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ABSTRACT: New macromonomers containing dialdehyde functionalities placed at the middle or at the end of
the chains were synthesized in two reaction steps. First, using ring-opening polymerization (R@&pmaflactone

(CL) or atom transfer radical polymerization (ATRP) of styrene (St) in the presence of proper initiators provided
well-defined low molecular weight polymers with dibromobenzene moieties. In the second step, using Suzuki
couplings of these dibromobenzene functions with 4-formylphenyl boronic acid, macromonomers having 4,4
dicarbaldehyde terphenyl moieties were obtained. Poly(phenylenevinylene)s (PPVs), with lateral subtituents PSt
or PCL chains respectively, were synthesized by following a Wittig polycondensation in combination with bis-
(triphenylphosphonium) salts in the presence of potassentrbutoxide. The resulting PPVs were soluble in
common organic solvents at room temperature as were the starting macromonomers. All of the starting and
intermediate polymers and the final PPVs were characterized by ddirgnd 13C NMR, IR, GPC, DSC, and

TGA measurements. Optical properties of the polymers were followed by UV and fluorescence spectroscopy.
The studied PPVs show a blue or green fluorescence in solution.

Introduction For example simple linear alkyl or alkoxy groups as side chains

Current interest in conjugated polymers is related to the for PPV derivatives have been often reportéf:!
substantialz-electron delocalization along their backbones ~ Taking into account the interest not only in the synthesis of
which gives rise to interesting optiéaand nonlinear optical ~ new types of polymers, but also in the modification of
propertied® and allows them to become good electronic commodity polymers to improve their properties to meet the
conductors typically when oxidized or reduck@ihese proper- ~ requirements for high-tech applications, polystyrene (PSt) or
ties lead to a variety of practical applications such as information poly(methyl methacrylate) (PMMA) has been used in which
storage and optical signal processing, substitutes for baftéries nanostructured photoactive conjugated oligo(phenylenevinylene)
and materials for solar energy conversiorurthermore,  Segments are attached as side chains to the backb&hen
electroluminiscende? from conjugated polymers is a rapidly ~ combining a stiff, insoluble, rodlike polymer with a soft coil
expanding field of interest since the first report of polymeric (such as polystyrene or poly€aprolactone)), it is possible to
light-emitting diodes (PLEDs) based on pgiyghenylene- form a new polymer with novel and interesting properties.
vinylene) (PPV) by Burroughes et 81Among the many kinds The macromonomer technique has proved to be useful for
of conjugated polymers,;** PPVs and its derivatives are still  preparing graft copolymet%$?:Macromonomers can be prepared
one of the most frequently used class in light-emitting diodes by a wide range of methods namely, aniofficationicZ? ring
(LEDs)'® due to their good film-forming properties, relatively  opening2* group transfe?>2¢free radical’” metathesig®2°and
high photoluminescence (PL) and electroluminescence (EL) step-growtB° polymerization, and chain scissi®mprocesses.
quantum efficiencies, as well as good color tunability through Recent developments in controlled/living radical polymeriza-
molecular structure designs. They also show good mechanicaltion3!-32have provided the possibility synthesizing well-defined
properties and high chemical and thermal stability which allows macromonomers with controlled functionalities, via radical
the fabrication of electronic devices such as flexible LE{S. routes as well. Among the various controlled radical polymer-
Despite this progress, PPV LEDs still have some disadvantagesization routes, atom transfer radical polymerization (ATRP) is
PPV itself has a rigid structure and is inherently insoluble, thus the most versatile because of its simplicity and applicability to
making it impossible to process these materials into the thin many vinyl monomerg3-35

films required for the most applications. As a result, considerable  \ye have previously reported the synthesis of polyphenylenes
effort has been directed toward the preparation of well-defined (pps) with polystyrene (PSt) side chains starting from ATRP
conjugated polymers with improved solubility, processability jpitiators as 1,4-dibromo-2,5-bis(bromomethyl)benzéner
and stability. The incorporating of relatively long and flexible benzene-2,5-dibromomethyl-1,4-bis(boronic acid propanediol
side chains onto the polymer backbone is a common techniquediester)sj Ring-opening polymerizations as “living” methods
for preparing fusible and soluble rigid-rod conjugated polymers. \yere also applied to monomers such as THE-oaprolactone
employing appropriate initiatof$:3° The aim was to obtain
* Corresponding author: E-mail: yusuf@itu.edu.tr. macromonomers with PTHF or PCL side chains that were then
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Scheme 1. Synthesis of PCL Brominated Macromonomer 1 by ROP efCaprolactone and a PSt One (2) by ATRP of Styrene

CH,—OH
Br: Br (8)
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110°% 2
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conjugated poly(Schiff base)s with polymeric segments as vacuum for 3 days. DPH NMR) = 26, M, 4 nmr = 3264;My,cpc
substituents were obtainé#*>Poly(thienylphenylene)s having = 3640,My/M, = 1.32.
as lateral substituents the respective PSt, PCL or POx chains ATRP of Styrene (2). A round-bottom-flask equipped with
were obtained also by oxidative polymerization of modified magnetic stirrer and a lateral neck with tap was used. The system
macromonomers using 2-thiophene boronic 4€itt. is ap- was vacuumed and backfilled with dry nitrogen several times.
propriate to react the above-mentioned arylbromine functional Catalyst (CuBr, 0.215 g, 1.5 mmol), ligand (bipyridine (bpy), 0.704
well-defined polymers, obtained by ATRP or ROP, with (4- 9 4.5 mmol) initiator (1,4-dibromo-2-(bromomethyl)benzene, and
formylphenyl)boronic acid in a Suzuki type coupling. By styrene (10 mL, 87.5 mmol) were |ntrqduced under an inert
. 4 ) atmosphere. The flask was placed in an oil bath warmed at@10
applying this strategy aldehyde-functional macromonomers

d . e . . .~ and stirred at that temperature for 55 min. The mixture was then
required for the synthesis of PPVs by Wittig reaction with bis- jjyted with THF and poured into 10-fold methanol. The solid was

(triphenylphosphonium) salts in the presence of potassii  cojlected after filtration and was dried at 4G in a vacuum oven
butoxide, have been obtained and are described below. Thes&vernight. Polyme was purified by passing through a silica gel

novel soluble and processable PPVs with PCL- or PSt-basedcolumn using THF as eluent and reprecipitation into methanol
macromolecular side chains showed good luminescent proper-(yield, 35%,Mn» = 2360). DR(H NMR) = 19.5,M, 4 nvr = 2270;

ties. Mn,gpc = 2400,My/M, = 1.3
] . Synthesis of Aldehyde-Functional Polymers (3, 4) by Suzuki
Experimental Section Coupling Reaction. A 100 mL three-necked round-bottom flask
Materials. All the solvents were purified and dried by the usual equipped with a condenser, a rubber septum, a nitroger-iolelet

and a magnetic stirrer was chargedhwit M NaHCQ (10 mL,)
aqueous solution and THF (15 mL). The solvents (THF and
NaHCG; solution (aq)) were previously bubbled with nitrogen over

drich), triphenylphosphine (PBIACros). 4-formylphenylboronic %Pirlﬁd of 30 min, and the mixture was refluxed under nitrogen

acid (Aldrich), Pd(PP§), (Fluka), and potassiuntert-butoxide ' ] ]

(Aldrich) were used as received. A 20 mL three-necked round-bottom flask equipped in the same
The synthesis of 2,5-dibromo-1,4-(dihydroxymethyl)benzene, the Way as the previous one was charged under inert atmosphere with

initiator for ROP of e-caprolactone (Scheme 1) was described 0-208 mmol of polymer (0.6789 g df or 0.755 g of2), 0.156 g

elsewheré? Mp (DSC): 217-218°C. 'H NMR (acetoness) (3, (1.04 mmol) of 4-formylphenylb0rpn|c acid, and O.Ql g (0.008

ppm): 7.74 (s, 2H, Ar), 4.65 (s,Hs CHy), 3.29 (s, M, OH). mmol) of Pd(PPH),. The solvent mixture (4 mL) was introduced
The preparation of 1,4-dibromo-2-(bromomethyl)benzene, the with a syringe through the septum. The mixture was refluxed under

initiator for ATRP of styrene (Scheme 1), was reported elsewffere. Nitrogen for 4 days, maintaining vigorous stirring and with the

methods.
Sn(Oct) (Sigma), CuBr (Aldrich), 2,2bipyridine (bpy) (Fluka),
1,4-bis(bromomethylbenzene) (Aldrich), 2,5-dibromaylene (Al-

Mp (DSC): 94-95°C. *H NMR (CDCly): 6 = 7.58 (s, 1H, AH- exclusion of oxygen and light. The aldehyde functionalized
3-position), 7.43-7.40 (d, 1H, AH-5 position), 7.28-7.26 (d, 1H, ~ Polymers 8 or 4) were separated by precipitation in cold methanol,
ArH-6 posi,tion) 451 (S’ oH B,Br). ’ Y filtrated, and dried. Further purification was performed by passing

1,4-Dibromo-2,5-bis(bromomethyl)benzene, was prepared by ';Zer[é(():!yr_lwet_r trt:r_ch]ur%h t?1 Sr']l'cla gel column using THF as eluent and
bromination of methyl groups of 2,5-dibronmexylene using precipl a.lo n metha o.. ) ) _
N-bromosuccinimide (NBSY Mp: 160-161 °C. *H NMR Synthesis ofp-xylylenebis(triphenylphosphonium bromide)
(CDCly): 6 (ppm): 7.65 (s, 2H, aromatic) 4.5 (s, 4H, @H (5_) and 2,5-d|bromop-xylylenebls(trlphenylphosphc_mlum br_o-

Ring-Opening Polymerization (ROP) ofe-caprolactone (CL) mide) (6). In a 100 mL round-bottom flask equipped with a
(1). A6 mL (5.8252 g, 51 mmol) sample of monomer (CL), 0.638 condenser and a magnetic stirrer was introduced 0.02 mol of 1,4
g (2.04 mmol) of bifunctional initiator (2,5-dibromo-1,4-(dihy- bis(bromomethylbenzene) or 1,4-dibromo-2,5-bis(bromomethyl)-
droxymethyl)benzene), and a catalytic amount of Sn(pEH]/ benzene, 9.82 g (0.042 mol) of Pfénd 40 mL of DMF as solvent.
[Sn(Octy] = 200/1 molar ratio) were added under nitrogen in First, by slightly heating, the mixture was solved and a white
previously flamed and nitrogen- purged Schlenk tubes equipped Precipitate was observed. Then the heating was continued until
with a magnetic stirrer. The CL polymerizations were carried out "€flux with stirring for 4 h. The white precipitate was filtered and
in bulk at 110°C. After 24 h the mixtures were diluted with GEl, washed several times with diethyl ether.
and poured into a 10-fold excess of cold methanol. The polymer 5: *H NMR (CDCk): 6 7.76-7.4 (m, 30H, PP}), 6.83 (s, 4H,
(1) was collected after filtration and dried at room temperature in Ar), 5.37-5.2 (d, 4H, ®&,).
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Table 1. Molecular Weights of the Polymers Calculated from'H NMR and GPC Data

starting —CHO funct
macromonomer  Mp,qNMR Mn,cpc PD macromonomer color  Mpn nvRr Mn,cpc PD PPV color Mn,cpg PD
1 3264 3640, 1.32 3 white 3314 3720, 1.36 7 bright yellow 28320, 2.59
8 dark yellow 32000, 2.31
2 2270 2400, 1.3 4 white 2420 2480, 1.34 9 bright green 18600, 3.05

Scheme 2. Synthesis of the Aldehyde Functionalized Macromonomers from the Bromine Functionalized Ones (PCL (1, 3) or PSt (2, 4)

CHZ—O{%)-{CHZ%O}gz
OHC @ @ @ CHO
H{O{CHZ%}%—HZC 3

1
Pd(PPhs), or
or + 2(HO)2B@CHO—>
5 NaHCO; aq./THF
H2<CH2—CH%Br
one- -0t
4
6: 'H NMR (CDCL): 6 (ppm): 7.92-7.38, (m, 30H, PPj), As these polymers were intended to be used in further
7.36-7.32 (s, 2H, Ar), 5.66:5.58, (d, 4H, Ciy). reactions, efforts were directed toward obtaining low molecular

General Procedure for the Synthesis of PPV with PCL or  weights, combined with convenient yields. Some characteristics
PSt ?'d]? Chains zy Wittig Rfaglon (79). To afsglutlon of 0.2 gre presented in Table 1. In the case of the PCL macromonomer
mmol of 3 or 4 and 0.2 mmol ob or6in 3 mL of dry THF was 1) ‘e molecular weight calculated frof NMR spectrum

added 0.135 g (1.2 mmol) &fBuOK in 1 mL of THF dropwise . . .
under nitrogen, and the reaction mixture was stirred for 24 h at was considered more reliable and used for further calculations.

room temperature. Because during that time the viscosity of the The reaction between aryl halides and aryl boronic acids
reaction mixture increased, 1 mL of dry THF was introduced, under (Suzuki coupling®® is a most convenient method for-C
nitrogen; an appropriate stirring speed was then maintained. Thiscoupling. The reaction is simple and insensitive to moisture.

operation was repeated two more time¢ssah intervals. Finally, Furthermore, this coupling reaction can be applied to monomers
after 48 h from the beginning of the reaction the mixture was poured carrying functional group® We have employed this method
into cold methanol to precipitate the polymé&; 8, or 9). Further in the synthesis of polyphenylenes, in which a macromonomer

purification was achieved by passing the polymer through a silica 15ying 3 2 5-dibromo-1,4-phenylene moiety or a 2,5-diboronic
gel column using THF as eluent and reprecipitating in methanol. ! ' ¥

Analysis. H NMR spectra were recorded in CDCiwith acid phenylene one was reacted with an aromatic diboronic acid

tetramethylsilane, using a Bruker AC250 (250.133 MHz). FT-IR or an aromatic dibrominated one, respectiviiy*<?

spectra were recorded on Perkin-Elmer FT-IR Spectrum One Similar macromonomers possessing end-chain or midchain
spectrometer. Molecular weights were determined by gel permeationdibromo aromatic moieties were reacted with mono boronic
chromatography (GPC) equipped with Waters Styragel columns acids having different functionalities-NH, or —CHO) and

(HR series 2, 3, 5E) with THF as the eluent at a flow rate of 0,3 yielded respective amino or aldehyde telechetfdsloreover,
mL/min and a Waters 410 Differential refractometer detector. The by applying the same strategy, and using 1-naphthyl boronic
UV spectra were measured using an IBM 9420 spectrometer or aggig a5 a reaction partner for a 2,5-dibromophenylene center
Shimadzu UV 2600PC spectrometer. Emission and excitation g, ionalized PSt-based macromonomer, a polymer containing

spectra were obtained using a Perkin-Elmer LS 50B spectrometer niugated n naphthatebg-phenylene naphtha-
with xenon lamp light source. The maximum absorbance of polymer a conjugated sequence ( 1apntha phenylenenapntha
lene) was synthesizeéd.This macromonomer could be further

solution was maintained & < 0.1 in order to minimize errors

due to internal filter effects. used in oxidative polymerization and a polymer containing a
rigid backbone with PSt side chains as substituents was obtained.
Results and Discussion In the present work, PCL or PSt macromonomers containing

The first step in the synthesis of PPVs with macromolecular €ither a center or an end chain conjugated sequence (triphen-
side chains was to obtain dibromo functionalized polymérs (Ylene) @ or 4 in Scheme 2) could be prepared by Suzuki
or 2) (Scheme 1). To obtain the desired functionalities, combined coupling of1 and2, respectively with 4-formylphenylboronic
with proper molecular weights and polydispersities, controlled acid. The reaction conditions (high excess of boronic acid and
polymerization methods were used. Polyrievas synthesized  long reaction times) were chosen to ensure a complete func-
by ROP ofe-caprolactone by using [2,5-dibromo-(4-hydroxy- tionalization. A slight increase of molecular weights was noticed
methyl)phenyl)Jmethanol as bifunctional initiator, in the pres- for 3 and4 as compared t@ and2, due to the introduction of
ence of stannous octoate. PSt-based macromon@meas new end groups (Table 1).
synthesized by ATRP of styrene by using 1,4-dibromo-2-  As the conjugated sequences contain aldehyde groups at both
(bromomethyl)benzene as initiator in the presence of CuBr/bpy ends, the functionalized polymers are candidates for synthesis
as catalytic system. of conjugated polymers with macromolecular side chains (PPVs

In both cases the GPC traces are unimodal and narrow,or Schiff base type polymers). We applied the Wittig method
indicating that no important side reactions occurred (see in combination withp-xylylenebis(triphenylphosphonium bro-
Supporting Information). mide) 6) or 2,5-dibromop-xylylenebis (triphenylphosphonium
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Scheme 3. Synthesis of PCL Substituted PPVs

CH2
m OHCCHO + mBr PPh3CH2—©CH2PPh3 Br- KOBu, THF |

/ / 5(X=H), 6 (X=Br)
. CH_CH@(;H o
Hz

7(X=H), 8 (X=Br)

Where is PCL

Scheme 4. Synthesis of PPV with PSt as Side Chains

H,

OHC @ @ @ CHO + m'Br+PPh3CH2@_CH2PPll3+Br_ KOBu, THF _

4 5

CH=CH@CH=CH>H

is PSt

Where

bromide) 6) and PPVs having as lateral substituents the  Characteristics of the PPVs are shown in Table 1. The
respective PCLY, 8in Scheme 3) or PSB(in Scheme 4) chains  molecular weights measured by GPC based on PSt standards,
were synthesized. should be taken as minimum estimate because of the highly
The polymerization reaction was performed in THF in the branched or comblike structure of the obtained structures.
presence of-KOBu. Colored polymers, listed in Table 1, with NMR Analysis. 'H NMR spectra data of the polymers are
good solubility in common organic solvents and good film listed in Table 2 (for details, see Supporting Information). In
forming properties (similar to those of the starting macromono- the case of the dibrominated PCL-based macromondiriée
mers) were obtained. The solutions of the polymers also show protons belonging to the rest of the initiatargndb) are clearly
fluorescence under daylight and UV light (366 nm): blue for in evidence and their integrals were compared with those of
polymer7 and8 (less for the latter) and green for polym@r O—CHg protons in the PCL chain. Polymerization degree was
This behavior is interesting as the composition of these polymers calculated to be 26, corresponding to a molecular weight of
contains 8590% PCL or PSt. It can be noted that when Mynnvr = 3264.
polyphenylenes with macromolecular side chains were obtained The 'H NMR spectrum of the aldehyde functionalized
starting from such macromonoméfs?3>0they usually resulted  polymer @) also confirms the proposed structure. The aldehyde
as white polymers, similar to the starting materials (see protonm at 10.1 ppm, the new aromatic signasndk at 7.99
Supporting Information). and 7.56 ppm, together with andb protons originating from



Macromolecules, Vol. 40, No. 15, 2007 Novel Poly(phenylene vinylenes)5305

Table 2. Spectral Characterization of Macromonomers and the Final PPVs

Polymer "H-NMR FT-IR

5 (ppm) %T (cm™)
a(7.58), b(5.15), ¢(2.20~2.35), 3440, 2943,2865, 1723, 1470, 1418,
d+f(1.60~1.70), e(1.39~1.50), 1397, 1365, 1293, 1239, 1176, 1107,

Br R
& b O¢c¢ a4 e f g Oji 4 e £ h J
cm_o{e_ﬁzc-H;c-Hzc_H;c-Hzcoiq_azc-ﬂzc-azc_ﬁzc-HJCOH
) 2
Br

M g(4.06), h(3.64), i(2.45) 1046, 960, 930, 838, 730, 675
P j atbrcrgthti(6.21-7.24, 3058, 3025, 2970, 2851, 2848, 1937,
W(O}-obe{cf chjcm- i d+e+f(1.10~2.50), j(4.50) 1867, 1798, 1665, 1598, 1489, 1446,
B 1372, 1177, 1051, 1066, 1026, 910,
& 808, 760, 758, 697

a(7.46), b(5.07), c+i(2.27~2.33), 3440, 2982, 2944, 2865, 1723, 1607,
2 d+(1.60~1.68), e(1.36~1.42), 1572, 1470, 1418, 1397, 1365, 1293,

a o} d f o . i
@» CHb;-o-(c_ﬁzc-H;c-ﬁgc-H2c-ﬁzcoig_ﬁzc-ﬁzc-izcé;c-ﬁ;coa
k )

@ 2(4.06), h(3.64), k(7.56), 1(7.99), 1239, 1175, 1106, 1045, 960, 933,
cgo m(10.10) 838, 731, 710
3)

atbrcrg+h+i(6.21~7.24) 3058, 3025, 2970, 2851, 2848, 1937,
dHe+f(1.10~2.50), 1867, 1802, 1798, 1702, 1665, 1598,
j+k+1+m(7.69~7.98), 1489, 1446, 1208, 1070, 1028, 910,
n+0(10.02~10.07) 836, 816, 760, 758, 697,621
a+mey(7.09~7.22), b(5.10), 3435, 2980, 2943, 2865, 1723, 1460,

CHi(2.22~2.37), d+(1.57~1.68), 1418, 1366, 1293, 1240, 1185, 1092,
. e(1.36~1.39), g(4.06), h(3.64), 1045, 960, 840, 730

0+kHNyran(7.35~7.48), 1(7.60),

Myans(7.68), Neis(6.61~6.65)

(M

a+K-+Mgans Hgans(7.40~7.46), 3435, 2982, 2962, 2867, 1723,1460,
b(5.12), c+i(2.22~2.37), 1418, 1396, 1366, 1293, 1240, 1186,
d+f(1.57~1.68), e(1.36~1.39), 1088, 1015, 960, 932, 860, 799, 730
2(4.06), h(3.64), 0+1(7.61~7.94),

1(7.60), me;s(6.64~6.75),

nei(7.12~7.15)

atb+ctgt+h+i+j+m+o+r+s(6.28~ 3058, 3025, 2970, 2923, 2851, 2848,

7.19) d+e+£(1.10~2.50), 1937, 1867, 1798, 1665, 1598, 1489,
k+1(7.55~7.63), p+q(7.40~7.46) 1446, 1084, 910, 818, 760, 758, 697,
620

®

the rest of the ROP initiator, permitted a recalculation of the case due to the consumption of this group during the Wittig
polymerization degree of PCL is similar to the starting one. reaction. The peaks in around #0.8 ppm are broader and
This result proves not only that during the Suzuki reaction no partial overlapping due to the increasing of polydispersity of
degradation process of the PCL chain occurred, but also thatthe new polymer together with increase in conjugation length.
the functionalization of the polymer was complete. Some authors observed the possibilityca—trans conforma-
TheH NMR spectrum of PPV shows different signals in  tions in the case of PPV; it has been reported thatihproton
the aromatic region as comparing wish The aldehyde peak appears usually around 6.5 pS#®® In our case, the small
from 10.1 ppm in the spectrum & has disappeared, in this doublet at 6.656.61 ppm suggests that somis conformations
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Figure 1. Three-dimensional ball-and-stick models®in cis andtrans conformations, top (a) and frontal (b) images.
at the newly formed vinylic bonds also appearnegt). Although However, the introduction of branches onto a polymer chain
protons in theéransconformation are not sharply definew§ns facilitates control over the processability and rheological proper-
appears together with other aromatic protons, whilgys is ties and moreover such copolymers show different morphologies

too close to thel ones to permit a precise integration) an due to the microscopic phase separation in the solid state and
evaluation of thecis percentage could be done by comparing selective solvation in solution. This intrinsic morphology can
the integral ofngs with the integral ofb protons. be used to design materials for nanoscale devices. In the models
presented in Figure 1 in both cases@ndtransconformation)
4=, + 1, )2 (1) the molecule structure is of “hairy-rod” type with a pronounced
cylindrical symmetry in the case of theansconformation. The
Thus, literature has reported the backbone of cylindrical symmetry
of the hairy-rod molecules can be modified by attaching long
%cis=2l, x 100/¢,— 2, ) (2 or short side chain®. The slight deviation from the cylindrical
symmetry of the backbone observed in Figuresit)(could be
wherel, and |, are the integrals of the protons from 5.0 to due to the type of conformation of the vinylene double bond.
5.1 ppm and at 6.656.61 ppm, respectively. By comparing with conventional polymers, the importance of
The same calculations can be made by comparing the integralsuch cylindrical objects consists in that their diameter is on the
of ngs with that of all the other protons between 7 and 7.8 ppm, order of a few nanometers rather than few angstroms. As a
as every repeating unit has 18 aromatic protons. In the case ofconsequence, the rigidity is so high that the persistence length
7 it was found that about 50% of the double bonds are dfsa of an individual chain is not on the order of 10 nm, but may
conformation. Taking in account the macromolecular nature of instead exceed 50 nm. Such cylindrical rods, due to their high
the PPV substituents, the result is probably due to sterical bending moduli, could potentially be used for constructions on
hindrance. As the protorisandh of the initial macromonomer ~ the nanometer scafé.
are still clearly resolvable, their integrals were used also for In the case of the other PCL substituted PBYin which
verifying the polymerization degree of PCL and was found again bromine atoms alternates with polymeric substituents,the
to be 26. This fact shows that no degradation of the polymer NMR spectrum also shows that some double bonds are in the
chain took place during the formation of the PPV. cis conformation. The intensity of signals from 7.12 to 7.15
For a better understanding of the spatial arrangement of theppm (icis) and 6.64-6.75 ppm (n¢is) regions could be compared
PPV main chain ircis or trans conformations of the vinylene  again with the intensity of thb proton peak. In this case, also
bonds, as well as the distribution of PCL side chains around the o protons belonging to the bromine substituted ring appear
the rigid core, model molecules for polymer fragments were separately from the other aromatic protons, so the percentage
obtained by molecular mechanics (MN. The three-dimen-  of double bonds in thecis conformation (75%) could be
sional ball-and stick models are shown in Figure 1 obtained calculated. The increase in the amountisfvinylene linkages
after energy minimization. The shown copolymers, obtained by comparing with polymer can be due to the presence of bulky
the copolymerization of a macromonomer with a low molecular bromine atoms as side groups near the PCL ones.
weight partner, are graft copolymers, an interesting class of self- In the 'TH NMR spectrum of the polystyrene starting mac-
assembling materials with domain sizes in the nanometer romonomei (Table 2), obtained by ATRP, the peak from about
regime?0 In general, graft copolymers are considered as special 4.5 ppm corresponding to the final ACH proton, directly
branched polymers that are expensive to produce commercially.linked to the final bromine atom, was used for calculating the
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Figure 2. 3C NMR spectra of PCL polymer3, 7 and8.

molecular weight of the polymer. The result is close to that molecular weight o#. As in the case 08, the slight increase
found from GPC. The spectrum of the aldehyde functionalized of molecular weight as comparing to the start®ygan be due
polymer 4 shows clear peaks of the newly introduced end to the introducing new end groups in the polymer chain.
groups. As the substitution at the benzene ring originating from  Because of the partially overlapping of the protons of the
the ATRP initiator is not symmetrical as in the case of PCL conjugated chain with the aromatic ones in the PSt repeating
polymer3, the peaks from the aromatic region that are outside units, together with the increase of polydispersity, the spectrum
the PSt main signals (beyond 7.3 ppm) can be the result of of 9 offers less information regarding the final polymer structure.
contributions of several aromatic protons,(k, I, j). Despite In this case it is not possible to determine whetloés
this the peaks of the aldehyde protons appear very clearly atconformation are also present. Despite this, the different
10.02-10.07 ppm and could be used for calculating the arrangement of the aromatic protons from the region beyond
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7.3 ppm (the region uncovered by PSt), together with GPC data Table 3. Thermal Properties of the Synthesized Polymers
and the results of other analyses, indicates that the desired PPVpolymer mp (°C) T£(C) IDT?(°C)  Tuae® (°C)  Ye sod (%)
was formed. 1 51 270 340 2
13C NMR analysis can also give information on the polymers 3 50 318 378 0
structures. Figure 2 present the spectra of PCL-based PPVs ( ; 41 302 390 9
2
4

and 8) in comparison with the aldehyde functionalized mac- 38.5 o1 fgé 3%% 1;
romonomer §). The spectrum of macromonont@presents not 99 250 377 13.6

only the usual signals of PCL (173.47 pp,129.8 ppmf; 9 120 300 405 8

62.47 ppmp; 34.05 ppmk; 26.23 ppmp; 25.5_9_ppm]; 24.47 aFrom DSC analysis® Initial degradation temperature (IDT} The
ppm, m), but also peaks of the carbons originating from the temperature at which the weight loss is 10%y(3 ¢ The percent of char
end groups (191.5%; 145.63 ppmd; 140.94 ppmb; 135.66 yield at 800°C (Yc)

ppm,c; 133.6 ppma; 131.14 ppme; 62.28 ppmg; 32.17 ppm,

p) proving the proposed structure. In the case of!f8@&NMR 2851, 2848 (aliphatic CH stretching), 1937, 1867, 1798, 1665,
spectra of PCL-based PPWsand 8, the number of peaks in  and 760 (out-of -plane hydrogen deformation), 1598, 1489, 1446
the aromatic region significantly increases in this region (150 (in-plane-bend -stretching vibrations of phenyl ring), 758, and
125 ppm), while the signal from 173.47 ppm of the aldehyde 697 cnmr! (out-of-plane hydrogen deformation).

carbons from3, disappears. Although the distribution of the The absorptions from 808 and 910 thin the spectrum of
peaks suggests in both cases the existencecigftrans 2 are characteristic of out-of-plane deformatiops) of the
conformations, no certain conclusions regarding this aspect canCH bonds of a 1,2,4-trisubstituted aromatic ring. The latter signal
be depicted from the spectf@C NMR spectra of the PSt-based s also present in the spectra4find9. New peaks appear in
polymers are even more complicated. Because of the asym-the case of IR spectra dfand9 (with small intensities in the
metrical substitution of the PSt chain on the benzene ring, all |atter) in the region 806850 cnt? due to the presence of
the aromatic carbons of the end groups differ. Moreover, some p-disubstituted benzene ringgc{,).

of the aromatic carbons of the end groups in the cagkeowfof The appearance of an intense absorption at 1702 ¢

the conjugated main chain in the casedadre covered by the ) i the spectrum of4 indicates the presence of aldehyde
aromatic carbons of PSt itself. Despite this in the casg, tife roups. This peak disappears in the spectrum of PAB&cause
aldehyde carbons appear separately at 181.6 ppm and this pea the overlapping of PSt absorptions with those of the double
disappears in the case of PRVAIso, some of the carbons of - yonds from the main PPV chain, as well as the broadening of

the end groups or conjugated PPV main chain could be identified o peaks, no information aboais—trans conformations can
in the domains not covered by the aromatic signals of PSt (144 ¢ gptained from the IR spectrum ©f

ppm; 132 and 123 ppm; 117 ppm) proving the proposed

fstrug':uresa but no information on the eans conformations was followed by differential scanning calorimetry (DSC) {30
IS obtaine " 300°C) and thermogravimetric analysis (TGA) (3600 °C),

IR Analysis. IR spectra of PCL-based polymers @, 7, 8) under nitrogen, with a heating rate of 1/min. Some
(Table 2 (for details, see Supporting Information)) display strong characteristics are presented in Table 3.
specific pleaks for-CL repeating 1“”'ts (e.9., 1723 &mrc—o; The endothermic peaks characteristic of the melting phe-
1293 cm™, vc-o(g; and 1046 cm?, vc—o,sym €tc.). Inthe case  homenon of the PCL chains are evidenced at 51, 47, 41, and
of the aldehyde functionalized polymer a new signal at 1607 3g 5°c in the DSC traces of. 3. 7. and8 respectively. A
cm* is attributed tovc—o from the CHO group. The shifting  yecrease of the melting temperature of PCL with the increasing
of this absorbance to lower frequency than usual is explained 4 the complexity of polymers can be seen. The introduction of

in this case by the association of this carbonyl group by he conjugated end group in the cas@afn disturb the length
intramolecular hydrogen bonding with the final OH groups in ¢ ordering of PCL chains, so the melting point decreases as

the PCL moieties. Also, we notice new peaks compared to the ¢ompared withl. The phenomenon is more evident in the case
starting macromonomer. The absorption at 1572 coan be ot ppys. The PCL molecules are linked to a rigid conjugated
attributed forvc—c of the new aromatic rings from the rest of  cpain a4t certain distances so the lengths of ordering and
tl_1e boronic acid that are in conjugation v_vith the initial benzene consequently the melting points are decreased. The Br substit-
ring from the center of the polymer chain. On the other hand, yens (that alternate with PCL ones) linked at the PPV chain of
the peak at 838 cnt from the spectrum of, that could be g 4150 has an influence on this characteristic. In the case of the
attrlbu_ted to thQ/CH of 1,2,4,5-tetrasubstituted benzene ring, is  pst.pased compounds tiigof this polymer is slightly shifted
more intense in the case 8f due to theyc of the new para- 4 higher values as the complexity of the molecules increases.
disubstituted benzene rings. This behavior can be a consequence of the decreasing of
In the spectra of PPV type polymersand8 the absorbance  mobility of PSt segments in the new polymers.

Thermal Analysis. The thermal behavior of the polymers

attributed to the aldehyde group & has almost disappeared.  The thermal stability of the synthesized polymers containing
Because of the presence of intense PCL peaks in the regionsligomeric side chains of PSt or PCL are presented in Table 3.
around 965-980 cnt* (transycw for vinylene bonds) and 675 In the case of the series containing PB4, and9) an increase

730 ci* (cis-ycw for vinylene bonds), less information on their  of the initial degradation temperature (IDT) and the temperature
conformation can be obtained from the IR spectra of these fgr 10% weight loss Tw10) for compounds4 and 9 can be
polymers. Despite this, a new peak at 860 ¢rim the case of  gpserved. For the starting macromonordhe IDT andTuio
8, or 1460 le for bOth 7 and 8, can be attributted to eiS have been reported as 180 and 3@ respectiveb}? Whereas
conformation of the vinylene bonds. Also, the new peak from in the new synthesized macromononethe IDT substantially
1015 cm* can be due to thérans conformation in the PPV increased at 250C. This fact could be attributed to the
main chain. triphenylene sequence contained in its structure. The highest
The IR spectra o, 4, and9 (Table 2) display the usual values for IDT andT,1o were registered for the PPY (300
absorptions of PSt at 3058, 3025 (aromatic CH stretching), 2970,and 400°C, respectively). A similar trend can be observed for
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Figure 3. UV—vis spectra fol7—9 in chloroform at room temperature (a) and as solid films cast on quartz plates (b). Spectra are normalized for
comparison.
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Figure 4. Photoluminescence spectra for9 in chloroform (a) and as solid films cast on quartz plates (b).

Table 4. Photophysical Properties of Polymers in THF Solutions (0.04 g/L)

starting macromonomer aldehyde functionalized macromonomer PPV
code Amax?2S(Nm) code Ama?2S(nmp Amast - (M) code Ama?2S(NMy Amat & (M)
1 212,225 3 212; 284 356 7 212; 378 450
8 212; 378 460
2 257 4 257; 293 360 9P 257; 388 456

a Excitation wavelength for PL spectra of PCL polymeét&xcitation wavelength for PL spectra of PSt polymers

the series containing PCL. The lowest values (IBT231°C; from short polystyrene chains (in macromonor@gand from

Twio = 262 °C) were obtained for the polym@&rthat contains the terminal groups (in both dibrominated macromonomers).
near to the PCL side chains also Br atoms directly connected  Aldehyde functionalized macromonoméand4 differ from

to the phenylene ring, the loss of which is expected at a lower the corresponding. and 2 by replacement of bromine atoms
temperature. For the polym@y the IDT value is comparable  with 4-substituted phenylene rings and a conjugation in the
with that one of the macromonomar At was reported in the  triphenylene sequence is possible. As a result, new maxima
case of polyphenylenes with PCL side chahshe thermal appear in the UV spectra. Table 4 summarizes UV absorption
degradation of the polymeric structure starts with the substit- and emission data for the macromonomers, monomers and
uents. It can be concluded from the data presented in Table 3polymers measured in THF solutions.

that the thermal stability of PPV&and9 is similar to that of The Wittig polycondensation & and4 led to PPVs having
poly(biphenylenevinylene) derivatives reported by Yamamoto absorption spectra with the same maxima as the corresponding
et al. (ca. 300C).>" monomers, however new maxima can be observed assigned to

Optical Properties. The absorption and emission spectra of the conjugated chain and also the absorption range is larger and
the polymers were investigated in THFand Cki€ilutions and red-shifted comparatively with their monomers. A clear batho-
in films. Starting brominated polymer$ and 2 show UV chromic shift of theimax emission is observed for all polymers
absorptions situated between 250 and 300 nm with tails until With respect to macromonomers due to extending of the
280-320 nm (see Supporting Information). Generally, a sub- conjugation length.
stituted group affects the electronic and optical properties of a  The UV spectra of PPVE—9 in CHCl; solutions and for
polymer by its electronic nature and its size (steric hindrances). films are presented in Figure 3 while the photoluminescence
In our case, macromonomers are of ¢heaprolactone or styrene  spectra under excitation wavelength of 370 nm are shown in
type and short chains contain as a terminal or central group aFigure 4. The peak wavelengths are listed in Table 5.
mono- or disubstituted 1,4-dibrombenzene ring. Therefore, the The PL spectra of all polymer films showed a red shift and
observed UV absorptions are mainly assigned to the phenyl ringssome broadening of the emission bands in comparison to their
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Table 5. Photophysical Properties of 79 in CHCI3 Solutions and in

Film
}bmaxabs maxabs }-maxPL ;LmaxPL
polymer (nmy (nmy (nmy (nmy
7 373 380 418 451
8 373 376 428 470
9 382 390 428 467

a Chloroform solution® Neat film on quartz

solution spectra. The red shifts in PL are due to intermolecular

interactions in the films.

Conclusions
PPVs, with well-defined PSt or PCL chains as lateral

subtituents, were synthesized by combination of controlled
polymerization methods, namely ATRP and ROP, respectively
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