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A novel optically active monomer containing a photochromic chromophore, suchraas(S)-4-(2-
methacryloyloxypropanoyloxy)azobenzene and its low molecular weight model compoamsl(S)-4-(2-
pivaloyloxypropanoyloxy)azobenzene were prepared. Free radically initiated homopolymerization of the
methacrylic monomer afforded in fairly high yield a rather high molecular weight polymer which was
molecularly and structurally characterized. The molecular mobility of the polymertirma#i configuration, as well

as chiroptical properties, photoisomerization kinetics and photochromic behaviour were investigated and compared
with those of the low and high molecular weight related compounds. The polymer photoresponsive properties were
evaluated by circular dichroism measurements at various extents of photoisomerization. All the results are discussed
in terms of structural requirements of the macromolecu@24.998 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION band directly connected to the type of conformational order
of the macromolecules, as occurs in the case of
polypeptided?~4 the unique source of conformational
information derives from the CD bands related to the side-
chain chromophores. This makes it more difficult to
establish a close correlation between chiroptical and
conformational properties of the macromolecules.

In order to overcome this drawback, we recently
proposed® the synthesis of optically active polymers
containing in the side chain of each repeating unit both an
asymmetric carbon atom of one single absolute configura-
tion and a photochromic group. The resulting polymers are
therefore characterized simultaneously by the high pre-
valence of one-handed conformational dissymmetry and the
close proximity of the side-chain photochromic groups.
Such structural features are in principle expected to amplify
the exciton splitting of the related CD bands and hence to
better disclose their correlation with the conformational
Eproperties of the macromolecules.

Indeed, very encouraging results were obtaffiddom
tically active hydrocarbon main-chain polymers in which
the side-chain azobenzene chromophore was connected to
the backbone through anlactic acid residue, such as in the
homopolymers of trans(S)-4-(2-methacryloyloxypropa-
noylamino)azobenzene andtoéns(S)-(2-acryloyloxypro-
panoylamino)azobenzene [pdW(A) and poly@ALA),
respectively].

The above polymers, in contrast to the corresponding low
molecular weight modelBLA andILA , in fact display”in
*To whom correspondence should be addressed ther — #* spectral region of thérans-azobenzene moiety

The simplest synthetic route for preparing optically active
hydrocarbon main-chain polymers with pendant photochro-
mic moieties is based on the copolymerization of an
optically active vinyl or vinylidenic monomer with an
achiral comonomer having the appropriate photochromic
chromophort~2. Indeed, the resulting copolymer macro-
molecules are found to exist in a dissymmetric conformation
with a prevailing chirality, at least for sections, due to the
presence in the side chains of asymmetric centres having
one single absolute configuration. In this particular situation
the conformational dissymmetry with a prevailing handed-
ness is transmitted to the achiral co-ufiits, thus inducing

a chiral perturbation on the electronic transitions of the
photochromic chromophores, readily observable by circular
dichroism (CD) measurements.

However, in order to obtain a prevalence of one-handed
chirality, a high content of optically active co-units is
required and this causes the contemporary increase of th
average distance between the photochromic groups along0
the backbone, thus strongly reducing the possibility of P
cooperative dipole—dipole interactions between the side-
chain chromophores disposed in a fixed mutual geometry of
a prevailing chirality (responsible for exciton splitting of the
related dichroic bands) and hence lowering the amplitude of
their CD bands.

Taking into account that hydrocarbon main-chain
polymers do not exhibit any skeletal chromophore CD
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§ EXPERIMENTAL
B(|2H25 0 2 3 6 17
TR C—0—¢H—C—NH- 4 N=N@8 Reagents, monomer and model

; Il [l
O CH; O

(+)-L-lactic acid (Aldrich) was qurified (b.p= 99°C/
11

0.3 mbar) according to the literatdfein order to remove
L-lactide and anhydride impuritie§e]?® = +3.7 € = 5,
H,0) (iit.*": [a]5’ = +3.8 ¢ = 10.5, H0)).

poly(MLA) (R = CH,) Trans4-hydroxyazobenzenddf\) (Aldrich) was recrys-

poly(ALA) (R =H) tallized from an EtOH/HO (1:1, v/v) solution just before
use.
b (|:H3 5 " 0 2 3 6 7 Methacryloy! chloride (Aldrich) was distilled under dry
Hﬂ—C—C—O—EH—C—NH@‘LN: ﬁ©g nitrogen in the presence of traces of 2,6alitbutyl-
“ [l

p.cresol as polymerization inhibitor just before use.

Pivaloyl chloride (Aldrich) was distilled under dry
nitrogen just before use.
PLA (R =CHs) Methacrylic acid (Aldrich) and 4-dimethylaminopyridine

ILA (R = H) (Aldrich) were used as received.

4-Dimethylaminopyridinium 4-toluenesulfonatBRTS)
was prepared from 4-dimethylaminopyridine and 4-tolu-
enesulfonic acid (Aldrich) as previously describgd

Trans- (S)-4-(2-methacryloyloxypropanoyloxy)azobenzene
(MLO) was prepared Scheme ])abe/ esterification of
methacryloyle-lactic acid ML), {[«]® = —28.0 € = 1,
EtOH)*%} with HA in the presence dfl,N-diisopropylcar-
bodiimide QIPC) and DPTS, as coupling agent and
condensation activator, respectivilythe reaction being
described in detail as follows.

A solution of 6.33 mmol oML, 0.05 g of hydroquinone
f and 6.33 mmol oHA in 10 ml of anhydrous CKCl,, was
placed in a 100 mL three-necked round-bottomed vessel,
under dry nitrogen, then 6.33 mmol obPPTS and
8.22 mmol of DIPC were successively added under
magnetic stirring and the reaction mixture was kept at
room temperature for 72 h. The solid N,N-diisopropylurea
thus formed was filtered off and the liquid phase was
washed with several portions of aqueous 1M HCI, aqueous
5% NaCO; and water, in that order. After drying the
organic layer on anhydrous MaO, and evaporation of the
solvent under vacuum the crude product was purified by
column chromatography on silica gel (70—-230 mesh) by
using chloroform as eluent to afford puk4LO in a 20%
yield.

MLO was also synthesized by one-pot reaction involving

|
R O CH; O
11

CD couplets whose amplitude is one order of magnitude
higher than that previously observed for optically active
hydrocarbon main-chain photochromic copolymers, thus
suggesting that they possess a rather highly ordered
conformational homogeneity with a significant prevalence
of one single chirality, despite their low degree of
stereoregularity in the main chain.

In principle, however, the conformational dissymmetry o
the above polymeric systems could be attributed to
hydrogen bonding between carbonyl and amino groups in
neighbouring units belonging either to the same or different
macromolecules, thus allowing stabilization to a significant
extent of one prevailing handedness. To clarify this point, it
appeared of great interest to prepare an optically active
homopolymer where the side-chain chiral centre of each
repeating unit was bound to the backbone and the
azobenzene moiety through two ester functions, thus
removing the possibility of hydrogen bonding interaction
Therefore, this paper deals with the synthesis and structural
characterization otrans-poly[(S)-4-(2- methacryloyloxy-
propanoyloxy)azobenzene] [poM{O)] as well as the
investigation of its photochromic, chiroptical ~and equimolar amounts of methacrylic acid, L-lactic acid and
photoresponsive properties in comparison with those of H?A in the presence obIPC ang DPTS ’(Scheme as
the above-mentioned chiral azobenzene polymers and Offollows P
the corresponding low molecular weight modedns(S)-4- :

- A solution of 29.2 mmol ofi-lactic acid, 29.2 mmol of
(2-pivaloyloxypropanoyloxy)azobenzeneL(O). methacrylic acid and 0.05 g of hydroquinone as polymer-

ization inhibitor, in 100 ml of CHCI,, was placed in a
250 ml three-necked round-bottomed vessel, under dry
nitrogen. Then, 32.2 mmol oHA, 29.2 mmol of DPTS
and 73.7 mmol ofDIPC were added and the resulting

B§ - 6 4 solution was kept at room temperature for 72 h under
OLCIH?'B 0g 9 | vigorous stirring. The reaction mixture, after filtration to
YCH3_C_C_0_CH_C_O_@N:N©8 remove theN,N-diisopropylurea thus formed, was treated
il [l with several portions of aqueous 1 M HCI, 5% aqueous

G Na,CO; and water, in that order. The organic layer was

dried on anhydrous N&QO, and the solvent removed under
poly(MLO) vacuum to dryness. The solid crude product was purified by
column chromatography on silica gel by using chloroform
CHs 2 3 as eluent, to give in 15% yield (with respectitdactic acid)

6 7
3 9 <
ﬁH3CﬁCI—C—Ol£)éH—C-OJ@N=N:©3 pureMLO . _
C’H3(|)| 1(;‘H3(”) 'H-n.m.r. (CDCL): 6 = 8,0-7,2 (m; 9H, aromatic

protons), 6,3 and 5,7 (2d; 2H, GH=), 5,3 (q; 1H, CH-),
2,0 (s; 3H, CH-C =), 1,7 (d; 3HCH3-CH-) ppm.
PLO FTi.r. (KBr): 3060 (vcy, aromatic), 2993y, aliphatic),
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Table 1 Physical characterization of poMLO ), MLO andPLO initiator and THF as solvent. The reaction components (1 g
Compound [a]%a (@) ME M./ME _of monomer and 0029 04\IBN_ in 15 ml of THF) were
introduced into the vial under nitrogen, submitted to several
g"o'-&MLO) T TS oo 16 freeze—thaw cycles and heated at@0for 120 h. The
PLO _ 136 _ 154 _ _ polymerization was stopped by pouring the reaction mixture
2 Specific optical rotatioh Molar optical rotation, calculated as into a large SXCESS of pe’groleum -ether' The -CQagu'atEd
([a]%E— M)/100, where M represents the molecular weight of the P°|ymer was flltereq off, red_|SSOIVed In C_:Hg:preupltated
compound or of the repeating unit in the case of pdlyQ )¢ Determined in methanol and finally dried under high vacuum (78%
by SEC yield). Poly(MLO ) was characterized byH-n.m.r.,FTi.r.
and SEC. The most relevant data are reportefiable 1
H-n.m.r. (CDCE): 6 = 7,85 (4H, CH-3 and CH-6), 7,45
1784 pc_o, aromatic ester), 1722 §_o, methacrylic ester),  (3H, CH-7 and CH-8), 7,15 (m; 2H, CH-2), 5,1 (1H,
1636 @c_c, methacrylic), 1594 yc_c, aromatic), 1453  CH-10), 2,20 (2H, CH-B), 1,6 (3H, CH-11) and 1,2 (3H,
(6chas CHa3), 1381 fcns CHs), 827 @cn, 1,4-disubstituted  CHg-y) ppm.
phenyl ring), 769 and 6885£y, monosubstituted phenyl
ring) cm™*. Optical activity data are reported able 1 Physicochemical measurements
Trans(S)-4-(2-pivaloyloxypropanoyloxy)azobenzene N.m.r. spectra were recorded at room temperature on
(PLO) was prepared according to a procedure implyinsg the 5-10% CDC} solutions with a Varian Gemini 200
reaction of pivaloyl chloride with.-lactic acid to givé spectrometer. 'H-n.m.r. spectra were recorded at
pivaloyl-L-lactic acid PL) {[«]3> = — 43.4 (c= 1, EtOH), 200 MHz, by using the following experimental conditions:
78% yield}, its subsequent chlorination by oxalyl chloride 11.968 data points, 3 kHz spectral width,°38ulse, 2's
to afford pivaloyli-lactic acid chloride PLC) which was acquisition time, 1 transient. 2D COSY spectra were
finally reacted withHA to give PLO (Scheme R as recorded at 200 MHz, by using the following experimental
reported in detail below: conditions: 1024 data points, 1742 Hz spectral width, 8
Pivaloyl L-lactic acid chloride (PLC) was prepared by transients, 1.7 s delay. A total of 256 spectra were recorded
adding dropwise, under dry nitrogen, 46.9 mmol of oxalyl in order to have 1742 Hz spectral width in the second
chloride to 31.9 mmol oPL under vigorous stirring at room  dimension. Final spectra have been symmetriz&tn.m.r.
temperature. The reaction mixture was allowed to stand for spectra were recorded at 50.3 MHz, under full proton
2 h at room temperature and for a further 2 h atGlQntil decoupling, by using the following experimental conditions:
the IR band at 1760 cnt, related tovco of the carboxylic 23.936 data points, 15 kHz spectral width; Plilse, 0.8 s
group ofPL, completely disappeared. The excess of oxalyl acquisition time, 44,000 transients. No weighing function
chloride was removed by addition of anhydrous benzene, was applied prior to Fourier transformation. The 2D
followed by distillation to dryness under vacuuRLC was HETCOR spectra were recorded at 50.3 MHz by using a
thus obtained as a solid residue and directly submitted to sweep width of 10 kHz and 2 k data points. A total of 256
reaction withHA. spectra were used to provide the equivalent of a 1.6 kHz
A PLC (6.3 mmol) solution in 10 mL of anhydrous THF  sweep width in the'H frequency dimension.*C T,
was added dropwise at room temperature, under dry measurements were performed at 50.3 MHz, by using the
nitrogen, to 6.3 mmol ofA dissolved in 8 ml of anhydrous  7—7—7/2 pulse sequence and the following experimental
THF. Then, 12.7 mmol of triethylamind EA) were added  conditions: 23,936 data points, 15 kHz spectral widttf, 70
dropwise to the reaction mixture at room temperature. A pulse, 0.8 s acquisition time, 1024 transients, 6 s delay
precipitate of triethylammonium chloride was immediately between sequences, delay between pulse$.023, 0.047,
observed. The reaction mixture was left at room temperature 0.094, 0.188, 0.375, 0.75, 1.5, 3.0 and 6.0 s.
for 2 days and after filtration was treated with an equal Number-average molecular weights of the polymaé#tg)(
volume of CHCL, washed with aqueous 1M HCI, 5% were determined by an HPLC Waters Millipore 590
aqueous NgCO; and finally with water. The organic layer  apparatus, equipped with an injector Waters Model U6K,
was dried over anhydrous M&O, and evaporated under a column Toso Haas G4000HXL and a UV-VIS detector
vacuum to dryness. The solid crude product was crystallized Perkin-Elmer Model LC-95, working at 254 nm. The
from EtOH/H,O (1:1, v/v) and further purified by column  calibration curve was obtained by using several mono-
chromatography on silica gel, using CHGCAs eluent to disperse polystyrene standards.
afford purePLO {[«a]3=—43.6 € = 0.493, CHC})} in FTi.r. spectra were carried out on a Perkin-Elmer 1750
36% yield with respect t&L. spectrophotometer, equipped with an Epson Endeavour Il
'H-n.m.r. (CDCk): 6 = 7,95 (m; 4H, CH-3 and CH-6),  data station. The samples were prepared as KBr pellets or as
7,50 (m; 3H, CH-7 and CH-8), 7,24 (m; 2H, CH-2), 5,25 (0; liquid films interposed between KBr discs.

J10,116,96 Hz, 1H, CH-10), 1,65 (d; 3H, CHL1) and 1,30 Optical activity experiments were accomplished at@5

(s; 9H, CH;-B) ppm. on a Jasco DIP-360 digital polarimeter, using a cell path
FTi.r. (KBr): 3057 (pcy, aromatic), 2972uch, aliphatic), Iengzth of 1 dm. Specific rotation values at sodium D-line

1775 @c—o, aromatic ester), 173%_o, aliphatic ester),  ([o]2) are expressed as deg dhy ' dL.

1593 (c_c, aromatic), 1385 and 13634, gem-dimethyl UV absorption spectra of the samples were recorded at

groups intert-butyl moiety), 1191 £c.o, aromatic ester), 25C in CHCI; solution on a Perkin-Elmer Lambda 19
832 @ch, 1,4-disubstituted phenyl rings), 772 and 682 spectrophotometer. The spectral regions 550—400 and 400—
monosubstituted phenyl ring) crh Optical activity data 250 nm were investigated by using cell path lengths of 1 and

are reported imable 1 0.1 cm, respectively. Azobenzene chromophore concen-
o trations of about & 10~ and 5x 10~* mol L ~* were used.
Polymerization oMLO CD spectra of the samples were recorded &C25

Homopolymerization oMLO was carried out in a glass  CHCI; and THF solution on a Jasco 500 A dichrograph. The
vial using 2,2-azobisisobutyronitrileAIBN ) as free radical ~ same spectral regions, cell path lengths and concentrations
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Scheme 2

as for UV measurements were usad.values, expressed in
L mol~tcm™, were calculated by the following equation:
Ae = [©]/3300, where the molar ellipticity @] (in
deg cnf dmol™?) refers to one azobenzene chromophore.
Photoisomerization experiments were carried out &€25
on samples in chloroform solution (absorbarree.1 at the
irradiation wavelength) using the following experimental
set-up: the emission from a 150 W high pressure Hg-Xe
lamp, filtered by a 366 or 437 nm interference filter (Balzer)
with a = 5 nm bandwith, was guided by a 3 m#m 50 cm
quartz fibre on top of a magnetically stirred solution of the
sample in a 10 mm quartz cell placed within the UV

spectrophotometer. The isomerization kinetics were mon-
itored by measuring the 310 nm absorbance every 10 s until

the photostationary state was reached.

RESULTS AND DISCUSSION

Synthesis and structural characterization of low and high
molecular weight azobenzene derivatives

Initially, MLO synthesis was attempted by following
the same procedure as described for obtairtiags(S)-
4-(2-methacryloyloxypropanoylamino)azobenzene which
involved the preparation of methacryloyilactic acid
(ML), its successive transformation by means of ethyl
chloroformate into the corresponding anhydride and finally
its reaction in situ withtrans-4-aminoazobenzefh® How-
ever, when this last reactant was replaced ttgns4-
hydroxyazobenzeneH@), the above synthetic approach
failed, the expected monomer being not obtained at all. An
alternative synthetic route involving the reaction of
methacryloyle-lactic acid chloride MLC ) with HA was
then explored, but it equally failed as the reactionMif
with either thionyl chloride or oxalyl chloride to givdLC

applied to the synthesis dfiILO, a mixture of products
containing only 20 mol % of the desired monomer was
obtained. The products were separated by column chroma-
tography on silica gel and identified Bfi-n.m.r. analysis.
The nature of the different components and their relative
amounts are reported below.

o [ 5
CH=C—C—40—CH—C O@N n=0-3
T =0 \\N—@
) A
n=0 66%
n=1 (MLO) 20%
n=2 11%
n=3 3%

Taking into account that the above procedure afforded the
desired monomer in low yield and with poor selectivity, the
preparation of MLO starting directly from equimolar
amounts of methacrylic acid,-lactic acid and a slight
excess oHA in the presence dDIPC andDPTS (Scheme
1b) was explored. Indeed, this one-pot reaction gave rise to a
mixture of products having substantially the same composi-
tion as that previously obtained frokiL , pureMLO being
recovered by column chromatography in 15% vyield.
Nevertheless, this latter reaction was preferred to the
previous one, due to the simplicity of the procedure.
Considering the successful application of the above method
to the synthesis of optically active polyesters starting from
chiral hydroxy acid monomet® and the very mild
conditions adopted (room temperature and non protic
apolar solvents), no racemization should occur during the
reaction. Hence, the obtained laevorotatbiyO (Table J)
has been assumed to be as optically pure as-thetic acid
precursor. IndeedViLO prepared by the last route displays
substantially the same specific rotation as that obtained from
ML, according toScheme lathus supporting the above
assumption.

The low molecular weight modé?LO was prepared in
36 mol % vyield by a different synthetic pathway with
respect taMlLO (Scheme X involving the synthesis of the
precursoiPLC, readily obtained by reactingL with oxalyl
chloride (contrary to what occurred fdiL ) followed by
reaction withHA, in the presence of triethylamine.

PLO is also laevorotatoryT@ble 3. However, it ]2 is
more than twice that oMLO, thus suggesting a higher
conformational rigidity of the model, due to the bulkiness of
the pivaloyl group.

Assignment of signals present in thid-n.m.r. spectrum
of PLO was performed on the basis of additive group
contributions, signal multiplicity and 2D COSY spectrum.
In particular, signals at 7.24, 7.50 and 7.95 ppm were
attributed to the aromatic protons bonded to C-2, C-7 and
C-8, and C-6 and C-3 carbons, respectively, thus ruling out
any appreciable contribution of internal charge transfer to the
electronic distribution of the azobenzene chromopffore

Poly(MLO ) was prepared by free radical initiation in

did not proceed to an acceptable extent. Therefore, a novelthe presence of a rather large amount (2 wt%) of AIBN,

approach, based on the direct reactioiaf with HA in the
presence of N,N-diisopropyl-carbodiimide BIPC) and
4-(diphenylamino)pyridinium 4-toluenesulfonat®RTS)

due to the well known low reactivity of unsaturated
monomers bearing an azoaromatic grbtip Under these
conditions and by using a long polymerization time the

as coupling agent and condensation activator, respectively,polymer was obtained in a fairly high yield (78%). The

was developed Scheme 1 according to what was
previously reported for the preparation of high molecular
weight polyester®. However, when this method was
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radical polymerization proces$dble J.
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4000 2000 1200 400
Wavenumber (cm™)
Figure 1 IR spectra of: (aPLO, (b) MLO and (c) polyMLO)

Table2 Assignments of°C-NMR signals ofPLO, poly(MLO ), ILA and
poly(MLA) in CDClI; solution at 25C

Attribution Sample

PLOS poly(MLO )& ILA S poly(MLA )é
(ppm) (ppm) (ppm) (ppm)

C, 38.53 45,55+ 45.15 33.88 45.29

Cs 25.96 55-50 18.84 55-50
c, - 20-16 - 20-16
Cs 177.94 178-175 175.85 178-175
C, 152.46 152.39 139.53 139.60
C, 121.91 121.93 119.97 120.35
Cs 124.05 124.03 123.91 123.85
Cs 150.38 150.30 149.20 149.17
Cs 152.20 152.07 152.56 152.40
Cs 122.82 122.83 122.70 122.72
(o 129.02 129.00 128.98 128.98
Cs 131.50 131.04 130.76 130.86
Co 169.27 168.79 168.84 167.76
Cuo 68.38 69.26 70.52 72.10
Cn 16.62 16.69 17.57 16.91

The IR analysis of polyWILO ) confirmed the expected
structure Figure 1). Indeed, the polymer did not show

Table 3 Relaxation Ty) and correlation) times of the'*C-NMR signals
of PLO, poly(MLO), ILA and polyMLA ) in CDClI; solution at 25C?

Carbon Sample
atom

PLO poly(MLO) ILA poly(MLA )

T, 0% T, 0% T, 0% T, 710%
C, > 14 n.d. 1.12 nd. 354 1.3 1.03 nd.
Cs 191 0.8 0.08 64 213 0.7 0.07 130
C, - - 0.07 87 - - 0.07 87
Cs > 27 n.d. 1.50 n.d. >29 n.d. 2.04 n.d.
C, > 38 n.d. 412 nd. >18 n.d. 1.71 n.d.
C, 1.88 25 037 129 093 51 0.19 26.6
Cs 1.87 25 0.38 126 093 51 0.19 26.6
C, >33 n.d. 3.34 n.d. > 18 n.d. 2.18 n.d.
Cs >26 n.d. 309 nd. >18 n.d. 3.62 nd.
Cs 230 21 0.68 7.0 138 34 0.37 13.0
C, 222 21 066 7.2 1.37 34 0.36 133
Cg 056 85 0.18 284 041 116 0.17 304
Cy > 27 n.d. 2.45 n.d. > 14 n.d. 2.00 n.d.
Cyo 1.37 34 0.17 304 083 57 0.20 25.9
Cn 099 17 029 55 083 1.9 0.29 5.5

2 Correlation times evaluated frofy, values by assuming that the only
relaxation process is dipolar and that only directly bonded hydrogens
contribute to the relaxation process. All numerical values are expressed in
seconds

4 Irradiation
time (min)

Absorbance

0.0

LI L N N N R D L D L B L L L L L L B B B L L L B

300 350 400 450 500
Wavelength (nm)

250 550

Figure 2 UV spectra of polyfILO) at different irradiation times at
366 nm in chloroform solution at 26

aliphatic C=0 ester groups in that order, were shifted by
9 and 14 cm® towards lower and higher frequencies,
respectively, as compared witMLO . Similar results
were previously observed for the O ester group
stretching vibration in methacrylic and acrylic polymers
bearing side-chain azoaromatic moietfe%- Accordingly,
the saturated mod@&LO also showed a similar shift of the
above bands (9 and 11crh) with respect to MLO
(Figure 1).

The main chain stereoregularity of pdWLO) was
analysed byC-n.m.r.. Attribution of the signals present in
the spectra of the different polymer sampl@&alfle 2 was
performed on the basis of additive group contributfdnaD
HETCOR spectrum and multiplicity in non-decoupled

bands at 854 and 1636, related respectively to C—H bendingspectra. It is however possible that the attributions of the

and C=C stretching vibrations of the methacrylic group,
contrary toMLO , thus confirming that the polymerization
process involved only the above unsaturated function.
Moreover, the bands present at 1775 and 1736'%cm
connected with the stretching vibrations of aromatic and

signals of quaternary aromatic carbons, made only from
group contributions, are not entirely correct.

3C-n.m.r. signals relevant -6 carbons of polyi1LO )
appeared as partially overlapping multiplets, thus eviden-
cing their sensitivity to main chain stereochemistry. In

POLYMER Volume 39 Number 25 1998 6625
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Table 4 UV spectra of polyILO ) and PLO in trans configuration at tumbling model with a single correlation time. In particular,

25°)C in THF and CHC} solutior? the rather large of C8 (85 X 107! s) is in agreement with
Sample Solvent n— 7* transitior T — 7* transition the cylindrical symmetry of the molecule. However, the
= reported correlation times are almost one order of
)\max € max )\max Emax X 10

magnitude lower than those of typical low molecular

PolyMLO) ?HHFC'3 jig Z;;g ggg %g-g weight compounds, in accordance with the rather extended
PLO CHCl; 441 750 321 213 and stiff structure oPLO.
THF 441 740 323 19.9 T, values of the carbons of poMLO ) resulted much

1 lower than those oPLO model compound, as expected
from the reduced mobility of macromolecular systems. In
addition, the correlation times decreased in going from the

polymer main chain to the farthest phenyl ring, due to the

@ Amax @Nd e may are expressed in nm and L mdlem™?, respectively

1.0 g—— X
3 Irradiation backbone stiffness.
0.9 3 at 366 nm r Comparison of the relaxation times oPLO and
E poly(MLO ), respectively, with those ofLA and poly-
083 (MLA), the corresponding structurally analogous com-
E E pounds containing an amide bond instead of an ester bond
S 073 between the azobenzene group and the lactate residue,
p 3 showed evidence of an appreciably lower mobility of the
8 067 latter derivatives Table 3, as expected from the reduced
§ 0s 3 rotational freedom of the amide bond.
=} =
< 3 Irradiation UV absorption and photochromic properties
047 at437 pm The UV absorption spectra in THF and CHGblution of
03_§ poly(MLO ) (Figure 2) and PLO in trans configuration
T3 showed in the 250-550 nm region two bands centered
0.2 Frrr around 320 and 440 nm, related respectively toithe =*
0 10000 20000 30000 and n— 7* electronic transitions of the azobenzene
Time (s) chromophor&. A more detailed examination of the UV

spectra in CH{ solution indicated Table 4 a hypochro-

mic effect of polyMLO ) with respect to th&LO model as

far as ther — 7* absorption band is concerned. This may be
addressed to the occurrence of electrostatic dipole—dipole
interactions between the neighbouring aromatic moi-
eties®?’ as previously observed in several polymeric
systems bearing side-chain arom#it® and azoaro-

Figure 3 UV absorption at 310 nm of polf{LO ) in chloroform solution
as a function of irradiation time at 366 and 437 nm

Table 5 Photoisomerization kinetics of poMLO ), PLO, poly(MLA)
andPLA in chloroform solution at 2%

Sample Nirradiation (nm) & X 10°(s”Y)  A.JA matic*>2* chromophores. However, an opposite behaviour
transPLO 366 9.3 0.22 was observed in THF solution for poMLO ) againstLO,
transpoly(MLO) 366 8.1 0.26 thus suggesting that the ethereal solvent owing to its high
g:ipc';lo(MLo) 23; gg-g - electron-donor character and/or to the higher polarity
tranipyLA 366 79 0.51 (dielectric constants at 26 for THF and CHC} are 7.4
transpoly(MLA) 366 5.8 0.45 and 4.64, respectivel)), may affect the above dipolar

interactions and hence influence also the conformational
arrangement of the macromolecules.
On irradiation of polyfMLO ) andPLO solutions in the
particular, the relative intensities of the components of the correspondence of the firat — 7* electronic transition,
C-é signal at 175—-178 ppm allowed to assign a 70% content azobenzene chromophores underwetraas to cis photo-
of syndiotactic dyads to the polymer sample, by assuming isomerization process. Correspondingly, shape, intensity
Bernoullian statistic®. Similar results were obtained from — and position of the UV absorption bands were modified
the *C-n.m.r. spectrum of poly{LA ) performed for (Figure 2. Indeed the UV spectra recorded at different
comparison. irradiation times were characterized by the presence of two
To gain some information on the molecular mobility of isobestic points at about 277 and 384 nm, thus confirming
the azobenzene chromophoréiC-n.m.r. relaxation times  that only two absorbing species, nametjs and trans
(Ty) of poly(MLO) and, for comparison,PLO were isomers of the azobenzene group, were present in solution.
measured at 50.3 MHz, in chloroform solution at room  Photoisomerization kinetics were investigated 8(26n
temperatureTable 3. Correlation times«) of methyne and  chloroform solutions having absorbance lower than 0.1 at
methylene carbons were evaluated from the correspondingthe irradiation wavelength. Experiments were performed by
T, values, under the rather crude assumption that the onlyirradiation at 366 nm while monitoring the 310 nm
relaxation mechanism is dipolar and that only directly absorbance until a photostationary state was reached, as
bonded hydrogen atoms contribute to the relaxation reported for poly1LO ) in Figure 3
procesé’. The consistently small values of methyl groups  Kinetic data were fitted to equation: IWg§ — A.)/(A; —
were attributed to their fast internal rotatfén A.)] = kexd, WhereAg, AiandA,, are the 310 nm absorbance
Correlation times oPLO carbon atoms, not taking into  at time 0,t and, respectivel§".
account qluaternary ones, resulted included between 2.5 and In all cases experimental and calculated data were in very
8.5 x 10~''s, thus evidencing an appreciable mobility of good agreement. Taking into account that the measured
the molecule with some deviation from an isotropic overall photoisomerization rate constant linearly depends on the
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Table 6 CD spectra of polyyILO ) andPLO at 25C, as compared with polMLA ) andPLA

Sample Solvent N A&h N3 A& ¢ A&’
trans-poly(MLO ) CHCl3 440 —0.18 336 -1.52 290 +0.08
THF 440 -0.19 335 —-2.79 294 +0.24
transPLO CHCl; 430 —0.06 321 -0.19 - -
trans-poly(MLA )¢ CHCl, 434 -0.11 362 +5.49 325 —5.15
THF 435 -0.12 358 +0.38 325 —0.93
transPLA ¢ CHCl3 438 +0.06 345 —0.80 - -
THF 435 +0.06 351 —0.38 - -
cis-poly(MLO ) CHCl, 430 —0.80 - - 280 +0.70
cis-PLO CHCl3 430 —-0.13 - - 280 +0.12
cis-poly(MLA )¢ CHCl; 449 +0.27 - - 289 —2.37
cis-PLA® CHCl, 436 +0.26 - - 311 —0.48

2 Expressed in nm

P Expressed in L mol* cm~
°Refs 15 and 32

4 Ref. 32

1

e
n

value before irradiation, thus confirming the reversibility of
the photoisomerization procedsdure 3. In this case also,
the process obeyed first-order kinetics. This result clearly
indicates homogeneous photochromic behaviourtifans
and cis azobenzene chromophores in the polymer sample.
Accordingly, the photoisomerization rate constants do not
depend on the extent of isomerization, i.e. the presence of
adjacent azobenzene moieties in eitherttiaas or the cis
configuration does not affect the photoisomerization
kinetics. Cis to trans photoisomerization rate constants, as
measured at 2& on chloroform solution of polWILO )
and PLO were respectively 3.0 and.38x 10*s™. The
much higher rate constant value for thes to trans
isomerization reaction with respect to the reverse process
has to be attributed to the different irradiation intensity of
L B L B BN B B the lamp at the two wavelengths as well as to the different
250 300 350 400 450 500 550 600 molar absorption extinction coefficients and quantum yields
Wavelength (nm) of photoisomerization ofis andtransisomers at the above
Figure 4 CD spectra at Z& of poly(MLO ) in THE (.....) and in CHCJ wavelengths. Comparison of rate constants reported in
( ) as well as ofPLO in CHCls (- - -) all in the trans configuration Table 5suggests that in all cases the photoisomerization of
the polymeric compounds is slightly slower than that of the
low molecular weight model compounds, thus indicating
light intensity at the irradiation wavelength,) [according that the macromolecular backbone has the tendency to
to the equationKesz2.3031x(gcis<l>cis+stransét,ans)“], the depress the isomerization process, probably owing to steric
experimental values of the kinetic constants,) were hindrance. However, these effects appear to be appreciably
corrected £;) for the variation ofl,, as measured by smaller than those expected on the basis of the different
a photodiode, normalizing the data at a light intensity of 40 mobility of high and low molecular weight compounds
(kc = kexid0N)), and averaged over 4-5 experimerits ( (Table 3.
The recorded andA./A, values Table § did not show a Indeed, the photoisomerization process has been pro-
large dependence on the nature of the investigated samplesposed®>—®to occur by in-plane translation of the benzene
analogously to what was observed for other azobenzene-ring further from the main chain rather than by rotation
containing polymer It is however possible to observe a around the N:N bond. The absence of a pronounced
small decrease i (from 9.3 to 8.1x 10°s™*) and a slight influence of the azobenzene mobility on the recorded
increase inA./A, average values (from 0.22 to 0.26) photoisomerization rates seems to be in agreement with this

— — =) o
n =) [ o

A€ (1 mol'! cm!)

g
o

N ' | | ||||‘|||||

>
wn

»
o

in going from the low molecular weight mod€&LO to proposal.

the macromolecular system pdW(O). An analogous o ) )

behaviour was obtained f®LA and poly(MLA ) (Table 5. Chiroptical and photoresponsive properties

However, it is worth noting that the values of thhans— cis All low and high molecular weight compounds in the

photoisomerization rate foPLA and polyMLA ), here trans configuration are optically active in chloroform
obtained for comparison, appear about 2 orders of solution atthe sodium D-lin€l@ble ). Indeed, poly{ILO )
magnitude lower than those previously repottediue to displays a molar rotatory power which is one order of
the much lower irradiation intensity of the lamp and to the magnitude higher than that MLO and three times larger
fact that no normalization on the light intensity was adopted than that ofPLO, thus suggesting that the macromolecules
at that time. are characterized by a higher conformational rigidity.
When irradiated at 437 nm, the 310 nm absorbanaésef The CD spectra of polfyILO ) and its modePLO in the
isomerized samples steadily increased up to the startingtrans configuration, both in THF and CHgIlsolution,
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0.2 poly(MLO) are characterized by a lower conformational
homogeneity as compared with that previously
observed®**for poly(MLA ) (Table §, where the presence
of one amido group per repeating unit probably favours the
establishment of intramolecular hydrogen bonds which
cannot occur in poWILO). The enhancement of the
couplet amplitude in polyLO ) when CHC} is replaced

by THF, in contrast to what occurred for poM{A )*°,
(Table § seems to confirm the above picture. However, it
cannot be completely ruled out that two independent CD
bands of opposite sign are present in the-» 7* spectral
region of the transazobenzene chromophore, as the
corresponding UV absorption band shov&g(re 2 the
presence of shoulders on both sides.

The investigation of CD spectra of poM{O) in all

L e B L L L trans-configuration at variable temperature belowCQ
250 300 350 400 450 500 looking for increases in the amplitude of the postulated
Wavelength (nm) bisignated couplet, could be useful for clarifying this point.
Figure 5 CD spectra in chloroform solution at @5 of PLO in trans: The CD spectra, recorded in chloroform solution &5
configuration ( ) and at the photostationary state (90%ig)f(.....) on all transPLO and at the photostationary state after
irradiation at 366 nm (residuatrans content ~10%),
exhibited a two-fold increase of the 430 nm dichroic band,
whereas the 320 nm band changed from negative to positive
trans (%) and moved to about 280 nfigure 5).

An analogous four-fold increase in the intensity of the
440 nm dichroic band was observed in the CD spectra of
poly(MLO ) on decreasing the content wéns-azobenzene
chromophores from 100 to about 10%idure 6). More-
over, the negative 335 nm band vanished, whereas the
positive small band at about 290 nm increased its intensity
of about one order of magnitude and shifted to 280 nm.

The absence of definite isosbestic points in CD spectra of
poly(MLO ) on irradiation Figure 6) seems to indicate that
the contributions frontrans and cis-azobenzene moieties
depends on the relative amount of the two species. Coupled
and uncoupledrans-azobenzene and uncoupleik-azo-
benzene chromophores may give rise to different dichroic

0.0

A€ (1 mol'! cm!)

NS EEERE FEE N R RNl FEE N RN FE NS FEEE

A€ (1 mol! cm!)

A AN AN AN A AN AN AN AN A

RCE U L L L B DL B AL BRI effects when located in sections of macromolecules
250 300 350 400 450 500 550 characterized by a different extent of prevailing chirality.
Wavelength (nm) This may be related to the lower conformational homo-

Figure 6 Dependence of CD spectra at@5of poly(MLO ) on the extent geneity of p0|yMLO) macromolecules, as compared with

of trans — cis photoisomerization of azobenzene chromophores in POIY(MLA ). However, the rather high ellipticity of CD
chloroform solution bands at the photostationary state in pblzQO ) with

respect tdPLO suggests that a certain conformational order
and prevailing handedness of the macromolecules is
exhibited {Table 6andFigure 4) a weak and broad negative retained after photoisomerization of the side-chain azoben-
band, in close correspondence with the UV absorption, zene moieties.
related to then— =* electronic transition of the azobenzene
chromophore. By contrast, in the — 7* spectral region
PLO showed a single CD band centered around 320 nm, CONCLUSIONS
whereas poly¥ILO ) was characterized by the presence of A novel optically active methacrylic homopolymer [poly-
two CD bands of opposite sign, located at about 335 and (MLO )], with pendant L-lactic acid residue connected through
290 nm, shifted with respect to the corresponding UV ester functionalities to both main chain angnsazobenzene
absorption maximum (around 320 nm), and with a crossover moieties, has been prepared and fully characterized.
point around 300 nm. It is worth noting that the ellipticity 3C-n.m.r. analysis indicates a certain degree of stereo-
value of the negative band at 335 nm is about one order ofregularity of syndiotactic type (about 70%). Moreover,
magnitude higher than that of the positive band around **C-n.m.r. relaxation and correlation times of pd#i(O ),
290 nm. The large asymmetry of this couplet could be as compared with the low molecular weidhtO, suggests
ascribed to the superposition of an exciton splitting CD a reduced mobility of the macromolecules and a certain
band, caused by cooperative interactions between side-stiffness of the backbone. However, pdii(O ) appears
chain coupledtransazobenzene chromophores disposed less conformationally rigid than polMLA ), the corre-
along the backbone in a mutual chiral geometry with a sponding homopolymer where the ester group connecting
prevailing handedness, with a negative CD band due tothe L-lactate residue with thérans-azobenzene chromo-
uncoupledtrans-azobenzene chromophores present in less phore is replaced by an amide group.
ordered conformational sections of the macromolecules. CD properties ofrans-poly(MLO ) in solution indicate that
This behaviour suggests that the macromolecules inthe macromolecules exist in a conformational arrangement
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with a prevailing chirality, but with a lower homogeneity 8.

with respect to poly¥ILA ), the presence of amido groups in

this last system favouring the establishment of inter- and ¢

intramolecular hydrogen bonds.

As far as the photochromic and photoresponsive
behaviour of polyiILO ) is concerned, the following final
remarks can be made.

Thetrans— cisphotoisomerization of azobenzene moieties ;.

follows a first-order kinetics, thus suggesting that the above

process is not affected by the presence of adjacenti2.

azobenzene chromophores along the macromolecules in
either thetrans or the cis configuration. However, the

comparison of photoisomerization rate constants of poly- 14

(MLO) and PLO suggests that the macromolecular

structure slightly hinders the isomerization process. 15.

On irradiation at 366 nm, remarkable changes are
observed in the CD spectrum of paWiLO ), the dichroic

couplet in ther — #* spectral region becoming a single 17.

band at the photostationary state. The disappearance of the

couplet at the photostationary state may be very likely ig-

associated with the incapability of non-plar@s-azoben-
zene chromophores to provide exciton coupling. However,

the rather high intensity of the dichroic bands in p8lyQ) 20.

with respect toPLO seems to rule out a photoinduced

order—disorder conformational transition of the macro- 2%
molecules. 29

23.
ACKNOWLEDGEMENTS "

Financial support from C.N.R. and M.U.R.S.T. is gratefully 25

acknowledged.

26.
27.
28.
REFERENCES
29.
1.  Altomare, A., Carlini, C. and Solaro, RPplymer 1982,23, 1355. 30.

2. Altomare, A., Carlini, C., Ciardelli, F., Solaro, R. and Rosato,N., 31.

Polym. Sci., Polym. Chem. Ed.984,22, 1267.

3. Ciardelli, F., Carlini, C., Solaro, R., Altomare, A., Pieroni, O., 32.

Houben, J.L. and Fissi, ARure and Appl. Chem1984,56, 329.

4.  Altomare, A., Carlini, C., Panattoni, M. and Solaro, Rlacro- 33.
molecules1984,17, 2207. 34.

5.  Altomare, A., Carlini, C., Ciardelli, F. and Solaro, Rplym. J. 35.
(Tokyo) 1988,20, 801. 36.

6.  Altomare, A, Ciardelli, F., Lima, R. and Solaro, Rhirality, 1991, 37.
3, 292.

7. Angiolini, L. and Carlini, C.J. Polym. Sci., Part A: Polym. Chem. 38.

1991,29, 1455.

Angiolini, L., Caretti, D. and Carlini, C., inThe Polymeric
Materials EncyclopediaVol. 7, ed. J. C. Salamone. CRC Press
Inc., Boca Raton, 1996, p. 5116.

Ciardelli, F., Carlini, C., Chiellini, E., Salvadori, P., Lardicci, L.,
Menicagli, R. and Bertucci, C., iRreparation and Properties of
Stereoregular Polymergds R. W. Lenz and F. Ciardelli. D. Reidel,
Dordrecht, 1979, p. 353.

Ciardelli, F., Pieroni, O., Fissi, A., Carlini, C. and Altomare, Br,
Polym. J, 1989,21, 97.

Ciardelli, F., Altomare, A., Solaro, R., Carlini, C. and Angiolini, L.,
Indian J. Techno|.1993,31, 278.

Ueno, A., Takahashi, K., Anzai, J. and Osa, Macromolecules
1980,13, 459.

Pieroni, O., Fissi, A., Houben, J.L. and Ciardelli, F.Am. Chem.
Soc, 1985,107, 2990.

Pieroni, O., Fissi, A. and Ciardelli, React. Funct. Polym1995,
26, 185.

Angiolini, L., Caretti, D., Carlini, C. and Salatelli, BJacromol.
Chem. Phys.1995,196, 2737.

Borsook, H., Huffman, H.M. and Liu, Y.-PJ, Biol. Chem.1933,
102, 449.

Handbook of Chemistry and Physi@&2nd edn, CRC Press, Boca
Raton, 1981, p. C-357.

Moore, J.S. and Stupp, SMacromolecules1990,23, 65.

US Patent 3 067 180 (1962), Int. Latex Corp., inventors: V. A.
Miller, R. R. Brown and E. B. Gienger, JChem. Abstr.1963,
58, 10381f.

Altomare, A., Ciardelli, F., Ghiloni, M.S., Solaro, R. and Tirelli, N.,
Macromol. Chem. Phys1997,198 1739.

Angiolini, L., Caretti, D. and Carlini, CJ. Polym. Sci., Part A:
Polym. Chem.1994,32, 1159.

Webhrli, F. W. and Wirthlin, T., ininterpretation of Carbon-13
N.M.R. SpectraHeyden, London, 1978.

Randall, J. C., irPolymer Sequence Determination. Carbon-13
NMR Method Academic Press, New York, 1977.

Woessner, D.EJ. Chem. Phys1962,36, 1.

Jaffe, H. H. and Orchin, M., iftheory and Application of Ultra-
violet Spectroscopyed. H. H. Jaffe. Wiley, New York, 1962.
Tinoco, I. Jr.J. Am. Chem. Socl960,82, 4785.

Okamoto, K., Itaya, A. and Kusabayashi, Shem. Lett. 1974,
1167.

Chiellini, E., Solaro, R., Galli, G. and Ledwith, AMacro-
molecules1980,13, 1654.

Majumdar, R.N. and Carlini, Qlakromol. Chem.1980,181, 201.
Hiemstra, H. and Wynberg, Hl, Am. Chem. Soc1981,103 417.
Altomare, A., Carlini, C., Ciardelli, F., Solaro, R., Houben, J.L. and
Rosato, N.Polymer 1983,24, 95.

Altomare, A., Solaro, R., Angiolini, L., Caretti, D. and Carlini, C.,
Polymer 1995,36, 3819.

Monti, S., Orlandi, G. and Palmieri, Zhem. Phy$.1982,71, 87.
Tsuda, M. and Kuratani, KBull. Chem. Soc. Jpr1964,37, 1284.
Le Fere, R.J.W. and Northcott, JJ, Chem. So¢1953, 867.
Talaty, E.R. and Fargo, J.Chem. Commun1967,2, 65.
Haberfield, P., Block, P.M. and Lux, S.M.,Am. Chem. Socl1975,
97, 5804.

Nerbonne, J.M. and Weiss, R.J.,Am. Chem. So0c1978, 100,
5953.

POLYMER Volume 39 Number 25 1998 6629



