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Poly (l-lysine) containing azobenzene units in the side chains:

in¯ uence of the degree of substitution on liquid crystalline
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The structure of poly(l-lysine)s containing between 20% and 100% of azobenzene units in
the side chains has been studied by X-ray di� raction, between room temperature and 250ß C.
Except for samples having very low contents of azobenzene, the polymers are found to exhibit
mesomorphic structures of the smectic A1 type deriving from the b-structure of polypeptides.
For polymers in which all lysine residues were substituted, the polypeptide main chains are
arranged in layers corresponding to the sheets of a polypeptide àntiparallel’ b-structure, and
the side chains are perpendicular to the smectic layers. For polymers containing both
substituted and free lysine side chains, each smectic layer results from the superposition of
two layers: one layer contains the free lysine side chains; the other contains the azobenzene-
modi® ed lysine side chains and the polypeptide main chains that are arranged in àntiparallel’
b-structures. All polymers exhibit only one smectic A mesophase as a function of temperature.
The thickness of the smectic layers increases with increasing temperature until a thickness is
reached that corresponds to the maximum interaction between the azobenzene mesogens in
their trans-con® guration.

1. Introduction peptide main chains exhibited the a-helical conformation
The existence of liquid crystalline properties for solu- [6]. More recently, the modi® cation of the benzyl

tions of polypeptides was discovered in 1956 in the case residues in poly(c-benzyl-l-glutamate) was undertaken
of poly(c-benzyl-l-glutamate) [1]. Then a range of stud- [7 ± 11]. A series of poly(c-alkyl-l-glutamates) with 5, 6,
ies showed that in the mesophases the polypeptide main 8, 10, 12, 14, 16 and 18 methylene groups [7± 9], a
chains exhibit a helical conformation [2± 5]. Later two poly(4-butoxy-4 ¾ -hexyloxybiphenyl-l-glutamate) [10],
directions were followed to modify the polypeptide beha- and poly(n-(4-((4-hexylphenyl )azo)phenoxy)alkyl-l-glu-
viour, namely the synthesis of copolymers and the modi- tamates) with n=2, 4 and 6 [11] were synthesized. The
® cation of the polypeptide side chains. Various study of their behaviour, as a function of temperature,
copolymers have been prepared, including statistical con® rmed the high tendency of poly (l-glutamate) poly-
copolymers, AB and ABA block copolymers of di� erent peptide chains to adopt the a-helical conformation
a-amino acids, AB and ABA block copolymers con- [7 ± 11].
taining polypeptide and polyvinyl blocks or polypeptide Among polypeptide polymers, poly (l-lysine)s are
and carbohydrate blocks [6]. Investigation of their especially attractive as they can adopt both the typical
liquid crystalline properties showed the existence of protein structures, a-helix and b-structure. So, in prin-
phase-separated lamellar structures in which the poly- ciple, di� erent kinds of mesophases can be formed in

poly(l-lysine)s bearing mesogenic groups. In fact, we
have recently described the liquid crystalline behaviour*Author for correspondence.
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138 B. Gallot et al.

of a poly(l-lysine) containing 44 mol % of azobenzene, 2 2́ (m, 4H, CH2 ± CH2 ), 3 2́ (m, 2H, N± CH2 ), 4 4́ (m,
1H, C a H), 7 4́ ± 8 8́ (m, 9H, aromatic). UV absorptionand reported the ® rst observation of a lamellar structure

of the smectic A1 type with the polypeptide chains in a spectrum (c=0 0́1522 g l Õ 1 , in HFP): lmax=320 nm;
emax=24 000 mol Õ 1 cm Õ 1 . All methods indicated ab-conformation [12]. In the present paper, the investi-

gation is extended to a series of poly(l-lysine)s con- modi® cation extent of about 100%.
Run 2 (mixed anhydride method). Pivaloyl chloridetaining between 20% and 100% of azobenzene units in

the side chains: their liquid crystalline structures are (0 9́3 ml, 7 5́ mmol ) was added to a cooled solution of
4-phenylazobenzoic acid (1 6́5 g, 7 0́ mmol ) and triethyl-described and the in¯ uence of azobenzene content, as

well as temperature, on the thermotropic behaviour of amine (1 0́4 ml, 7 0́ mmol) in anhydrous DMF (130 ml).
After 15 min the solution was treated with a second pre-the polymers is shown.
cooled solution of poly(Lys HCl) (0 6́0 g, 3 7́ mmol Lys
residues) and triethylamine (1 0́0 ml, 7 0́ mmol ) in 10 ml2. Experimental

2.1. Synthesis of the polymers of water and 100 ml of DMF. The reaction mixture was
left with stirring at 0 ß C for 1 h, and at room temperature2.1.1. Poly(l-lysine)

This was obtained by polymerization of N e -benzyloxy- overnight. The solvent was then partially evaporated
and the polymer recovered by precipitation with ether.carbonyl-l-lysine N-carboxy-anhydride, followed by

removal of the side chain protecting groups with anhyd- Any unreacted azo-reagent was removed by repeated
dissolution and precipitation. Finally the yellow materialrous HCl and HBr, according to the literature [13].

The polypeptide was thoroughly dialysed against 0 0́1M was dried to give 0 7́ g of modi® ed polymer. 1H NMR
(300 MHz, CF3COOD), d ppm: 1 0́ (s, CO± C(CH3)3),HCl or 0 0́1M acetic acid, and then against distilled

water, to replace the bromide with chloride or acetate 1 7́ (m, 2H, C a ± CH2 ), 2 2́ (m, 4H, CH2 ± CH2 ) , 3 2́ (m,
2H, N± CH2 ), 4 5́ (m, 1H, C a H), 7 5́± 8 5́ (m, aromatic).ions. The dialysed polymer solution was ® nally lyophil-

ized to give poly(l-lysine hydrochloride) or poly(l-lysine On the basis of the peak areas of C a H, C(CH3)3 and
aromatic protons, the chemical composition of the poly-acetate) as a white material. The corresponding poly(l-

lysine hydrobromide) showed a viscosity value gsp/c= mer corresponded to a modi® ed poly (l-lysine) con-
taining 70 mol % of azobenzene groups and 30 mol % of0 6́0 (c=1 g dl Õ 1 , 1M NaCl, pH 3, 25 ß C), relating to an

average molecular weight Mw=150 000, evaluated on pivaloyl groups in the side chains.
Run 3 (in the presence of 4-phenylazobenzoylthe basis of the equation of Yaron and Berger [14].

chloride) . Poly (l-lysine acetate) (0 0́9 g, 0 0́5 mmol Lys
residues) was dissolved in a small amount of water (8 ml)2.1.2. Azo-modi ® cation of poly(l-lysine)

Some typical experiments, carried out in the presence and the solution diluted with DMF (40 ml). An excess
of MgO (0 5́ g) was added to the polymer solution andof di� erent azo-containing reagents, are described (see

the table) . the mixture was treated with 4-phenylazobenzoyl chlor-
ide with stirring, at room temperature for 24 h. TheRun 1 (in presence of 4-phenylazobenzenesulphonyl

chloride) . Poly(Lys HCl) (0 3́5 g, 2 1́3 mmol Lys residues) modi® ed polymer became insoluble in the reaction solv-
ent, so the precipitate was ® ltered o� , washed with 1Mwas dissolved in a small amount of water (15 ml) and

diluted with dimethylformamide (DMF) (80 ml). The HCl to remove the magnesium salt, then with saturated
aqueous NaHCO3 and ® nally with DMF to remove anyapparent pH was adjusted to about pH 8 by addition of

triethylamine; then a second solution containing unreacted azo-reagent. The dried polymer (0 4́5 g) was
soluble in tri¯ uoroacetic acid and 1,1,1,3,3,3-hexa¯ uoro-4-phenylazobenzenesulphonyl chloride (1 2́0 g, 4 5́

mmol) in DMF (50 ml) was slowly added. The reaction 2-propanol (HFP). 1H NMR (300 MHz, CF3COOD),
d ppm: 1 7́ (m, 2H, C a ± CH2 ), 2 2́ (m, 4H, CH2 ± CH2 ), 3 2́mixture was kept with stirring at room temperature in

the dark for 1 week, during which time triethylamine (m, 2H, N± CH2 ) , 4 4́ (m, 1H, C a H), 7 5́± 8 6́ (m, aromatic).
NMR analysis and comparison of the UV absorp-was occasionally added in order to keep the apparent

pH at a slightly alkaline value. At the end of the reaction, tion spectrum with that of the model compound
4-phenylazobenzoylglycine methyl ester (lmax=324 nm,the polymer was recovered by precipitation with ether.

Any unreacted azo-reagent and water soluble materials emax=24 000 mol Õ 1 cm Õ 1 , in HFP) indicated that the
polymer contained 44 mol % of azobenzene units.were removed by repeated dissolution in DMF and

precipitation with ethanol and water, alternately. Finally Run 5 (active ester method) . 4-phenylazobenzoic acid
N-hydroxysuccinimide ester (0 7́4 g, 2 3́ mmol ) in 50 mlthe polymer was dried to give 0 4́5 g of poly (N e -

4-phenylazobenzenesulphonyl-l-lysine) as a yellow mat- of DMF was added to a solution of poly(Lys acetate)
(0 3́0 g, 2 3́ mmol Lys residues) in 20 ml of water anderial. Sulphur elemental analysis: calculated for 100%

Lys modi® cation, 8 6́%; found, 8 7́%. 1H NMR 30 ml of DMF, and the mixture was left stirring at room
temperature for 1 h. The polymer was then recovered by(300 MHz, CF3COOD), d ppm: 1 7́ (m, 2H, C a ± CH2 ),
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139Mesomorphic azobenzene-modi ® ed polylysine s

repeated dissolution in DMF and precipitation in ether
and water alternately to remove any unreacted azo-
reagent and water soluble materials. The water-insoluble
modi® ed polymer contained 31 mol % of azobenzene
groups, as determined by 1H NMR and by comparing
the absorption spectrum with that of 4-phenyl-
azobenzoylglycine methyl ester in DMF.

2.2. X-ray di� raction
X-ray di� raction experiments were performed on

powder samples with two types of camera: a Guinier-
type camera and a pin-hole camera. The Guinier-type
focusing camera was equipped with a bent quartz mon-
ochromator (re¯ ection 1 0 1) giving a linear collimation
of strictly monochromatic X-rays (l=1 5́4 AÊ ). The pin-
hole camera was a laboratory-made camera using Ni
® ltered Cu radiation (l=1 5́4 AÊ ). Both cameras oper-
ated under vacuum and were equipped with an electric
heating device operating between 20 and 300ß C and
controlling the temperature within less than 1 ß C.

Several exposures were made in order to measure the
strongest and the weakest re¯ ections. Intensities of the
di� erent di� raction orders were measured with a laborat-
ory-made densitometer specially designed and built for
that purpose. Experimental amplitudes of di� raction of

Scheme 1. Chemical structures of the investigated series of l-the di� erent orders of re¯ ections from the smectic layers
lysine polymers containing azobenzene units in the sidewere corrected for the Lorentz and polarization factors
chains. I: Poly(4-phenylazobenzensulphonyl-l-lysine)

[15] and normalized so that the strongest re¯ ection had (AzoS-Lys-100 ); II: Poly (l-lysine) containing both
an amplitude of one. For instance in the case of Azo- 4-phenylazobenzoyl (70 mol %) and pivaloyl (30 mol %)
Lys-41, the following corrected amplitudes were: a1=1, substituents in the side chains (Azo-Piv-Lys-70 ); III:

Partially modi® ed poly(l-lysine)s having various azoben-a2=0 and a3=0 5́5.
zene contents: m=44 mol % (Azo-Lys-44 ); m=41 mol %
(Azo-Lys-41 ); m=31 mol % (Azo-Lys-31 ); m=20 mol %

2.3. Inf ra-red spectroscopy (Azo-Lys-20 ).
Infrared measurements were performed with an FTIR

spectrometer Nicolet 20SX using KBr samples.
The reaction of poly (l-lysine) with 4-phenylazo-

benzenesulphonyl chloride gave poly(4-phenylazo-3. Results

3.1. Synthesis of the polymers benzensulphonyl-l-lysine) (AzoS-Lys-100 ). The modi-
® cation extent was determined by 1H NMR, by sulphurHigh molecular weight poly(l-lysine) was reacted with

various azo-reagents in order to link azobenzene units elemental analysis, and by comparing the absorbance of
the polymer with the molar extinction coe� cient of lowto the side chains of the poly(l-lysine). Various polymers,

having the structures illustrated in the scheme, were molecular weight compounds containing the same
chromophore: all methods indicated that the side chainsobtained using di� erent reaction conditions (see § 2 1́ ).

Table. l-Lysine polymers having various azobenzene contents in the side chains: geometrical
parameters of the liquid crystalline structures at room temperature.

Run Polymer Azo units/mol % L 1 /AÊ d/AÊ b/AÊ a/AÊ

1 AzoS-Lys-100 100 24 25 0́ 7 3́ 5 1́
2 Azo-Piv-Lys-70 70 23 23 6́ 7 6́ 5 1́
3 Azo-Lys-44 44 23 32 0́ 7 6́ 5 0́
4 Azo-Lys-41 41 23 31 8́ 7 5́ 5 0́
5 Azo-Lys-31 31 23 33 3́ 7 4́ 4 8́
6 Azo-Lys-20 20

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
2
0
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



140 B. Gallot et al.

of poly(l-lysine) were quantitatively modi® ed and the
azo-lysine residues were found to be substantially
100% [16].

In another procedure, poly(l-lysine) was treated with
4-phenylazobenzoic acid in the presence of pivaloyl
chloride according to the mixed anhydride method. This
procedure led to a modi® ed polymer whose chemical
composition corresponded to a poly(l-lysine) containing
both azobenzoyl (70 mol %) and pivaloyl (30 mol %)
groups in the side chains (Azo-Piv-Lys-70 ) .

In other experiments, poly(l-lysine) was reacted with
4-phenylazobenzoyl chloride or with 4-phenylazo-
benzoic N-hydroxysuccinimide ester (active ester
method). These modi® cation reactions gave partially
modi® ed l-lysine polymers containing 44 mol % (Azo-

Lys-44 ), 41 mol % (Azo-Lys-41 ), 31 mol % (Azo-Lys-31 )
and 20 mol % (Azo-Lys-20 ) azobenzene units [17]. For
the latter polymers the modi® cation extent was deter-
mined spectroscopically, by comparing the maximum
absorbances of the polymers with the molar extinction
coe� cient of a low molecular weight compound con-
taining the same chromophore. The determination of
polymer composition by comparing the integrated areas
of the proton resonances of the NMR spectra led to

Figure 1. Example of a pin-hole camera powder X-ray dia-di� erent values depending on which set of signals was
gram of the azo-substituted poly(l-lysine) Azo-Lys-41considered. The average discordance was about 5% with
containing 41 mol % of azobenzene units and showing therespect to the values estimated from the absorption three sharp re¯ ections and the di� use band.

spectra. The sequence distribution of azo units is not
known, but it may be assumed to be substantially
random. mesogenic groups in disordered smectic structures of

side chain liquid crystal polymers [18, 19].
Such X-ray diagrams suggest a lamellar structure of3.2. L iquid crystalline structures

3.2.1. General the smectic A type deriving from the b-pleated-sheet
structure classical for polypeptides and proteins [20].The azobenzene-containing polypeptides were studied

by X-ray di� raction between room temperature and The antiparallel b-structure is illustrated in ® gure 4. It
is characterized by polypeptide chains having opposite240ß C, since the commencement of decomposition was

observed at MDNM250 ß C. orientations linked by a pattern of hydrogen bonds, thus
generating sheets. The R side chains are perpendicularThe X-ray diagrams exhibited 2± 4 sharp re¯ ections

and a di� use band ( ® gures 1± 3 ), except for the polymer to the plane of the sheet and point alternately above
and below the sheet. The distance between two consecut-containing 20 mol % of azobenzene that does not exhibit

mesophases. ive side chains along the same polypeptide chain is
reported to be 7 0́0 AÊ [21], while the average distanceThe sharp re¯ ections can be divided into two groups

depending on whether their position varies or does not between two parallel R side chains belonging to adjacent
macromolecules is about 5 AÊ (it varies between 4 5́ andvary with temperature. The re¯ ections observed at the

lowest angles, and with Bragg spacings varying with 5 5́ AÊ depending upon whether they point above or
below the plane).temperature, can be indexed as the 0 0 1 re¯ ections of a

lamellar structure of thickness d, with d increasing with The di� use band observed at a=4 8́ to 5 1́ AÊ ,
depending upon the composition of the polymer, is intemperature. The sharp re¯ ection observed at higher

angles and corresponding to a repeat distance b between agreement with the average distance between side chains
belonging to adjacent molecules (backbone spacings).7 3́ and 7 6́ AÊ , depending on the composition of the

polymer, is independent of temperature. The wide angle The sharp re¯ ection at 7 3́ to 7 6́ AÊ is in good agreement
with the repeat distance of pleated polypeptide chainsband corresponding to a distance a=4 8́ to 5 1́ AÊ ,

depending on the polymer, is also independent of temper- ( ® gure 4 ); the slightly higher value with respect to theor-
etical may be due to the bulky groups present in theature and the value of a is similar to the distance between
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141Mesomorphic azobenzene-modi ® ed polylysine s

Figure 3. Example of a pin-hole camera powder X-ray dia-Figure 2. Example of a pin-hole camera powder X-ray dia-
gram of the completely azo-substituted poly(l-lysine) gram of the poly(l-lysine) Azo-Piv-Lys-70 having azoben-

zene and pivaloyl substituents, showing two sharpAzoS-Lys-100, showing two sharp re¯ ections and a
di� use band. re¯ ections and a di� use band.

azobenzene to aggregate [23, 24]. Adjacent polypeptideside chains. Infrared spectroscopy measurements per-
formed on the powder samples used for X-ray studies chains are separated by an average distance a=5 1́ AÊ .

The re¯ ection observed at 7 3́ AÊ for the polymershowed the presence of Amide A, Amide I and Amide II
bands at 3279, 1629 and 1540 cm Õ 1 , respectively, thus AzoS-Lys-100 and at 7 6́ AÊ for the polymer Azo-Piv-

Lys-70, corresponds to the periodicity b of the pleatscon® rming the presence of an antiparallel b-structure
[21]. A similar pleated sheet structure was found for ( ® gure 4 ), as already found in the case of poly(l-lysine

hydrobromide) [25].dry oriented ® bres of sodium poly(l-glutamate) [22].
Comparison of the inter-sheet spacing d with the

lengths of the azobenzoyl-lysine units (L 1=23 AÊ ) , of the 3.2.3. Partially substituted poly(l-lysine)s
For polymers Azo-Lys-31, Azo-Lys-41 and Azo-azobenzensulphonyl-lysine units (L 1=24 AÊ ) and the

unmodi® ed lysine units (L 2=9 AÊ ), measured using space Lys-44, one observes (see the table) that d closely corre-
sponds to the value obtained by adding the azo-Lys® lling CPK models (see the table), allows the classi® ca-

tion of the polymers into two families: one is formed by (23 AÊ ) and Lys (9 AÊ ) lengths. These values are in agree-
ment with a lamellar structure of intersheet spacing d,partially modi® ed polymers containing free lysine side

chains (Azo-Lys-31, -41 and -44 ), the other by polymers resulting from the superposition of a h̀ydrophilic’ layer
of thickness dA containing the free lysine side chains,without free lysine side chains. (AzoS-Lys-100 and Azo-

Piv-Lys-70 ) . and a h̀ydrophobic’ layer of thickness dB containing the
azobenzene-modi® ed lysine side chains and the polypep-
tide main chains ( ® gure 7). Furthermore, at room tem-3.2.2. Completely substituted poly(l-lysine)s

For polymers AzoS-Lys-100 and Azo-Piv-Lys-70, d is perature the unmodi® ed lysine side chains in the
h̀ydrophilic’ layer and azobenzene-modi® ed lysine sidenearly equal to L 1 (see the table) and the lamellar

structure is of the smectic A1 type with the side chains chains in the h̀ydrophobic’ layer are completely interdi-
gitated, and the structure is of the Smectic A1 type withperpendicular to the smectic layers, as schematically

illustrated in ® gures 5 and 6. The interdigitation of the the azobenzene mesogenic groups perpendicular to the
smectic layers, while adjacent polypeptide chains aremesogenic groups favours the formation of azobenzene

dimers of H type in agreement with the tendency of separated by an average distance a=5 0́ AÊ . In such a
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142 B. Gallot et al.

Figure 4. Schematic illustration of
the antiparallel b-pleated sheet
structure present in polypep-
tides and proteins.

structure, the unmodi® ed lysine side chains on one side binations of sign for am (m=1, 2, 3 ¼ ). For instance
r Õ ++ (z) will correspond to the combinationand the azobenzene-modi® ed lysine side chains on the

other side statistically point up and down out of the where a1 is chosen negative, while a2 and a3 are chosen
positive. As we observe two orders of di� raction, weplanes containing the polypeptide main chains ( ® gure 7),

although the polymers are not alternating copolymers. obtain four combinations of sign for am , that is to say
four electron density pro® les r(z) that are illustrated inThis may imply some degree of disorder for the b-

structure or a non all-trans-conformation for some of the case of polymer Azo-Lys-41 in ® gure 8.
In order to choose the physically acceptable one fromthe methylene spacers, thus allowing the azo-modi® ed

and the unmodi® ed lysine side chains to reach the amongst the four pro® les, we have calculated the electron
density of the di� erent parts of the repeating unit of therespective h̀ydrophobic’ or h̀ydrophilic’ layers [12].

The re¯ ection observed between 7 4́ and 7 6́ AÊ corre- polymer by dividing their number of electrons by their
lengths measured using CPK models. We found:sponds to the periodicity of the pleats ( ® gure 4).

For polymers Azo-Lys-31, -41 and -44 , we can obtain 7 8́ e Õ AÊ Õ 1 for the skeleton, 6 4́ e Õ AÊ Õ 1 for the para� nic
spacer and 8 4́ e Õ AÊ Õ 1 for the mesogenic azobenzenesupplementary information about the structure by dedu-

cing, from the intensities of the 0 0 1 re¯ ections, the groups.
In the case of an orthogonal SmA1 smectic structure,electron density pro® les along the z-axis perpendicular

to the smectic layers. If we put the origin in the middle one must observe a central maximum corresponding to
the interdigitated mesogenic groups surrounded by twoof the dA or dB layers, since as many mesogenic cores

are pointing in the +z and Õ z directions, so that secondary minima corresponding to the spacers of the
azobenzene-modi® ed lysine, two secondary maxima cor-r(+z)=r( Õ z) and r (z) can be expressed as a Fourier

series containing only the cosine terms [26] and, since responding to the polymeric skeleton and two minima
corresponding to lysine side chains ( ® gure 7).we measure only the ¯ uctuations around the average

electron density r0 , r (z) is given by: The four electron density pro® les of the disordered
smectic A structure of the polymer Azo-Lys-41 are

r (z)=S am cos(m2pz/d )
represented in ® gures 8(a) to 8(d ) . The two electron
density pro® les (c) and (d ) must be rejected as theyExperimentally we measure the intensity Im of the

orders of re¯ ections, so we lose the phase of am . Due exhibit minima at the position of the mesogenic cores.
The electron density pro® le (a) must be rejected as itto the symmetry of the electron density distribution, the

phase factor and the structure factor must be 0 or exhibits maxima at the position of the lysine side chains
and a secondary minimum at the position of the meso-p, so am are real, but may be positive or negative. The

phase problem then reduces to choosing the right com- genic cores. On the contrary the electron density pro® le
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143Mesomorphic azobenzene-modi ® ed polylysine s

(b), corresponding to the combination of signs Õ + Õ ,
exhibits a central maximum corresponding to the meso-
genic azobenzene cores, two secondary minima corres-
ponding to the spacers, two shoulders corresponding to
the polypeptide main chains and two minima corres-
ponding to the lysine side chains, in agreement with the
physically acceptable pro® le ( ® gure 7).

Therefore the mesomorphic structure of the polymers
containing 31, 41 and 44 mol % azobenzene is of the
smectic A1 type and derives from the arrangement of
the polypeptide chains in a b-pleated-sheet structure
[20]. The SmA1 structure can be described as follows:
each smectic layer of thickness d results from the super-
position of two layers, one of thickness dA contains the
free lysine side chains and the other of thickness dB

contains the azobenzene-modi® ed lysine side chains and
the polypeptide main chains. The periodicity b of the
pleats of the sheets varies between 7 3́ and 7 6́ AÊ and is
in agreement with àntiparallel’ polypeptide chains
( ® gure 4 ).

3.3. In¯ uence of temperature
The distance a between adjacent polypeptide chains

and the periodicity b of the pleats are parameters con-
nected to the b-structure and are independent of temper-
ature. On the contrary, the thickness d of the smectic

Figure 5. Schematic representations of the smectic structure layers varies with temperature as shown in ® gures 9 to 11.
of the polymer AzoS-Lys-100 with l-lysine side chains For the polymers Azo-Lys-31, Azo-Lys-41, Azo-Lys-44
completely substituted with azobenzene.

and Azo-Piv-Lys-70, the thickness d of the smectic layers
Main chain ; increases with temperature until it reaches a value that

corresponds to the maximum interaction between thespacer ;
azobenzene mesogens in their trans-con® gurationmesogen .
( ® gures 6 and 7), and then remains constant until
decomposition of the polymers begins at 250ß C.

Figure 6. Schematic representa-
tion (at room temperature and
at high temperature) of the
respective positions of the
mesogens in the smectic struc-
ture of the polymer Azo-Piv-

Lys-70.

Main chain ;

spacer ;

mesogen ;

pivaloyl group .

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
2
0
 
2
6
 
J
a
n
u
a
r
y
 
2
0
1
1



144 B. Gallot et al.

Figure 8. Projections of the electron density pro® les corres-
ponding to the di� erent sign combinations of am for
the polymer Azo-Lys-41 containing 41 mol % of azoben-
zene units.

Figure 7. Schematic representations of the smectic structure
of the polymers containing 31, 41 and 44 mol % of azoben-
zene units at room temperature and at high temperature.

Main chain ;

spacer ;

NH2 group $;

mesogen .

For the polymer AzoS-Lys-100 in which all the lysine
side chains are substituted by azobenzene, the variation
of d as a function of temperature is smaller than that
observed for the other polymers, but the thermal behavi-
our is more complex ( ® gure 11). On heating, d is constant
and equal to 25 AÊ until 70 ß C; then it suddenly increases
to 27 AÊ , remains constant until 140ß C, and then decreases

Figure 9. Variation with temperature of the layer thickness dto 25 6́ AÊ , remaining constant until 240ß C. Upon cooling
of the smectic structure for the polymers Azo-Lys-31 (#),or on heating again, only the higher transition can be
Azo-Lys-41 (%), and Azo-Lys-44 (+), containing, respect-

detected. The explanation of that behaviour is presently ively, 31, 41 and 44 mol % of azobenzene units.
not clear. It should not involve a modi® cation of the b-
structure and the pattern of hydrogen-bonding, because corresponding to the transformation of the trans-
the parameters a and b do not change as a function of conformations into gauche-conformations.
temperature. The ® rst step might be attributed to a glass
transition caused by the side chains. The decrease of d 4. Concluding remarks

at temperatures higher than 140ß C could be tenta- In this paper we have described the structure of
poly(l-lysine)s containing between 20 and 100 mol % oftively explained by a `melting’ of the methylene spacers
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lysine side chains and the polypeptide main chains which
are arranged in their planes as in the àntiparallel’ b-
structure.

All polymers exhibit only one mesophase as a function
of temperature, and in that smectic A mesophase the
thickness of the smectic layers increases with temperature
until it reaches the thickness corresponding to a max-
imum in the interactions between the azobenzene mesog-
ens in their trans-con® guration. Such an increase of d
allows better interactions between the azobenzene meso-
genic cores in the trans-con® guration and a stabilization
of the smectic structure, balancing successfully the e� ect
of thermal agitation and allowing the smectic structure
to be stable at very high temperatures. The mesomorphic
smectic structure prevents the trans to cis thermal
isomerization of the azobenzene units.

Figure 10. Variation with temperature of the layer thickness The results con® rm that polypeptides are quite special
d for the smectic structure of the polymer Azo-Piv-Lys-70

polymers because of their ability to exist in orderedwith l-lysine side chains substituted with both azobenzene
structures. The ordered structure of the macromolecularand pivaloyl.
main chains in fact produces the opportunity for the
orientation of the side chains to a greater extent than in
other synthetic polymers. This is a very important
requirement for thermotropic self-organization of the
macromolecules and for obtaining new liquid crystalline
materials.

The study of poly(l-ornithine) and poly (l-glutamic
acid) containing di� erent amounts of azobenzene units
in their side chains is now in progress, in order to
establish the in¯ uence of the nature of the amino acid
on the thermotropic behaviour of photochromic
polypeptides.
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