. metalgface area and temperature

Induced by active metals in solution, the colomofy(3-octylpyrrole)squaraine solution might
change; among these active metals, copper is mbgeaTo study what could cause this variation,
we thus selected copper as the testing metal., Mestinvestigated the relationship of this color
change vs. surface area of metal.

The rates of decreasing intensity at 543.6 nm aagkasing intensity at 513.8 nm 8 polymer
solutions depend on the area of exposed surfacemders, increasing with increasing area. For
copper plates with surface areas 860, 1720 and 860 the color changes were completed in 11,
6 and 4 h, respectively. Figure 3-7 depicts theabse of absorbance at 543.6 nm in 1 h vs. area of
copper surface at 295 K: the relation is lineare Tate of color modification for this zwitterionic
polysquaraind®3 induced by a copper surface thus increases wgitihéteasing area.

For an active metal in contact with the polymemsioh, the rate of decreasing absorbance at
543.6 nm and increasing absorbance at 513.8 nnnde@ealso on the temperature, increasing with
increasing temperature. Figure 3-8 depicts howatherbance decreased at 543.6 nm for 1 h vs.
temperature after copper plates (surface area irg) were inserted into solutions BB. The plot
of In k vs. T in range 283-323 K is linear, consistent with aibaof activation for the process
accompanying the absorption line shifting from B48m to 513.8 nm. The activation energy,
denotedEa and derived from the Arrhenius equationk la In A - Ea/RT (R = gas constant) for the
assumed isomerization of polym®&3 in trichloromethane solution induced by copperthss
(18.9+0.7) kJ mot.
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Figure 3-7. For poly(3-octylpyrrole)squarain-  rigyre 3-8. Absorbance decrease at 543.6 nm

e in trichloromethane solution, the decreasgn™1 p vs. temperature; copper plates (surface

of absorbance at 543.6 nm in 1 h vs. area of,a5 1720 mA) were inserted into

copper surface at 295 K. trichloromethane solutions of poly(3-octylpyrro
le)squaraine.

2-4.4. Reversibility of the color change induced bynetal

A notable feature of the transformation of visilalesorption of this zwitterionic polymer with
metals is its reversibility. After the absorption 3.6 nm became replaced with the feature at
513.8 nm induced by metals, the reverse shift f&Edi®.8 nm to 543.6 nm occurred on removal of
the metals from the solution.

Figure 2-9 shows this phenomenon; on removal ofciy@per plates from the solution after
insertion for 11 h, the absorption at 513.8 nmhaf polymer solution with the Cu plates became
replaced with the band at 543.6 nm. The temporehtiran of these spectra preserves the same
isosbestic point at 525.8 nm. This reversibility aifsorption behavior implies that the polymer,
without the metal in contact with its solution, eeted to its original conformation.
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Figure 2-9. 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 O
to 12 h, then at 15, 19 and 22 h.

Figure 2-10.Absorbance decrease at 513.8
nm in 1 h vs. temperature after removal of
inserted copper plates froR8 solutions.

The rate of the reverse transformatiorP8fon removal of a metal from the solution depends al
on temperature, increasing with increasing tempeszat The completion of the reverse



transformation required 24 h at 323 K but more th@2 h at 295 K. Figure 2-10 depicts the
dependence of absorbance at 513.8 nm for 1 h opeteture after the inserted copper plates were
removed from thé3 solutions. The linear relation in terms ofdws. T in the range 303 — 328 K
implies activation energy (38+6) kJ rifodf the reverse isomerization.

2-4.5. Mechanism for switchable conformation

This observation of a reversible optical effectlsd zwitterionic polysquaraine induced by metal
plates is unprecedented. To account for this phenom accompanying a structural isomerization,
we propose the transformation for the zwitterigmotymer in solution to occur in three sequential
steps: diffusion to and adsorption on a metal setféolding of the structure, and desorption and
diffusion from the metal, as schematically dispthye Figure 2-11.
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Figure 2-11.Schematic illustration of the isomerization ofwaitterionic polymer induced with
a plate of an active metal; the colored segmenpsesent separate charged moieties of the
polymer.

-

According to this mechanism, the backbone struabfithis free zwitterionic polymer in solution
is originally present in a linear form. When a nhgtiate is inserted into the solution, the polymer
molecule diffuses to the metal surface and becoauserbed, process (a). As the zwitterionic
moieties of the polymer affix to the metal surfattese molecule becomes strongly anchored on the
surface through the interaction of its charged aegiwith the metal. Although anchored on the
metal surface at some points, other portions ofpisigmer chain are free to move in the solution
and to swing back and forth in motion until theypoér folds, process (b). This closure decreases
the force of the anchor attachment to the metdaesar as a result, the folded polymer desorbs from
the metal surface, process (c). The folded polymiins its modified conformation in solution and
thus exhibits its altered optical property on realaf the metal plate. In absence of the interactio
with a metal surface, the free folded polymer ewally acquires energy on collisions and reverses
its closure by becoming linear again.

Although not definitive, this mechanism of isomatinn explains the observation of the optical
reversible phenomena for the zwitterionic polysqirsg on interaction with a metal. From a
thermodynamic point of view, the free zwitteriorpolymer in solution tends to maximize its
entropy and thus exists in an almost linear forr®,166-108]. When the zwitterionic polymer
makes contact with the surface of the active métal zwitterionic moiety attaches to the metallic
surface to resemble becoming anchored on the rsatédce. If the adsorption on the metallic
surface occurs in this step, the rate of transftonashould depend on the extent of the metal
surface. Figure 3-7 shows that the rate of transition forP3 induced by copper is proportional to
the area of the copper surface; also, the fitting bf the relationship intercepts at the pointhef
origin. That the structural modification of the ywler is directly associated with the area of the
metal surface supports adsorption as the first step



The adsorbed polymer might desorb from the surfiema random movements or collisions and
maintain its linear conformation in solution, bwhile the zwitterionic polymer is anchored at one
end on the metal surface, the other terminus ofptblgmer chain remains free to move in the
solution. The polymer chain would swing back andhifand might fold its structure. If an energy
term for the folded conformation compensates theopg term, this conformation might be stable
and exist in solution for a protracted period. Tavatterionic poly(3-octylpyrrole)squaraine has
alternately negatively charged -O- and positivéigrged -NH moieties that might interact in the
folded conformation. The closure might cause thea@ the -NH moieties to attract each other
and to bind together through hydrogen bonds. Sch2rBeillustrates the proposal molecular
structures of the reversible isomerization of p&lgtylpyrrole)squaraine induced by an active
metal; the internal hydrogen bonds are schema;tidehbicted in the folded conformation.

C8H17 CgHy7 CgH17 CgHi7 CgHi7
— / \@ — \ﬁ —
H

active metal

O CgHy7 O CgHi7 IV
Scheme 2-3Reversible structural transformation of poly(3ydpyrrole)squaraine induced by
an active metal depicted in molecular structuresmilaelll andIV represent the linear and
folded conformers, respectively.

2-3.6 Evidence of folding structure from IR absorpton spectra

According to Scheme 2-3, we perceive that intetmalrogen bonds might be formed in the
folded structure of poly(3-octylpyrrole)squaraiseich a formation of hydrogen bonds might play a
key role in this closure. Information about theusture of this polysquaraine in solution might be
derived from infrared spectra. As shown in Figw®23 although trichloromethane absorbs strongly
in the mid IR region, so interfering with measuremseof dissolved samples, it is still possible to
obtain useful IR absorption spectra of liquid saesddy careful subtraction of the absorption by the
solvent. Figure 2-13 presents the IR net absorbaricpoly(3-octylpyrrole)squaraine between
solutions without, in 2-13 (A), or with, in 2-13 YBcontact with a Cu plate, relative to the solvent

Apart from artefacts produced by imperfect subtoacbf trichloromethane in both spectra, the
significant feature located at 1602 ¢inelongs to the functional group of the zwitteribnarbonyl
of this polysquaraine sample [75,78,80,104]. A higtaifference between these two spectra is a
line at 3364 cnit that appears only in Figure 2-13 (B), and thaadsigned to an OH stretching
mode of a intra-hydrogen bond [109]. As discussaldove, the carrier sample of
poly(3-octylpyrrole)squaraine in trichnlorometharsepiostulated to exist as a linear form (formula
[ll') that contains no OH functional group, consistesith its absence from Figure 2-13 (A),
whereas in the presence of the copper plate thigsqguaaraine sample has a folded structure
(formulalV); the negatively charged -O- then binds to positicharged -NH to form a internal
hydrogen bond, revealed through its OH stretchirmlenat 3364 cihin Figure 2-13 (B). The
evidence from the IR spectra is thus consisten wifolded conformation of this polysquaraine
sample induced by active metal surfaces, as demavedtin Scheme 2-3.
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Figure 2-12.IR absorption spectrum of
trichloromethane with optical path 1 mm.

To retain its maximum entropy in solution, the feeitterionic polymer is thus configured as a
flexible linear chain. For the zwitterionic polymier convert to a folded conformation, energy must
be released to compensate the entropy term. Ifiakisg, poly(3-octylpyrrole)squaraine possesses
—NH" groups that can bind to its —O- ends. In this \wdgrnal hydrogen bonds O-H form in the
folded conformation and stabilize the folded stmoetfor this polymer. If the structure has no
contribution from such an energy factor, the polymeuld not fold its chain.

To clarify this point, we compared the behaviorspofy(1-octylpyrrole)squaraine in the same
experimental conditions. The similar structure ofypl-octylpyrrole)squaraine possesses its octyl
group bound to —N (position 1) instead of —C (pogit3); with such an alkyl location, it contains
charged INCgH1; groups, not —NHgroups , as shown in formulaNo intra-hydrogen bond can
form even when the chargedNCgH;7 group is able to approach the charged —O- grauphis
case, no hydrogen bond can form to stabilize theosuce of the structure;
poly(1-octylpyrrole)squaraine can thus adopt naldédl structure. As the visible absorption of
poly(1-octylpyrrole)squaraine solution in contacitwa metal remained constant under our
experimental conditions, poly(1-octylpyrrole)squaeapreserves its linear conformation in solution.
This constancy of the poly(1-octylpyrrole)squaramesolution is consistent with the folded model.

2-4.7. Evidence from small-angle X-ray scattering»@eriments

Experiments of small-angle X-ray scattering providierther evidence supporting the
isomerization of the target polymer in solutionundd on contact with an active metal. For SAXS
measurements of poly(3-octylpyrrole)squaraine inchtoromethane solution, we used
stainless-steel and copper cells. As the SAXS crer®ined constant for this cell, stainless steel i
an inactive metal for the isomerization of thisypoér in solution. In contrast, the SAXS profiles of
solution for poly(3-octylpyrrole)squaraine in a pep cell varied with time, as shown in Figure
2-14.
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Figure 2-14. SAXS profiles of poly(3-octylpyrrole)squaraine tinchloromethane solution in a
copper cell at initial (solid line) and final (dett line) stages. The inset depicts relations of In
I(q) versusg® for smallq at initial (solid line) and final (dotted line)asges.

The SAXS curve of the polymer solution in the cappell at the initial stage, displayed as a
solid line, was similar to that in the stainlessestcell; it gradually altered and eventually beeam
the dotted curve in Figure 2-14. The radius of ggra(Rg) of the polymer is determined from the
plot of In I(g) versusq® in the range of smaly; the value ofRg thus extracted from the slope
(-Rg%3) of this plot [110,111], as shown in the inggfrFigure 2-14, was (21+2) nm and (16+2) nm
in the copper cell at the initial and final stagesspectively. The result is consistent with two
conformers existing in solution and with our foldeddel.

2-4.8. Possible mechanisms for isomerization

Summarizing the above, we observed reversible @simgvisible absorption, IR absorption and
SAXS spectra of poly(3-octylpyrrole)squaraine iduson in contact with particular metals; we
postulate that the effects reflect conformatiosaimerization of this conducting polymer induced
by metals. One mechanism that might explain thpsetsal changes is the chemical oxidation of
the polymer chains by either dissolved metal ionsxdation of the polymer chains by dissolved
oxygen at the metal surfaces.

Zwitterionic organic dyes act as ligands and resith metal ions to form stable complexes,
resulting in altered optical properties. As synibed, poly(3-octylpyrrole)squaraine reacts thushwit
metal ions; the color of its solution alters comently. To test the role of metal ions, we addddbna
to similar polymer solution.

On reaction of our poly(3-octylpyrrole)squaraines aynthesized, with Gl cation in
trichloromethane solution, the absorption maximuradgally shifted with time from 543.6 nm to
524.0 nm; the intensity of the former band corresiiigly decreased, as shownHRigure 2-15. For
this reaction we prepared a saturated solutionudf i@ HCCk over Cu(CIQ)- 6H,0. The curves of
these spectra intersect at 531.2 nm, an isoshgstt

Thus either poly(3-octylpyrrole)squaraine reactéthwCu’* ion in trichloromethane or the metal
ion altered the structure of this zwitterionic polsr, in either case to shift the absorption band of
poly(3-octylpyrrole)squaraine. Scheme 2-4 illustsathe proposed transformation of the molecular
structure of poly(3-octylpyrrole)squaraine caused @Gif*; the linear backbone of this polymer
represented as formulél converts to a folded complex with €uion as formulaV. In such
modification of conformation caused by a catiom, tietal ion plays a key role.
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Figure 2-15. Temporal variation of visible gcheme 2-4. Structural transformation  of
absorption spectra of poly(3-octylpyrrole) noly(3-octylpyrrole)squaraine induced by %u
quaraine in trichloromethane (3 mL) in a depicted in molecular structures.

qguartz 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 %Cun
trichloromethane over Cu(CKp-6H,0.

To compare with other cations, we also added, N&s, Mg®*, B&* and C&' into the
trichloromethane solution containing the targetypwr. In these experiments, there was no spectral
change on adding these metal cations except, Gaure 2-16 shows temporal variation of the
visible absorption spectrum of poly(3-octylpyrragliaraine in trichloromethane to which was
added the G in trichloromethane. The stature of the line a8.641m decreased about 40 % after
for 126 h and the intensity near 500 nm increassdechibly. In the case of &a the isosbestic
point is located about 525 nm, significantly distifrom that with C&" at 531.2 nm.

As mentioned above, the zwitterionic polymers remith metal ions to form stable complexes,
resulting in altered optical properties. The extm®f the optical change depends not only on the
metal ions but also on their solubilities in solgerior example, the solubility of calcium perclate
tetrahydrate might be less soluble than copperhpeate hexahydrate in trichloromethane. This
phenomenon of a color change for a polysquaraidaced by a metal ion implies a prospective
practical technical application as a sensor.

Scrutiny of Figures 2-6 and 2-15 indicates thahalgh the spectral changes are similar, they are
not the same. The wavelength of the line causedhbycopper ion is 523.9 nm, whereas that
influenced by the copper plate is 513.8 nm; théedéhce is about 10 nm. Moreover, the isosbestic
point on adding the copper ion is at 531.2 nm,tbat on inserting the copper plate is at 525.8 nm;
the difference is about 5.4 nm. These discreparsiéfice to indicate that copper ion is not the
factor driving the transformation of this zwittemio polymer solution induced by metallic surfaces.

Copper is unlikely to dissolve into ionic from cagusheet in trichloromethane. Moreover, after
dissolved cations cause a structural modificatibthis CP, it is difficult to remove those cations
from the solution; for this reason the transformtis irreversible so that altered structure dass n
revert to the original conformation. In contrastthathe metal plates, simply withdrawing the plate
from the solution of the polymer suffices to initareversion of the polymer to its original form.
These two structural transformations of this zwitteic polymer differ intrinsically: with the metal
plate in heterogeneous contact with the solutiorthef polymer, the phenomenon involving the
structure of the polymer is reversible, whereashwitetal ions homogeneously present in the
solution phase the change is irreversible. Accagrdm this test, we exclude the possibility of a



conformational change of this CP induced by a megaig due to a metal ion that is dissolved from
the metal.

In addition, although this polysquaraine solutighibited a similar variation of the conformation
induced by both cations and some active metal qlatat this zwitterionic polymer folds its
structure in two distinct ways. While the polysciae reacts with a cation and folds its structure,
the negative charge of —O- binds to the cationthis case, no OH group is be formed in the
complex. The difference IR absorption spectrum af/{8-octylpyrrole)squaraine with added Tu
cations in trichloromethane is shown in Figure 2-témpared to Figure 2-13 (B), this IR
absorption spectrum possessed no such OH bandevitience from the IR spectra thus further
confirms the distinct conformational changes o$ tholysquaraine sample induced by cations and
by the surfaces of active metals.
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Figure 2-16. Temporal variation of visible
absorption spectra of poly(3-octylpyrrole)

R X Figure 2-17. Differen Difference IR
squaraine in trichloromethane in a quartz cell

; . bsorption spectrum of poly(3-octylpyrrole)
to ‘th!Ch was added a saturated SOI““.O.n Ofgquaraine in trichloromethane to which was
Ca&" in trichloromethane: before addition

(black curve), and after 0.5, 1, 2, 3, 7, 10, 19,added C&'in solution.
33, 46, 126 (blue curve) h. For this reaction

we prepared a saturated solution of*Cm

trichloromethane over Ca(Cl§3-4H,0.

An analogous argument of reversible and irrevegsfsbcesses applies also to oxidation of the
polymer from oxygen dissolved at the metal surfagesonformational change caused by such
oxidation would be irreversible. Without adding eductant, the oxidation product would not be
reduced to its original form. The intrinsic irres#nility of an oxidation mechanism is inconsistent
with the reversible observation and must be exdude

2-4.9. Photoluminescent spectra of linear and foldieconformers

The conformation of the zwitterionic polysquaraisehus reversible, back and forth, depending
on the presence or absence of an active metal h\Wereversibly control the conformation of this
CP with this simple heterogeneous process withltetimg the chemical environment in solution,
whereas adding metal ions to the polymer solutianses an irreversible change of the chemical
environment and the structure for this CP.

The isomerization of this polysquaraine inducedhwdt metal surface modified the optical
properties, not only the visible absorption spedeacribed above but also the emission spectra.
Figure 2-18 displays photoluminescent spectra (BL)this polymer in trichloromethane; the
emission maximum shifted from 562 nm to 557 nm ageanying the conformational change
induced with the copper plate.

The quantum yield of this polysquaraine with threeér structural conformation reduced to 47%
as that of folded one. Regarding the PL yieldsclmmparison, we used 2,3-benzanthracene as an
external standard under the same optical conditioBased on the PL intensity of



2,3-benzanthracene at 478 nm, in Figure 2-19, dladive quantum yields of the linear and folded
target polymers are 2.23 and 1.07, respectively.
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Figure 2-18. Photoluminescent spectra of Figure 2-19. Photoluminescent spectrum of
poly(3-octylpyrrole)squaraine  in  trichloro- 2,3-benzanthracene under the same optical
methane solution: (solid line) no metal plate,conditions; the spectrum was used as an
(dashed line) with a Cu plate. external standard.

2-4.10. Conductivity of linear and folded conformes

The optical, physical and electronic propertieseet#d by a variation of the polymer
conformation are quite interesting for applicatiof®r example, the conductivities of altered
conformational structures for target polymer inusioin might be different.

Figure 2-20 displays the impedance plots of linead folded conformers of this CP. The
conductivityo of the polymer in solution was calculated from theasured resistanci, the area
(S 1.227 crf) and length (L 0.44 cm) of the liquid cell usidgetequatiors = L/SRy; in which, the
R, of the polymer solution was determined from thtericept of the line of the impedance curve at
the high frequency end. By this means, the condiies of the linear and folded conformers were
obtained to be 3.27x10and 1.56x10 s/cm, respectively; the value of the linear comfer is twice
to that of the folded one.
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Figure 2-20. Impedance plots of poly(3-octylpyrrole)squarajBé mg/L) in solution: (A) the
linear conformer and (B) the folded conformer.



2-4.11. Manipulation of the durations of forward ard reverse isomerizations

The observation of this reversible structural migdiion accompanying the optical alterations
for the zwitterionic polysquaraine induced by aetimetal surface is unprecedented; it represents a
new chemical and physical process. This opticatetwig property of a CP induced by active
metals has prospective applications. Our findingsside an impetus for the investigation of the
structural modification of similar CP and the stwral dynamics of their polymer chains in
solution.

As shown in Figure 2-6, the forward isomerizatidrih@ target polymer in trichloromethane was
completed longer than 40 h by inserted a coppee fflurface area 382 mjrat 295 K. For the
forward transformation, increasing the surface afeaetal and temperature decreases the duration
of reaction. By increasing the surface area, we ttan reduce the forward reaction time. Figure
2-21 shows that the forward isomerization compléte h with surface area 1720 rhf copper
plates at 296 K.
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Figure 2-21. Temporal variation of the visible absorption spactr of
poly(3-octylpyrrole)squaraine in trichloromethaneluion in a silica cell into which was
inserted a copper plate (surface area 1726)nam296 K: before addition (black curve) and 6 h
after addition (green curve).

The reaction time of forward isomerization couldeevbe reduced by using gauzesor
example, with Cu gauze (100 mesh, diameter 0.11amenmass 2.133 g) in a cell of liquid volume
3 mL and optical path of length 1.0 cm, the change completed in 60 min at 296 K, as displayed
in Figure 3-22. Increasing the temperature coattlce the forward time further, with the same
Cu gauze (100 mesh, diameter 0.11 mm and mass 8)li88a 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 solytioicreasing the temperature decreases the
duration of unfolding. As shown in Figure 2-9, theckward isomerization time was over 22 h at
323 K. Thus, the reverse transformation in the f@@tion is slow. Strikingly, ultrasonic agitation
to perturb the folded polymer solution also decesake duration profoundly: we found that only
25 min was required to accomplish the reversal witasonic agitation, as shown in Figure 2-23.

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

This reversible phenomenon encourages the discoeéryfurther knowledge about the
interactions of polymers with metallic surfaces,daabout the dynamics and energetics of
conformational changes of polymers. We expect @ndlifigs to motivate the investigation of
conformational modifications of other CP and apgimns of this phenomenon. Applying these
polymer solutions onto substrates might enableetl&B to retain their specific structures in the
solid after removal of solvent. The properties apglications of these switchable films or materials



remain uncharted territory. These CP might be aperl as shape-memory polymers [116-118].
Further work is required.
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Figure 2-22. Temporal variation of the Figure 2-23. Temporal variation of the

visible absorption spectrum of visible absorption spectrum of
poly(3-octylpyrrole)squaraine in trichlorome poly(3-octylpyrrole)squaraine in trichlorome
hane solution in a silica cell into which was thane in a silica cell after removal of copper
inserted copper gauze was added to thelates following ultrasonic agitation (40 kHz,
solution at 296 K: before addition (black 25 min): before agitation (black curve) and
curve) and 60 min after addition (purple after agitation (blue curve).

curve).

Conclusion

Polymers with extended-electron conjugation have unique intrinsic conotlitgt and are
classified as conjugated polymers or conductingmels (CP). These materials attract increasing
attention because of their novel electrical, optiaad magnetic properties, which might be
prospectively translated into diverse devices itoelectronic, sensor, and biomedical applications.

Among these CP, polysquaraines are organic dyesaiogrg squaraines ang-conjugated
polymers; these compounds are suitable for thegdesi conducting polymers with small optical
band gaps. This possession of unique optical, palysand chemical properties has made
polysquaraines suitable materials for technicalliegiions such as in solar cells, xerographic
sensitizers, optical data storage, photodynami@pgw®aitics, and chemical sensors. In this thesis, we
studied the synthesis and conformations of this optwelectronic material of polysquaraine.

Condensation of squaric acid with pyrrole derivesivyields copolymers of the class of
polysquaraines. In this condensation, the pyrra@evdtive reacts with squaric acid by 1,2- or
1,3-addition and generates covalent or zwitteridmackbones, respectively. The position of the
alkyl group in the pyrrole derivative might affetttis condensation and result in a distinctive
backbone structure for the poly(pyrrolyl)squaraine.

We polymerized squaric acid with octyl linked to &d N- positions in pyrrole derivatives, so
effecting a synthesis of poly(1-octylpyrroyl)squaeP1 and poly(3-octylpyrroyl)squarainB3,
respectively. The backbone structures of the covaled zwitterionic units in these polysquaraines
are distinguished by their covalent and zwittegorarbonyl functional groups having associated IR
absorptions near 1750 ¢nand 1600 ci, respectively. By this means, we deduced thatymroel3
from reagent 3-octylpyrrole possesses mostly zudttéc repeating units (>97 %), whereas polymer
P1 from reagent 1-octylpyrrole was produced with Hmmie ratio 2:1 of zwitterionic repeating
units to covalent ones. We hence conclude thapdsition of the alkyl group in the reagent of
pyrrole derivative affects the construction in tomdensation into poly(pyrrolyl)squaraine.

Also from the visible absorption, as shown in Fgud-1, and photoluminescence spectra in
varied solvents, TGA curves, and thermal IR measardgs for these two polymers, the



observations of these optical and thermal propevtiere reconciled to their structures.

The optical, physical and electronic propertieCéf are affected strongly by a variation of the
polymer conformation because of excitonic inte@ctamong the constituent chromophores. To
optimize the performance, controlling the conforiorats a critical issue for applications based on
these materials. Preceding workers have investigagevariation of the structural conformation for
squaraine-based materials through solvent condemtyasolvent polarity, temperature, metal ions
and other conditions. Besides induction by thegereal stimuli, we found that the conformation of
polysquaraine can be controlled by active metals.

We synthesized the target CP poly(3-octylpyrroiylisraine to possess mostly zwitterionic
repeating units. Accompanied by color changes,cth&formational structure of the carrier was
altered on adding metal ions to solutions of thymper and also induced by some active metals.
Active metals induce a variation of the conformatiof zwitterionic conducting polymer
poly(3-octylpyrrole)squaraine in trichlorometharodusion.

Evidence from infrared, visible and photoluminedcspectra and from small-angle X-ray
scattering profiles unambiguously confirms the isomation of this polysquaraine induced by the
surfaces of active metals. Unlike the irreversiti@nge induced by cations in solution, the folded
conformation induced by active metals reverts ® dtiginal structure on eliminating contact
between the metals and the solution.

This observation of a reversible structural modificn, accompanying altered optical properties,
for the zwitterionic polysquaraine induced by agtimetal plates is unprecedented; it represents a
new chemical and physical process, and it has anpat to lead to the discovery of significant
knowledge about the interactions of polymers wittahsurfaces, the dynamics and the energetics
of polymer conformations. This observation of aersible conformation for a zwitterionic polymer
induced by a metallic surface provides an impeatusvestigate both such a structural modification
of other CP and applications of this phenomenon.
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Figure 3-1. The position of the octyl group Figure 3-2. The visible absorption band of a
in the pyrrole derivative affects the zwitterionic conducting polymer
construction of the polymer in poly(3-n-octylpyrrole)squaraine exhibits
poly(octylpyrrolyl)squaraine; as a result, reversible color change on inserting and
visible absorption spectra are reconciledextracting active metal in trichloromethane
with  the backbone structures of solution. This color change implies a reversible
poly(octylpyrrolyl)squaraine as variation of the conformation in solution; the
synthesized. folding conformer induced by active metal
surface is re-converted to linear conformation
on removing the metal plate.
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Part Il. Polysquaraine Enhancing the Holographic Optical D& Storage of
PMMA/ PQ Photopolymers

1.Abstract

In this study, we synthesized poly(3-octylpyrrotesyuaric acid) (PSQ3), a polysquaraine,
through the reaction of 3-octylpyrrole and squalcid, and then co-doped it with
phenanthrenequinone (PQ) into poly(methyl methateyl (PMMA) to improve the holographic
data storage characteristics of the photopolymiee. ghotopolymers co-doped with relatively small
amounts of PSQ3 exhibited greatly improved hologi@pecording characteristics, including
superior diffraction efficiency and dynamic rang&#). Among the samples co-doped with PQ and
PSQ3, the maximum diffraction efficiency reached%4 (cf. 9.0% for PMMA/PQ) without further
downgrade and the value of M# reached 1.05 (cb b4 PMMA/PQ). Therefore, the holographic
data storage characteristics of the photopolymeMRIPQ were improved through co-doping with
PSQ3.

2. Introduction

Holographic data storage is one of the most promisiext-generation data storage technologies
because it combines large storage capacities &gh data access rates. Photopolymer recording
materials are particularly attractive for hologrephecording applications [1-6]; compared with
inorganic materials, photopolymers can provide dargefractive index modulation, higher
sensitivity, and better flexibility in terms of cgusition. In previous studies, we found that
9,10-phenanthrenequinone (PQ)—doped poly(methylhaceylate) (PMMA) serves as a good
recording material for holographic data storage]6Buring such a holographic recording process,
the PQ molecules absorb energy to form an excita,swhich undergoes further transfer to a
radical state that reacts with residual MMA mononeeform the photoproduct; at the same time, a
modulated refractive index change occurs [10]. éfgshotoreaction processes and larger modulated
refractive index changes of the photopolymer arpeeted to result in superior holographic
recording characteristics.

Polysquaraines are-conjugated polymers that possess consecutive Gumueptor repeating
units in the polymer chain [11,12]; they featurensiderable charge-transfer interactions, which
could be used to affect the photoreaction betwe@nadd MMA and, thereby, improve the
holographic characteristics. In this study, we Bgsized poly(3-octylpyrrolee-squaric acid)
(PSQ3) and co-doped it with PQ into PMMA as thetppolymer. We used a UV-Vis spectrometer
and an Abbe refractometer to measure the opticarabon and refractive index data, respectively.
From a study of the holographic recording char#sties of the photopolymer incorporating
different doped concentrations of PSQ3, we fourat the co-doped polysquaraine improved the
dynamic range and sensitivity of the photopolymer.

3. Experimental
3.1 Materials

High-purity 3-octylpyrrole and squaric acid weretabed from Tokyo Chemical Industry and
Acros Organics, respectively. Benzene was acqun@d Showa Chemical. Butyl alcohol, ethyl
ether, and CH2CI2 were purchased from Echo Chen@mhpany. PMMA powder (average
molecular weight: 120,000) was obtained from Sigaldrich. PQ was acquired from Tokyo
Chemical Industry and used as received.

3.2 Poly(3-octylpyrrole-co-squaric acid) (PSQ3)

3-Octylpyrrole (0.5 mmol) and squaric acid (0.5 myweere heated under reflux in benzene (10
mL) and butyl alcohol (20 mL) under a N2 atmosphetth stirring for 24 h, with azeotropic
removal of water in a Dean-Stark apparatus [11, ABgr cooling, the mixture was concentrated
under vacuum and the product poured into ethylrefftee precipitate was collected by filtration;



dissolved in CH2CI2, and re-precipitated from etétfler to provide the final product, which was
dried in a vacuum oven at 30 °C for 24 h priorse.u

3.3 Photopolymer fabrication

PMMA powder (20 wt%) and polysquaraine powder weissolved in CH2CI2 by stirring at
room temperature for 2 h; the dissolved PSQ3 cdragons within the PMMA matrix were ca.
0.05, 0.07, and 0.1 wt%. PQ (5 wt%) was then addexthe solution, which was stirred for 2 h
[14]. This precursor solution was coated on a dhest-glass plate using a 650-um-wide doctor
blade. The gel film was further heated at 35 °C 30rmin to remove the CH2CI2, providing
PMMA/PQ/PSQ3 photopolymer films having an averagalfthickness of 110 um.

3.4 Measurements

Fourier transform infrared (FTIR) absorption spaatrere recorded between 4000 and 500 cm-1
using a PerkinElmer 100 spectrophotometer. To ifjerthe photoreactions occurring in our
photopolymer, the samples were mesured in unexpaseédxposed states. UV-Vis spectra of the
photopolymer were recorded using a Shimadzu UV-1BB@rument. Refractive indices were
measured using an Abbe refractometer (ATAGO-DR-BI2) a sodium light source (589 nm) at
room temperature.
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Figure 1. Optical set-up for measuring holographic datamdiog characteristics.

A typical four-wave mixing optical setup was comsted to measure the holographic
characteristics (Figure 1). A collimated light be&om an Ar laser (wavelength: 514 nm) was
s-polarized and divided into two beams with annsiy ratio of 1:1 (intensity of each beam: 6
mW/cn?; diameter: 0.7 cm). The intensity of the diffractibeam was detected when the shutter
blocked one of the beams. The light beams weraeadigncident and symmetrically to the sample
with an intersection angle of 30° outside of theagke. The diffraction efficiency was defined as the
ratio of the intensity of the diffracted beam tee teum of the intensities of the diffracted and
transmitted beams. To measure the dynamic rangephbtopolymer was placed on a rotational
stage to allow multiple hologram recordings usingeaistrophic multiplexing technique. The
exposure energy of each hologram was 0.312%J/cm

4. Results and discussion
4.1 FTIR spectra

We prepared PSQ3 through the reaction of 3-octydpgrand squaric acid and characterized its
chemical structure using FTIR spectroscopy (FigRye The signals at 1610 and 1730 cm-1
represent the C-O and C=0O stretchings of the cytdotediylium-1,3-diolate moiety, respectively
[11,15,16]. The strong C—H stretchings of thgHG units appeared as absorption bands at ca.



2800-3000 crt [16]. The broad absorption band at 3300 twas produced as a result of
intramolecular hydrogen bonding of the PSQ3 stmastuThese spectral features were consistent

with the proposed structure of PSQ3.
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Figure 2. FTIR spectra of PSQ3.

4.2 Optical chemical measurements

Figure 3 presents typical optical absorption speatithe various photopolymers before and after
exposure. PSQ3 itself exhibited its maximum absonpdt 549 nm. Prior to exposure, the
photopolymers co-doped with PSQ3 all provided samalbsorption curves. All of the samples had
lower absorbance at 514 nm than they did at 532Notably, the absorption coefficients at 514 and
549 nm increased upon increasing the doped cootét$Q3. After exposure to green light (514
nm), the entire absorption band of the each phdyoper underwent a blue shift. At the same time,
the absorption peak of PSQ3 disappeared, predychazause PSQ3 reacted with PQ and PMMA
to form various photoproducts [10, 17-18]. Thisstahntial variation in absorbance was clearly
different from that of the unmodified PMMA/PQ phptadymer. To monitor the effect of co-doping
PSQ3 in the PMMA/PQ photopolymer in terms of théogoaphic data storage characteristics, we
selected 514 nm as the recording wavelength fosolisequent studies.
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Figure 3. UV-Vis absorption spectra of the unexgamed exposure photopolymers.



Table 1. Refractive indices of PSQ3/PQ-doped PMMAtppolymers

sample unexposed exposed refractive index
refractive index refractive index  change An)
PMMA/PQ 1.4925 1.4901 0.0024
PMMA/PQ/0.05wt% PSQ3 1.4969 1.4921 0.0048
PMMA/PQ/0.07wt% PSQ3 1.4983 1.4930 0.0053
PMMA/PQ/0.10wt% PSQ3 1.5030 1.4962 0.0068
PMMA/0.10wt% PSQ3 1.4984 1.4978 0.0006

Table 1 reveals that the refractive indices of phetopolymers increased upon increasing the
content of PSQ3. The change in refractive indeeraéixposure of the co-doped PMMA/PQ
photopolymer to radiation increased when the comagon of PSQ3 increased from 0 to 0.1 wt%.
For the PQ-only and PSQ3-only doped photopolymirs, refractive index changes were much
lower. These results suggested that the hologragditi storage characteristics of the PMMA/PQ
photopolymer might be enhanced after co-doping REQ3.

4.3 Holographic data storage characteristics

Figure 4 presents the diffraction efficiencies loé {photopolymers plotted as a function of the
exposure energy. The co-doped PMMA/PQ/PSQ3 phojopais all exhibited higher holographic
diffraction efficiencies than did the PMMA/PQ phptdymer. The maximum diffraction
efficiencies at PSQ3 co-doping levels of 0.1, 0@D5, and 0 wt% reached 54.8, 44.9, 19.9, and
9.0%, respectively. For the PMMA/0.1 wt% PSQ3 ppotgmer prepared without PQ, the
diffraction efficiency was very low (ca. 0.2 %). 8¢ variations are consistent with the changes in
refractive index.

80 —=— PMMA/PQ/0.1wt% PSQ3
e PMMA/PQ/0.07wt% PSQ3
PMMA/PQ/0.05wt% PSQ3
|—e— PMMAPQ
PMMA/0.1wt% PSQ3

(o2}
o
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?
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o
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|

o 5 10 15 20 25
Exposure Energy (J/(?Dn
Figure 4. Holographic diffraction efficiencies biet photopolymers.

The two most important parameters for holographatadstorage materials are their dynamic
range and sensitivity. The dynamic range of a halplgic material provides an estimate of the
recording capacity; the larger the dynamic range ofiaterial, the larger its storage capacity. The
sensitivity is a gauge of the recording data raggause high sensitivity means the faster recording
data rate can be reached.

We applied a perostrophic multiplexing techniqueetcord 200 holograms in a single location of
each photopolymer. The sum of the square rooteeoftliffraction efficiency forms a running curve
of the cumulative grating strength, expressed as

(1) CE)=D, m

where n is total number of holograms that have lveearded for a total exposure energy density of
E J/cnf. By curve fitting with the function



(2) C(E) =Cu[1-exp(-E/E)]
where E is total exposure energy, the saturatituev@.: (M#) of the curve gives the dynamic

range of the material, and Bives the exposure energy constant of the ma{@Ed]. The material
sensitivity (S) is an increment in cumulative gngtstrength with respect to the amount of exposure

energy. When the sample is unexpo§ece|,oIC/dE|qu . According to the running curve function,
the sensitivity can be written aS=C_, /E, = M#/E, )

1.54—=— PMMA/PQ/0.1wt% PSQ3
< —e — PMMA/PQ/0.07wt% PSQ3
87 PMMA/PQ/0.05wt% PSQ3
q:_) —e— PMMA/PQ
® 1.0
(] ..-f““‘r
=
T I .
S 3
E 0.54 .-’.[
> ]
O -V“’w
)
w
0.0 T

0 10 20 30 40 50 60
Exposed Energy (J/cih

Figure 5. Running curves for multiple-hologram neltog in the photopolymers.

Figure 5 displays the running curves for multiptdogram recording in PMMA/PQ
photopolymers co-doped with PSQ3. Each curve rehdaguration when the exposure energy
exceeded a certain value. Using the formulas abmveurve-fitting, we obtained the values of M#,
Er, and S listed in Table 2. All of the photopolymeosdoped with PSQ3 had higher values of M#
and S than did the PQ-only doped photopolymer. FNMA/PQ/0.1 wt% PSQ3 photopolymer
exhibited the highest value of M# (1.05) amongoélthe tested samples (cf. 0.47 for PMMA/PQ).
Moreover, the value d of the PMMA/PQ/0.1 wt% PSQ3 system was 2.6 tintegigr than that of
the PMMA/PQ photopolymer.

Table 2. Characteristics of multiplexed volume lgoégphic recording in PSQ3/PQ-doped PMMA
photopolymers

sample M# E, (J/cnf) sensitivity (cni/J)
PMMA/PQ 0.47 8.33 0.056
PMMA/PQ/0.05wt% PSQ3 0.53 7.69 0.069
PMMA/PQ/0.07wt% PSQ3 0.62 5.88 0.105
PMMA/PQ/0.10wt% PSQ3 1.05 7.14 0.147

& Sensitivity ©) = M#/E,

These experimental results reveal that co-dopwith PSQ3 enhanced the holographic data
storage characteristics of the PMMA/PQ photopolymsgstem. Upon exposure to light, the
conjugated structure of PSQ3 predictably changesasr destroyed; the absorption peaks of PSQ3
disappeared, consistent with its having undergdmggehemical reactions with PQ and PMMA. In
which the C-O group of PSQ3 was reaction with tihdMA [17,18], and the C=C of PSQ3 was
furthermore reacted with the C=0 group of PQ [Il0jese new photoproducts would be different
from those in the PMMA/PQ sample, providing a largefractive index change and superior
holographic recording performance.

5. Conclusions



Co-doped PMMA/PQ/polysquaraine photopolymers leixhsuperior holographic performance
relative to that of the corresponding PMMA/PQ plpatiymer. Single-hologram recording revealed
that the diffraction efficiency of the PMMA/PQ/Ovit% PSQ3 photopolymer was higher than those
of any of the other tested photopolymers. Furtheemm a multiple-hologram recording scheme,
the PMMA/PQ/0.1 wt% PSQ3 photopolymer also exhibitee greatest value M# and sensitivity.
The refractive index change of the PMMA/PQ photgpar was enhanced after co-doping with
the polysquaraine, providing greater holographeoréding characteristics.
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Part Ill. Effect of lonic Liquid on Structure and P roperties of Polysquaraine

1.Abstract

An ionic liquid [OctsNMe][TfO] was used as an polymerionic stabilizer in polysajunar
preparation. The ionic liquidIl{) plays an important role on structure and propsrtof
polysquaraine §Q12. With increasing concentration &f , the ratio of 1,3- and 1,2- structure
intensity was grandly increased, and the hypocheoafiiect of SQIx in nonpolar solvent were
observed. Adding margindL to SQ12 can improve film forming ability and film condueiiy

(SQL).

2. Introduction

7 -conjugated polymer in general have intense absorph the visible to the near-IR region,
which are associated with the donor-acceptor-doyme-charge-transfer interaction [1]. Because of
their unique optoelectronic properties and inténsonductivity, squaraine have been extensively
studied. However, the intrinsic aggregation andaluisle behavior were observed in our present
work. It is known that ionic liquids are often caleyed as promising solvent replacements for
volatile organic compounds(VOCs), and its zwittegcstructure feature cause our interesting. We
expected that ionic liquid (IL) can greatly improte solubility and facilitate a decreased tendency
for aggregation. Here, we investigate the influeaté. effect on the squaraine that removing of
ionic liquid by ethanol, and their impact on therptwlogy and conductivity.

3. Results and Discussion

The poly(1,4-bis[2-(1-methylpyrrole-2-yl)vinyl]-2;-8idodecyloxybenzene)squarin&@12 was
synthesized following the standard procedure ofasmjne dye [1,2], thus generating zwitterionic
n-conjugated polymer with quinoid resonance strugtuinvoking strong charge-transfer
interaction(Fig.1)IL was addition t&Q reaction solution to improve the aggregation berav

O, O
OCulls ) H0”  OH
I\ / / I}I n-butanol/benezene(l/B)'
CH; reflux
I}I C12Hps0
CH;

structure showed within the dotted line.

Structure analysis based on FT-IR. Bispyrrole derivative reacts with squaric acidghti
generate two types of repeating units consisting df3-substituted zwitterionic and 1,2-substituted
diketionic structure. The 1,3-zwitterionic and HiRetionic —CO functional groups has been
previously discussed [3-6] and absorption near 1arD 1600 cr. IR spectra 05Q12showed a
strong peak at 1622 ¢mand 1716 cm, which are characteristic of 1,3-zwitterionic and
1,2-diketionic carbonyl, respectively. The IR dataSQ12 and SQIx (Fig. 2) exhibit the same
spectroscopic feature ahid characteristic absorption has disappeared, winidicates the removal
of thelL from the final polymer productSQIx). On the other handsQ12was comparable with
those of theSQIx (removing ofIL by EtOH), the ratio of 1,3-zwitterionic and 1,Zelionic
structure intensity was predominant (Table 1). Wittreasing concentration tf , accompanied by
an increase in the ratio of 1,3- and 1,2-structaotensity, In other words, 1,2-diketionic structure



was gradually increased.
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Fig. 2. FT-IR spectra of the nelt, SQ12andSQly.

Table 1. Effect ofSQ12andSQlIx (removing oflL by EtOH) powder on FT-IR analysis.

SQ dve Voo (em !y Intensity Voo leml) Intensity Ratio
1.3- 1.2-Diketonic Zwitterionic /
Zwitterionic Dilketonic
SQl12 1622 0.071 1716 0.024 2.96
SQI, ., 1619 0.099 1735 0.034 2.91
SQI, , 1620 0.034 1736 0.010 340
SQI, 1622 0.232 1736 0.036 6.44
SQI; 1623 0.036 1737 0.003 7.20

The “SQIx” meanslL concentration (conc. 0.01, 0.1, 1, 5wt% relatvéhie n-BuOH/Benzene (1/3)
reaction solvent.

Surface Morphology, Conductivity and X-ray Diffraction Studies. Due to SQ12 instrinic
aggregation behavior and insoluble property [2hrddm forming is observed. The micrographs of
Fig. 3(a) and (b) show rough surface morphologgight be attributed to excells. Whereas, Fig.
2(c) and (d) display significantly good film forngrare observed, probably due to the might
preventSQ polymer from aggregation [7]. The conductivitiesS®lo1 and SQlo ;1 are 4.74x10
and 2.27x18 S/cm, respectively (Table 2). The values are highan SQ12[1], probably due to
its extended conjugation associated with enhanagd conformation. Fig.4 depicts the XRD
results ofSQ12and compared t8Qly, which demonstrate th&QI, 1 andSQIp 01 have broad peaks
are attributed to semi-crystalline behavior, furtim¥estigation into this account is in progress.

Table 2. The intrinsic conductivity of polymer
film (SQ12andSQly)

polymer film | intrinsic conductivity (S/cm)
SQI1215 —
SQI12I, 8.67 X107
SQI2L, 474X 107
SQ121, 4, 227X 1073
SQ12(ref) 421X 10

Fig. 3. SEM images of (18Qly fim: (a) SQls
(b) SQI1 () SQlo.1 (d) SQlo.01
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Fig. 4. XRD patterns of polysquarair12andSQlIy.

Intensity (a. u.)

Electronic Absorption Spectral Proteries.The absorption spectral changesS@)12 and SQlx
are shown in Fig. 5. The absorptionS®Iy in co-solvent showed relatively narrower band (B5ig)
than those that removing of IL, probably attributedthe dipole-dipole interaction between IL
(cation and anion) and zwitterion8Q polymer, and the shoulder on Fig. 5(B) curve a aAnd
indicated that might due tm-BuOH characteristic absorption. In addition, withcreasing
concentration of the IL, the absorption band waadgally narrowed, which could due to the
enhanced acidity of reaction solution. Further enmk supported that absorption pealsQfy o1 in
n-BuOH/Benzene co-solvent was included the charatitepeak in both individual solvents (Fig.
6A curve c), namely, the shoulder on Fig. 5(B) vedasibuted to characteristic absorption in
n-BuOH. Besides, the maxima absorptior56)ly 0; andSQls in Benzene were narrower compared
to BUOH, the solvent effect d8QIlp 01 Wwas more significant than d&Qls. It might be result from
the change of polymer in chain between their prated cationic form (nonplanar) and
deprotonated anionic form (planar) in the hypochooeffect [7]. The absorption maximum of neat
SQ12showed hypsochromic shift behavior (Fig. 7(A)), @lhcan be explained on the basis of the
enhanced acidity ai-BuOH compared to Benzene. On the other hand,@rcéise 05Qls showed
significantly different solvatochromic behavior walsserved (Fig. 7(B)). With increased co-solvent
polarity, the absorption maxima 8QIs was displayed a significant red shift broad basahjlarity
to deprotonated anion form feature[8], might akelcby the hydrogen bond between anionLof
andn-BuOH. A more detailed discussion of solvent efisdh progress.
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Fig. 5. UV-Vis-NIR spectrum 05Q12andSQly in n-BuOH/Benzene(1/3) co-solvent: (A) with
(B) removing ofiL by EtOH.
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Fig. 6. UV-Vis-NIR spectrum ofSQIy in polar or non-polasolvent: (A)SQIo.01(B) SQIlp1(dash dot line)
andSQls (solid line); (a,c) im-BuOH; (b,d) in Benzene.
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Fig. 7. UV-Vis-NIR spectrum of (A) nea®Q12and (B)SQIs (after leaching ofL ) in three different ratio of
n-BuOH/Benzene (Bu/Be) co-solvent, respectively.

4. Conclusions

The polycondensation of bispyrrole with squaricdacesulted in the formation of polysquaraine with
1,3-zwitterionic and 1,2-diketonic structures. Teh@vas a noticeable ionic liquid effect indicatedttiwith
increase concentration df , the intensity of 1,2-structure was gradually desed and accompanied by an
narrower absorption band which resulted from hypaoctic effect. Adding margindlL. was very helpful to
improve film forming ability and semi-crystallineebavior was observed. The solvent effec6®fls showed
significantly different solvatochromic behavior titncreased solvent polarity were still investigate the
current work.
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