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ABSTRACT: Atom transfer radical polymerization has been applied for the first time to synthesize optically
active, photochromic methacrylic polymers having three-arm star structure, starting from a central Core of
symmetry that can be used to investigate the conformational origin of chirality in this class of synthetic materials.
By just changing the duration of the polymerization process, star-shaped macromolecules with distinct average
chain lengths, low polydispersity values, and well-defined end groups have been obtained. The so-obtained
polymers, fully characterized by spectroscopic and thermal techniques, exhibit relevant specific optical rotations
and chiroptical properties with respect to the reference monomeric model compound as well as to the related
linear derivatives previously investigated. This behavior is attributed to the stiffness of aromatic core, which
limits the free movement of one chain end, thus favoring the macromolecules to assume a more elevated
conformational rigidity with respect to the linear samples of comparable average chain length.

Introduction Hy Hy
Ani . . . . o . —(—CHZ—?—)E cu;—?—cm
intense interest is currently arisen to investigations dealing -0 -0
with the amplification of chirality of polymeric materials, in - :‘; i o
solution as well as in the solid state? X @
In previous studies we have reported the synthesis and the N N

characterization of optically active photochromic methacrylic
polymers bearing in the side chain both a chiral group of one
single configuration and the trans-azoaromatic moiety with a

strongly conjugated electron doremcceptor systertr.® This N\\N N

functional combination allows the polymers to display both the N
properties typical of dissymmetric systems (optical activity, © ©

absorption of circularly polarized light in the UWis spectral
region}? as well as the features of photochromic materials (NLO
properties, photoresponsiveness, photorefractiVyj.Thus,
these materials can be considered of potential interest for
technological applications, such as optical storage, waveguides, Q

linear Poly[(S)-MAP] (5)-PAP

chemical photoreceptors, ef.15

On the other hand, the induction of helical handedness in =¥
polymers or oligomers has attracted widespread interest because
of its possible applications in optical devices or data storage
and also because of its relevance to chiral amplification as it
may have occurred at the early stages of life on earth. We have
observed that it is also possible to reversibly photomodulate
the chiroptical properties of thin films of these chiral photo- alf K
chromic polymers bearing side-chain permanent dipole azoben- /0\01,
zene chromophores by irradiation with circularly polarized (CP) Y
light of one single L or R rotation seng!’

N
We recently synthesized by atom transfer radical polymeri- D\©/
zation (ATRP¥81%a series of linear optically active methacrylic ?

homopolymers poly[)-3-methacryloyloxy-1-(4-azobenzene)- p=°

pyrrolidine] [poly[(S)-MAP] (Figure 1), with different average @—\\ C“’__T:C“s ha
" <:> ‘G/“ iz

polymerization degree and low polydispersity, bearing in the

side chain the pyrrolidinyl group of one single configuration "o—r_fjncm b
linked through the nitrogen atom to the azobenzene chro- 0 g

mophore. The results indicated that the chirality of these

macromolecules is due to conformational effects and strongly Star-0.5 to -24 Poly[(S)-MAP]

depends on their average chain length, the correspondingFigure 1. Chemical structures of model compour@-PAP and linear
and star poly[f)-MAP] polymers.
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This finding has been confirmed by studies on the dimeric recorded at 75.5 MHz, under full proton decoupling, by using the
derivative 2,4-dimethylglutaric acid biS-3-[1-(4-nitro-4- following experimental conditions: 24 000 data points, 20 kHz
azobenzene)pyrrolidine esfrcorresponding to the smallest ~ spectral width, 0.6 s acquisition time, 64 000 transients.
section of the polymeric chain where interchromophore interac-  FT-IR spectra were carried out on a Perkin-Elmer 1750 spec-
tions are relevant. Its CD spectrum shows an exciton couplet frophotometer, equipped with an Epson Endeavour Il data station,
of strong amplitude (about a third of the signal measured for N Sample prepared as KBr pellets.
the related polymémavingM, = 31 500), which suggests that UV —vis absorption spectra were recorded af€sn the 700-
the chiral interactions between a couple of chromophores in 250 nm spectral region with a Perkin-Elmer Lambda 19 spectro-

. . - S photometer on CHGlsolutions by using cell path lengths of 0.1
solution are already important and that the optical activity of cm. Concentrations in azobenzene chromophore of abaut @

these materials should be substantially related to relatively short o | -1 were used.

.cha|n sections with conformational dissymmetry of one prevail- Optical activity measurements were accomplished at@®n

INg screw sense. CHCl; solutions € ~ 0.250 g dI=1) with a Perkin-Elmer 341 digital
With the aim to investigate further into the structu@operty polarimeter, equipped with a Toshiba sodium bulb, using a cell

relationships in these materials, we have considered of interestpath length of 1 dm. Specififfo]p25} and molad [®]p25} rotation

to synthesize and characterize the corresponding polymers withvalues at the sodium D line are expressed as degt ¢yt cm?

a star structure consisting of three linear chains linked to a and deg dm* mol~* dL, respectively.

central aromatic core of; symmetry (star-0.5 through star- Circular dichroism (CD) spectra were carried out at°Z50n
24, where the figure refers to hours of polymerization duration) CHCls solutions on a Jasco 810 A dichrograph, using the same
(Figure 1). path lengths and solution concentrations as for the—ui¢

o . . measurementsAe values, expressed as L mélcm™t, were
Investigations on star polymers have become of interest in calculated from the following expressiore = [©)/3300, where

recent years because of their unique properties and importantthe molar ellipticity @] in deg cn? dmol* refers to one azobenzene
applications->*However, to our knowledge only one optically  chromophore.

activ_eC3 star polyr_ner is report_ed by Wulff and Zweerii@s Number-average molecular weights of the polyméts J and
obtained by coupling of three isotactic poly(methyl methacry- their polydispersity indexesM,/M, ) were determined in THF
late) reactive chains (cryptochiral at a polymerization degree solution by SEC using HPLC Lab Flow 2000 apparatus, equipped

>300) with 1,3,5-benzenetricarbonyl chloride. with an injector Rheodyne 7725i, a Phenomenex Phenogeh 5
Chiral dendrimerd/~26 supramolecular helical polymetsnd MXL column, and a U\~vis detector Linear Instrument model
optically active low molecular weight compounds wig UVIS-200, working at 254 nm. A calibration curve for the MXL

symmetry have found increasing interest in recent times becauseF0!umn was obtained by using monodisperse polystyrene standards
they are expected to become useful in chemical operations'™ the range 80635 000. .
including asymmetric catalysis, chiral recognition, and resolu- 1€ glass transition temperature values were determined by
tion.27-28 This field has been accurately reviewed by Mobrg. differential scanning calorimetry (DSC) on a TA Instruments DSC

- . s 2920 modulated apparatus at a heating rate of 10 K/min under
An efficient method for the synthesis of star polymers is living nitrogen atmosphere on samples weighingd5mg. Checking of

polymerization, which provides a satisfactory control of both e liquid crystalline behavior was carried out with a Zeiss
molecular structure and molecular weight. In the past, the most Axioscope2 polarizing microscope through crossed polarizers fitted
used approach was anionic polymerization, but in recent yearswith a Linkam THMS 600 hot stage.
the living radical techniques have gained interest because they The initial thermal decomposition temperatuf)(was deter-
are tolerant toward impurities present in solvent and reactants,mined with a Perkin-Elmer TGA-7 thermogravimetric analyzer by
including water, and can be employed with a wide range of heating the samples in air at a rate of Z/min.
vinyl monomers?0-33 Materials. The monomer $)-(+)-3-methacryloyloxy-1-(4-
Accordingly, we have polymerized the monom&)-(+)-3- azobenzene)pyrrolidine §-MAP] and the model compoundt
methacryloyloxy-1-(4-azobenzene)pyrrolidineHMAP] by (+)-3-pivaloyloxy-1-(4-azobenzene)pyrrolidinES{PAP] were syn-
ATRP, using 1,3,5-(2bromo-2-methylpropionato)benzene thesnze_d as prewc_)usly reporté@hloroform and THF were purified
(BMPB) as the initiator of radical living polymerization and and dried according to the reported procedtfraad stored under

o . e ) nitrogen. The trifunctional initiator 1,3,5-¢bromo-2-methylpro-
the transition metal salt Cu(l)Br, in combination with 1,1,4,7,- pionato)benzene (BMPB) was prepared as previously desciBed:

10,10-hexamethyltriethylenetetramine (HMTETA) as ligand. 7 1 4,7 10,10-hexamethyltriethylenetetramine (HMTETA), copper
This method has allowed us to obtain macromolecules having bromide, and all the other reagents and solvents (Aldrich) were
the sameCs-symmetrical aromatic central core and various used as received.

average chain lengths with sufficiently low polydispersity values  Synthesis of C;-Symmetrical Polymers by ATRP. All ho-

just by varying the process duration. mopolymerizations of$-MAP were carried out in glass vials using
Optical activity, electronic spectra, and thermal properties of BMPB as the initiator, HMTETA as the ligand, and Cu(l)Br as

the obtained products have been compared with those displayedatalystin dry THF [§-MAP/THF 1/20 g/mL]. Each mixture -

by the corresponding linear pol@¢MAP]s, previously obtained MAP/BMPB/HMTETA/CuBr= 150:1:3:3 by mol] was introduced

by various method$18%n order to achieve indications about ;nto sevtiral vials Iunder aani;rogteré atTog&he$, St‘bmi.tte? totf]everal
- . reeze-thaw cycles and heated ai . To terminate the

the eﬁects originated in the system by the star-shaped rm)lecuIarpolymerization reaction, the vials were frozen in liquid nitrogen

architecture. after known reaction times, ranging from 30 min to 24 h, and the

. . obtained product was purified by precipitation in a large excess of

Experimental Section methanol. The solid polymers (Star-0.5 through Star-24) were finally
Physicochemical Measurement$H and3C NMR spectra were dried at 70°C under vacuum for several days to constant weight.

obtained at room temperature, or 0% CDC} solutions, using Relevant data for the synthesized derivatives are reported in Table

a Varian NMR Gemini 300 spectrometer. Chemical shifts are given 1. All the products were characterized by FT-#R{ NMR, and

in ppm from tetramethylsilane (TMS) as the internal referefide. ~ **C NMR. As an example, the spectroscopic data for Star-1,

NMR spectra were run at 300 MHz by using the following oObtained afte1 h of reaction, are here reported.

experimental conditions: 24 000 data points, 4.5 kHz spectral width, *H NMR (CDCl): 8 00—7.65 (m, 4H, arom 2H and meta to

2.6 s acquisition time, 128 transienfSC NMR spectra were amino group), 7.35 (m, 3H, aroni-B8 and 4-H), 6.60 (3H, CHCDV
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Table 1. Characterization Data of Star Polymeric Derivatives

samples reaction time (h) yiel@o) Mn.sed (g/mol) Mu/MgP [o]p?® [®]p25¢ T, (°C) T (°C)
star-0.5 0.5 10.0 4500 1.28 +217 +728 115 237
star-1 1 17.5 7 800 1.22 +306 +1026 136 260
star-2 2 30.0 10 500 1.16 +341 +1144 140 266
star-4 4 40.0 15 200 1.15 +396 +1328 161 289
star-8 8 51.2 16 600 1.16 +403 +1352 163 290
star-24 24 63.9 18 900 1.19 +429 +1476 156 293
linear-24 24 67.7 10 000 1.4 +428 +1434 160 295
poly[(S)-MAP]9 72 69 31500 1.6 +410 +1374 169 314

aCalculated as (g of polymer/g of monomer)100.° Determined by SEC in THF at 25C. ¢ Molar optical rotation, calculated aso{p?> x M/100),
whereM represents the molecular weight of one repeating unit of pBH(AP]. ¢ Determined by DSCe Determined by TGAf Reference 18: obtained by
ATRP. 9 Reference 8: obtained by AIBN initiated polymerization.
arom core), 6.50 (m, 2H, arom ortho to amino group), 5435 151
(m, 1H, 3-CH), 3.76-3.00 (m, 4H, 2- and 5-C}), 2.30 (2H, CH—
C—Br), 2.40-1.40 (m, 4H, 4-CHand main chain ChJ, 1.95 (3H,
CH3—C—Br), 1.40-0.50 ppm (m, 3H, main chain GHand 18H,
C(CHg),—COO0).

13C NMR (CDCh): 177.1 (CO repeating unit), 168.5 (CO core),
153.6, 149.8, 144.5 (arol@—N=N—-C and C—N—CH,), 152.4
(arom C—0 core), 130.2 (arom'4C), 129.6 (arom 3C), 125.8,
122.9 (arom 2C and 3-C), 113.1 (aror@—H core), 112.3 (arom
2-C), 75.6 CH—0), 59.3 C(CHz)—Br), 55.0 (main chain Ck+- 0,5 L
C), 53.1 (CH-CH,—N), 46.3 (CH—CH,—N), 45.5 (main chain °
CH,—C), 42.5 C(CH3),—CH,), 38.2 CH,—C(CHs)—Br), 31.1
(CH-CH,—CH,), 28.1 (CCH3)—Br), 23.4 (CCH3),—CH,), 19.9 g
and 17.4 ppm (main chain GH o

FT-IR (KBr): 3063 (cyy, arom), 2978, 2852y, aliph), 1728 0
(veo, ester of the repeating unit and arom core), 1602 and 1514 0 5 15200 25 30
(ve=c, arom), 1139%c-o), 819 Och, 1,4-disubst arom ring), 765, Reaction time (h)

689 cn* (dcw, monosubst arom ring). Figure 2. Time dependence of In([MIM].) in the ATRP of §-MAP
in THF.

—
1
[ ]

In([M]y/[M]0)

Results and Discussion

Synthesis and CharacterizationThe ATRP process occurs — azo-aromatic protons in ortho position to pyrrolidinic amino
in the presence of halide as initiator and a metal atom with group.
complexing ligands in a low oxidation state. The propagation
of the process involves successive alternating transfer of they.
halide from the dormant polymer chain to the ligated metal
complex to give a dynamic equilibrium between active and
dormant species. Starting from a trifunctional initiator (BMPB),
this technique allows to obtain macromolecules with well-
defined star structure, in terms of arms number and chain length. Figure 2 shows the relationship between In@#l] ;) (where

The occurrence of polymerization involving the methacrylic [M]o and [M}; are the initial and at time monomer concentra-
double bond was confirmed by FT-IR, showing the disappear- tion, respectively) and the reaction time, indicating that the
ance of the band at 1634 cirelated to the stretching vibration — reaction rate follows a first-order kinetics throughout the first
of the double bond in the monomer, and the shift of the estereal 4 h of the process and then decreases for conversions over 50%.
carbonyl stretching frequency from 1709 chin the monomer, A similar behavior has been previously repoffedr the ATRP
to higher frequencies (1728 cr) in the polymer, due to the  of methyl acrylate starting from a multifunctional initiator and
reduced electron delocalization determined by the reaction of attributed to the irreversible conversion of the catalyst from Cu-
the methacrylic double bond. (1) to Cu(ll) during the process, which results in an increase of

Accordingly, in theH NMR spectra of all samples, the the polydispersity index.
resonances at 5.60 and 6.10 ppm related to the vinylidenic
protons of monomer §-MAP are absent, and the methyl
resonances are shifted from about 1.95 ppm to higher field.

In addition, the samples obtained at lower reaction times (Star-

The living character of the polymerization is confirmed by
3C NMR spectra, which display signals related to the quaternary
carbon atom bonded to Br at 59.3 ppm and to the methyl and
methylene carbon atoms of the growing chain end group at 28.1
and 38.2 ppm, respectively.

In our case, however, the valuesM,/M, measured by SEC
are almost constant (in the range-111.3), as reported in Table
1; thus, the decrease of the polymerization rate at longer reaction
. . times could be attributed to increase of viscosity and decrease
0.5 and Star-1) display the resonances of the methylic protonsof monomer concentration in the reaction solution. Moreover,

of the BMPB residue at 1.3 ppm and the signals related to . .
as yields and number-average molecular weight values of the
methylene and methyl groups bonded to the quaternary carbon

atom bearing the terminal Br atom at 1.9 and 2.3 ppm, obtained polymers show a strong dependence on the reaction

respectively. Their intensity decreases by increasing the reaction’"'® _(Table 1), by varying this last parameter _onIy, itis actually

time and becomes progressively obscured by the more intenseooss'ble to modulate the macromolgcul_ar chain length, as shown

resonances related to the aliphatic protons of the main chain,PY SEC chromatograms reported in Figure 3.

thus preventing to assess the number-average molecular weight The plot of the number molecular average weight of the

of each sample directly by integration of the NMR signals. resulting star-shaped polymers as determined by Q&g
Analogous considerations are valid for the singlet signal of against monomer conversion is shown in Figure 4. The

the aromatic core at 6.60 ppm, overlapped to the signals of thetheoretical values oM, (Mn), which are valid only in theCDV
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responsible of this finding. It is well-known, in fact, that, due
to their smaller hydrodynamic volume with respect to that of
linear polystyrenes having the same molecular weight, SEC
analysis gives underestimated molecular weight values of star-
shaped polymers when measured with reference to the usually
adopted linear polystyrene standa?@3®

The approximately linear correlation betwedh,sec and
monomer conversion is indicative of the living character of the
ATRP process, and SEC analysis proves to be useful to confirm
that a steady increment of the average molecular weight with
conversion has taken place. In conclusion, all the instrumental
characterization techniques confirm that three-arms star poly-
mers withCz symmetry and varying molecular size have been
successfully obtained.

— T — T T T T T T — Thermal Properties. The thermal characterizations of all
25 30 35 40 45 50 55 polymeric samples were performed by thermogravimetric
log MW) analysis (TGA) and by differential scanning calorimetry (DSC)
Figure 3. Normalized molecular weight distributions of star polymers  (Table 1). The polymers exhibit good thermal stability, with
as determined by SEC in THF at 28. initial weight losses values in aiff§) that increase with the

average molecular weight to level off at the value of 2@D

35000 5 o for My around 15 000 g/mol.
30000 o This behavior qliffers from that sh(_)wn by their linear
counterpart$1°having T4 values substantially constant (around
300 °C) with the average molecular weight, indicating the
25000 1 presence of a branching effect in the star-shaped derivatives.
Similarly, a decrease ofy, Tg, and melting point with the
20000 A b ° increase of the number of arms was reported for star-shaped
M, ° polylactide3®
15000 ® o Only second-order transitions originated by glass transitions
with no melting peaks are observed in the DSC thermograms,
10000 4 o thus suggesting that these macromolecules are substantially
° . . e .
o amorphous in the solid state, the absence of liquid crystalline
5000 - ° behavior being also noted upon observation with a polarizing
°© microscope. Thdy values of star-0.5 to star-8 increase from
about 115 to 163C (Table 1), thus showing a very similar
0 T T T ' behavior to linear polyf)-MAP]81° and approaching the
0 20 40 60 80 maximum value of 169C found for poly[©)-MAP]8 with M,
Conversion % = 31500, obtained by AIBN-initiated free radical polymeri-
Figure 4. Evolution of the number-average molecular weight deter- Zation. As expected, the increase of the average m°|eCl_J|ar
mined by SEC in THF at 28C (O) and calculated values®j vs weight appears to strongly reduce the mobility of polymeric
monomer conversion in the ATRP of)(MAP. chains as a consequence of the increased extent of interchro-

mophore interactions. However, the sample star-24 displays a
somewhat reduced value @f, possibly in consequence of
increased polydispersity index with of lower degree of molecular

'\_An,th = conversionx size distribution.

Both the good thermal stability and high valuesiguggest

(Mi5-marManpeMW gm0 + MWenpg (1) that these polymeric systems, although possessing9 alow average
whereMg.uap andMgyee are the initial amounts in moles of molecular weight, may be pron_nising fc_)r solid-state applications
monomer and trifunctional initiator and MM and in optoelectronics due to thelr_stabll_lty at room tem_perature
MW gwes are their molecular weights, respectively. As reported subsequen_tly to photo- or electrically induced orientation of the
in Figure 4, calculated and SEC values are coincident only at @Z0aromatic dipoles.
low values of conversion, but increasing the conversion, they UV —Vis Properties. The star polymers in CHgIsolution
appear progressively divergent. Having performed the ATRP display UV—vis spectra (Table 2) similar to those of the
of (§-MAP with one-third molar amount of initiator with respect analogous linear compounds previously synthesized by ATRP
to the corresponding synthesis of the related linear derividtive from the monofunctional initiator ABIB® This behavior sug-
linear-24 (Table 1), 8, of 32 700 g/mol from eq 1 ankll, sec gests that the electronic absorption properties in dilute solution
around 28 000 g/mol were expected for star-24, if termination of this class of polymers are unaffected by branching. In the
and chain transfer occurred to the same extent. The experimentaR50—700 nm spectral region (Figure 5a), in fact, they exhibit
value of Mpsec 18 900 g/mol found for star-24 (Table 1) two absorption bands, centered around 409 and 259 nm: the
indicates therefore that, in addition to termination reactions former one, more intense, attributed to electronic transitions such
taking place under the real polymerization conditions, the asn—xa*, 7—a* and internal charge transfer of the azobenzene
increasing of rigidity of the helical conformations and the chromophore, and the latter to the-z* electronic transition
particular molecular structure of star-shaped polymers are of the aromatic ring® CDV

absence of chain termination and transfer reactions, may be
calculated by the following equatici:
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Table 2. UV—Vis Spectra of (S)-PAP and Linear and Star
Poly[(S)-MAP] Polymers in CHCI 3 Solution at 25°C

second
absorption band

first
absorption band

samples Amad €maxx 1073b Amad €maxx 1073b

(9-PAF 409 29.8 258 11.6

poly[(S-MAP]° 409 26.9 259 11.0

star-0.5 409 26.9 259 11.0
star-1 408 27.0 260 10.8
star-2 408 26.9 258 10.6
star-4 409 26.9 259 10.8
star-8 408 27.0 259 10.9
star-24 408 27.1 260 10.9

aWwavelength of maximum absorbance, expressed inPriExpressed
in L mol~1 cm~! and calculated for one single chromophdi&eference
8.

Ae (L mol cm™)

25000

20000 -

15000

e (L mol” cm™)

10000 -

5000

400
A (nm)
Figure 5. UV—vis spectrum of star-2 (a) and CD spectra (b) 9Ff (

PAP (), star-0.5 (- - -), star-1&), star-2 (), star-4 @), star-8 ),
and star-24 M) polymers in CHJ solution.

600

A significant hypochromism was formerly observed for both
the first and the second band when passing from the m&pel (
PAP to the corresponding polymer polg[{MAP],8 regardless
the solvent employed. Similar behavior was previously reported
for several polymefd=43 and the dimeric derivativ@ and
attributed to the occurrence of electrostatic dipalgole
interactions between the neighboring aromatic chromo-
phoreg0.44-46
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Figure 6. Evolution of the molar optical rotation vi&,sec (®) and
Xnth (O) of the star polymers. The related values S§f-PAP @) and
linear poly[(S)-MAP] with M, = 31 500 @®) are also representéd.

also been recently observed for the analogous linear derivatives
obtained by ATRP thus suggesting that the hypochromism
shown in dilute solution by methacrylic polymers bearing in
the side-chain azobenzene groups is mainly due to the presence
of intrachain interactions taking place between adjacent chro-
mophores whereas the interchain ones are irrelevant.

Optical Activity, CD Spectra, and Chiroptical Properties.

With the aim to assess the dependence of the optical activity
on the average molecular weight of the materials prepared, the
specific {[a]p?®} and molar{[®]p?5} optical rotation of all
samples with different average polymerization degbée
(referred to each macromolecular chain linked to the central
core) have been determined in CHGblution (Table 1 and
Figure 6).

As shown in Figure 6, all polymeric products display
increasing optical activity with the average polymerization
degree measured by SEX,geq and the theoretical valu&)
as calculated by egs 2 and 3, respectively:

)_(n,SEC: (l\_/' nSEC™ MWBMPB)/3MW(S)-MAP

)_(n,th = (Mn,th - MWBMPB)/3MW($-MAP

)
®3)

This behavior, previously observed for the analogous linear
derivatives prepared by both free radical polymeriz&tiand
ATRP 1819 syggests that even a few adjacent chiral units are
also able to produce a remarkable increase of optical activity
in these differently structured macromolecules.

The enhanced optical activity of star-shaped derivatives with
respect to the linear polymers could in principle be ascribed
also to the occurrence of main-chain stereoregularity originated
by a prevalent microtacticity of the repeating units. An evalu-
ation of the microtacticity of all the polymeric derivatives has
been made based on th& NMR signals of the methacrylic
methyl group, which displays two resonances located.8
and 17.4 ppm, assigned tor (meso-racemo) and (racemo-
racemo) heterotactic and syndiotactic triads, respectiVely.

As shown in Table 2, the molar absorption coefficient values Assuming that the polymerization process follows a Bernoullian
related to the first absorption band of star-0.5 through star-24 statistics, the probabilities of formation of a meso dya(P)

are all lower, around 27.& 1073 L mol~1 cm™?, than in the
model compoundS)-PAP, with no apparent dependence on the

can be calculated from the integrated signals ratidr(), which
corresponds toRy(1 — Pp)/(1 — Py)?, i.e., to the ratio between

average polymerization degree of the sample. Very similar the probability of formation ofmr andrr triads#® The results

values (in the range 25426.8 x 102 L mol~! cm™1) have

for the series of star polymer®4 = 0.25-0.29), as reporte(&DV
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Table 3. Microtacticity of Polymeric Derivatives As Determined by

13C NMR2
mm mr(rm) rr
Sample R Pr (%) (%) (%) Pnr\’r I:)r/m Pn-Vm Pr/r

poly[(S-MAP]® 0.26 0.74 7 38 55 0.26 0.73 0.27 0.74
star-0.5 0.29 0.71 8 41 51 0.29 0.71 0.26 0.73
star-1 0.28 0.72 8 40 52 0.28 0.73 0.29 0.72
star-2 025 0.75 7 38 56 0.25 0.75 0.25 0.75
star-4 0.28 0.72 8 40 52 0.28 0.73 0.28 0.72
star-8 0.26 0.74 7 39 55 0.26 0.74 0.26 0.74
star-24 0.27 073 7 40 53 0.27 0.73 0.27 0.73
linear-Z 0.27 073 7 39 54 0.27 0.73 0.27 0.73
linear-& 0.29 0.71 9 41 50 0.29 0.71 0.29 0.71
linear-24 0.26 0.74 7 39 55 0.26 0.74 0.26 0.74

Macromolecules, Vol. 39, No. 11, 2006

a Py, and P, represent the probability of formation ofesoandracemo
dyads, respectivelynm mr(rm) andrr are the percent amounts of triads
present in the polymersPny, Pym, Pwm, and Py are the calculated
probabilities that a given dyad follows a dyad having the same or the
opposite relative configuratiof.Reference 8: obtained by AIBN initiated
polymerization . Reference 18: obtained by ATRP after 2, 8, and 24 h
reaction.

Table 4. CD Spectra of §)-PAP and Linear and Star Poly[(S)-MAP]
Polymers in CHClI; Solution at 25°C

first absorption band second absorption band

samples /‘tla Aé]_b /‘{0c /.{2a Aézb /13al A€3b
(9-PAM 410 -0.51 258 +0.22
poly[(S-MAP]d 445 +7.35 409 384—2.30 258 -0.32
star-0.5 444 +3.31 407 384-3.79 258 —0.15
star-1 443 +4.73 408 383—4.15 258 —0.20
star-2 443 +5.25 408 384 —4.57 258 —-0.19
star-4 444 +5.62 409 385-5.11 258 —-0.25
star-8 444 +6.15 409 384-5.28 258 —-0.27
star-24 444 +6.55 410 387-6.42 258 —0.34

awavelength (in nm) of maximum dichroic absorptidme expressed
in L mol~* cm™® and calculated for one repeating unit in the polymer.
¢ Wavelength (in nm) of the crossover of dichroic barftiReference 8.

in Table 3, are quite close to those obtained for p@y[NAP]®
prepared by AIBN free radical polymerization and for the
analogous linear macromolecular derivatives obtained by APRP,
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Figure 7. Evolution of the amplitude of the CD exciton couplet vs
Xnsec Of the star polymers®) and the analogous linear derivatives
previously synthesizé®!® by ATRP (a). The related values of-
PAP @) and linear poly[§)-MAP] with M, = 31 500 @) are also
represented.

0

i

reported for comparison. These results confirm that the process

follows a Bernoullian statistics, as indicated by the similarity

of Py with Prym and of Py with Py (Table 3) as well as by

the sum equal to one &y, with Py and of Prym with P48
Thus, the main-chain microstructure is essentially atactic, with

a predominance of syndiotactic triads € 51—56%) suggesting

a substantially low stereoregularity of the main chain. The ATRP

3 CHIRAL GROUP
EE AZO-AROMATIC CHROMOPHORE

Figure 8. ldealized structure of optically active star polymers.

of (§-MAP starting from a rigid aromatic initiator is therefore

poorly st.ere.oselective, toasimilar extent as the AIBN-initiated  |; is to pe noted that the CD spectra display increasing
polymerization, and hence is unable to favor a strongly gmpiitudes with the average molecular weight (Figure 5b).
predominant tacticity of the macromolecules. Therefore, as suggested also by the optical activity values, these
To investigate in more detail the conformational dissymmetry polymeric derivatives, unlike the corresponding model com-
of these materials, the star polymers have been submitted topound, can assume, in dilute solution, at least for chain sections,
CD spectroscopy in CHElsolution, in the spectral region 3 conformational dissymmetry of one prevailing screw sense
between 250 and 700 nm (Table 4 and Figure 5b). whose extent depends on the average polymerization d&gree
All the samples display two intense dichroic bands of opposite  To evaluate the amount of dissymmetric conformations
sign and slightly different intensity in correspondence of the assumed by the macromolecules in solution, the integrated areas
first UV —vis absorption band, with a crossover point close to of the dichroic bands connected to the first Yvis absorption
the wavelength of maximum absorption (40410 nm). Such band are reported in Figure 7 as a function of the average
a behavior is typical of exciton splitting originated by coopera- polymerization degree of the branched compounds and com-
tive interactions between side-chain azoaromatic chromophorespared with the related data of the linear analogues obtained by
disposed according to a mutual chiral geometry of one prevailing AIBN free radical polymerizatiohand by ATRP!®
handednes’?°By contrast, the CD spectrum of mod&){PAP The dichroic amplitude values appear strongly dependent on
displays only two weak bands at 410 and 258 nm, related to the average molecular weight, their extent reaching a maximum
the UV—vis absorptions, indicative of the absence of the above value after which they remain approximately constant, in
interactions as a consequence of the lack of any structuralagreement with the results obtained by polarimetry. Furthermore,
restriction. it is to be noted that at equal average polymerization de&rs%
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the star-shaped polymers show higher optical activity than the (9) Angiolini, L.; Giorgini, L.; Salatelli, E.e-Polym.2003 no. 037

corresponding linear derivatives, the difference decreasing with (10) Carlini, C.; Angiolini, L.; Caretti, D. Photochromic optically active
v polymers. InPolymeric Materials EncyclopedjeSalamone, J. C.,

the enhancement of,. ) i Editor-in-Chief; CRC Press: Boca Raton, FL, 1996; Vol. 7, pp 5116
This finding can be attributed to the stiffness of aromatic core, 5123.

which limits the free movements of one chain end, thus favoring (11) Proceedings of the Symposium on Azobenzene-Containing Materials

the macromolecules to assume a more elevated conformational ~ BoSton MA, 1998, Natansohn, A., Edfiacromol. SympL999 137

rigidity with respect to the related linear samp!es. As .ideally (12) Verbiest, T.; Kauranen, M.; Persoon, &. Mater. Chem1999 9,

represented in Figure 8, the presence of the side-chain pyrro-  2005.

lidine moiety of one absolute configuration in each repeating (13) Hopkins, T. E.; Wagener, K. BAdv. Mater. 2002 14, 1703.

unit allows, in fact, the assumption by the three macromolecular (14) Xie, S.; Natansohn, A.; Rochon, €hem. Mater1995 5, 405.

arms of the same preferred chiral conformation with one (15) é”k’,,'gﬂ?c',’n%g.eruﬁZ’égSaD?griQS Glorgini L Pedron, b.; Salarell

prevailing helix sense. As the chains are covalently linked by (16) Angiolini, L.; Bozio, R.; Giorgini, L.; Pedron, D.; Turco, G.: Dauru

one end to the central core, their mobility is reduced, and A. Chem. Eur. J2002 8, 4241.

consequently the overall chirality of the material improved with (17) Angiolini, L.; Benelli, T.; Bozio, R.; DauruA.; Giorgini, L.; Pedron,

respect to the related linear derivatives having polymerization D. Synth. Met2003 139, 743. .

degree comparable to that of one single branch of the star-shapeéils) pngiolini, L.; Benelll, T.; Glorgini, L.; Salatelli, EPolymer2005
46, 2424.

macromolecules. It cannot be excluded, also, that the single (19) Angiolini, L.; Benelli, T.; Giorgini, L.; Salatelli, EPolymer2006

branches of the three-arm macromolecules assume an intramo- 47, 1875.

; ; ; ; (20) Angiolini, L.; Benelli, T.; Giorgini, L.; Painelli, A.; Terenziani, F.
lecular orientation favoring the overall dissymmetry of the Chem—Eur. 3. 2005 11, 6053,

system. (21) Hawker, C. J.; Frechet, J. M. J.ew Methods of Polymer Synthesis
. Ebdon, J. R., Eastmond, G. G., Eds.; Chapman & Hall: New York,
Conclusions 1995; Vol. 2, p 290.
. : (22) Simms, J. A.; Spinelli, H. J. I&tar Polymer Synthesisiatada, K.,
A series of three-arm star-shaped pdB{UAP]s with Kitayama, T., Vogl, O., Eds.; Marcel Dekker: New York, 1997; Vol.

different average molecular weights and low polydispersity have 40, p 379.

been prepared by ATRP by solely changing the reaction (23) Wulff, G.; Zweering, UChem. Eur. 1999 5, 1898.

duration. The living character of the ATRP process is confirmed (24) Chow, H. F.; Fok, L. F.; Mak, C. Cletrahedron Lett1994 35, 3547.

by the linear molecular weighimonomer conversion depen- (25) f;?g;c,rl)v%%gu%?:m' I'r:“ "Eedhgé"neg'j'l;ggég";zggg_hma”n' B.M;
dence and the narrow molecular weight distribution. These (26 chang, H. T.; Chen, C. T.; Kondo, T.; Siuzdak, G.; Sharpless, K. B.
polymeric derivatives, unlike the corresponding monomeric Angew. Chem., Int. Ed. Engl996 35, 182.

model compound, can assume, in dilute solution, at least for (27) Lehn, J. MAngew. Chem., Int. Ed. Engl99Q 29, 1304.

chain sections, a conformational dissymmetry of one prevailing (28) ;869”2%;1'\/'3-%? Baddeley, C. J.; Muryn, C.; RavalNature (London)
screw sense whose entity depe_nds on the average polym_e(iza}tio?zg) Mol:?erg, fo Anéew_ Chem., Int. Ed. (Englp9g 37, 248.

degree. At equal values of chain length, their optical activity is (30) Matyjaszewski, K.; Xia, JChem. Re. 200Q 101, 2921.

higher than that of the analogous linear derivatives, probably (31) Han, Y. K.; Dufour, B.; Wu, W.; Kowalewski, T.; Matyjaszewski, K.
due to the presence of the central core which forces the Macromolecule2005 37, 9355.

; ; 32) Wang, X. Z.; Zhang, H. L.; Shi, D. C.; Chen, J. F.; Wang, X. Y.;
macromolecular chains to assume enhanced conformational Zhou, Q. F.Europ. Pol. J.2005 41, 933,

dissymmetry W.ith consequent qmplification of optical rqtation (33) Wang, X. Z.; Zhang, H. L.; Zhong, G.; Wang, X. Polymer2004
values and chiroptical properties. Further research aimed at 45, 3637.
clarifying the structural features and the chiral amplitude of the (34) Perrin, D. D.; Amarego, W. L. F.; Perrin, D. Rurification of

_ ; ; ; ; ; Laboratory ChemicatsPergamon Press: Oxford, 1966.
above-described polymeric systems, particularly in the solid (35) Haddleton, D. M. Waterson, Glacromoleculed 999 32, 8732.

state, is currently in progress. (36) Carlmark, A.; Vestberg, R.; Jonsson, E. Rblymer2002 43, 4237.
) . (37) Matyjaszewski, K.; Miller, P. J.; Pyun, J.; Kickelbick, G.; Diamanti,
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