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Summary 

The poly(N-methacryloyl-L-alanine) (PNMA) :Cu system was in- 

vestigated by v•177 and U.V. absorption spectroscopy and by 

circular dichrolsm. After formation of complex I involving only 
carboxylate groups,at low pH,the deprotonation of one amide ni- 

trogen at pH c.a.5 leads to the formation of an optically ac- 
tive chelate ring(complex II) .At higher pH,an other proton is 

neutralized with formation of an optically inactive complex III 

The structure of these complexes is discussed. 

Introduction 
In the previous paper it was shown that the interaction 

between poly(N-methacryloyl-L-alanine) (PNMA) and copper occurs 

in three steps beginning with the formation of a complex I in 
which only the carboxylate groups are involved. On further in- 

crease of the pH,the deprotonation of the side-chain amide ni- 
trogen and/or water bound to copper occurs and leads to the 

formation of two other complexes.The present paper gives the 

results of a spectroscopic study of the PNMA:Cu system,in 
which the visible and U.V. absorption spectra as well as the 
C.D. spectra are examined. 

Experimental 
U.V. and visible spectra were recorded on a Cary 219 

spectrophotometer,using quartz cells with Imm and icm path 

length. 

C.D. spectra were obtained from a Jobin-Yvon Mark III dichro- 
graph flushed with dry nitrogen at room temperature.Values of 

AE refer to copper for the visible range and to PNMA in the 
U.V. range.For PNMA ,concentrations are expressed in terms of 
the repeat unit. 

Solutions with molar ratios R (PNMA/Cu) ranging from 2 to 12 
were investigated.As the results were essentially similar, on- 
ly the data obtained with R=4 are reported thereafter. 

Results and discussion 

Visible and U.V. absor~t~o~ [pectra 
As shown in Fig~,increase of the pH results in a decrease 

of the wavelength of maximum absorption for the d-d transition 

of copper.For PNMA in the absence of added salt,a stepwise in- 
crease of the d-d band energy indicates a two steps coordina- 
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tion of the ligand to copper. For the first step(l=770-750nm) 
(pH 4-8) the wavelength is intermediate between the values ex- 
pected for a coordination to two carboxylate groups (l=780nm) 
and a coordination to one carboxylate group and one amide ni- 

trogen(l=700nm) (i,2) .As shown in the previous paper,formation 
of complex II occurs before complete formation of complex I 
(one Cu and two CO0-) .Beyond pH 8,a further decrease of lmax 
is observed down to a value(l=670nm) higher than that expected 
for a 2N complex(complex III) . 
The maximum values of c are 40 l.mole-l.cm -I at pH 7 (first step) 
and 27 l.mole-l.cm -l at pH Ii (second step). 
For the model molecule NIBA,Imax decreases smoothly up to pH 
6.5(where precipitation of copper hydroxyde occurs)indicating 
a coordination to carboxylate groups only. 
In the presence of added salt(0. IM NaClO 4) the coordination 
process of PNMA occurs in three distinct steps (Fig. I).Formation 
of complex I which is much more easy in the presence of salt( 
see the previous paper) occurs between pH 4 and 6.5~lmax=770 
nm) .Complex II is formed between pH 7 and 9 with lmax=720nm. 
This value is in agreement with the formation of a complex in 
which copper is coordinated to one amide nitrogen and one car- 
boxylate group. The theoretical value for such a complex is ~= 
700nm(1) but the steric hindrance around the peptide group due 
to the polymer chain could account for this differenoe(Steric 
hindrance generally increases the wavelength of absorption 
bands for such molecules (3)) . 
Formation of complex III occurs beyond pH i0 (~max=685nm). 

Fig.2 shows the U.V. absorption spectra for PNMA:Cu (R=4). 
For PNMA alone or for the PNMA:Cu system at low pH,only a very 
intense band appears near 200nm corresponding to the transi- 
tions of the amide group(z+~#transitions)(3). 
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Fig. 1:Variation of the maximum absorption wavelength in the 
visible range,as a function of pH: (1)PNMA:Cu R=4 no salt; 
(2)NIBA:Cu R=4 no salt; (3)PNMA:Cu R=4 in 0.1M NaClO 4. 
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Fig. 2 : 
U.V. spectra of the 
PNMA:Cu system at dif- 
rent pH : (1)pH 2.8 
(2)pH 4.0; (3)pH 5.0 
(4)pH 6.0; (5)pH 7.9 
(6)pH I0; (7)pH 12.6 
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Fig.3: 
Differential U.V.spec- 
tra of the PNMA:Cu sys- 
tem at different pH 
(PNMA:Cu at pH 3.8 in 
the reference cell): 
(1)pH 7.6; (2)pH 8.6 
(3)pH II.6; (4)pH 12.0 
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From pH 3.5-4,an other band appears at 242nm with a maximum 

intensity at pH 7.9(g/Cu=3320~.mole-l.cm-l~,decreasing in ba- 
sic solutions.On the basis of literature data(4-9) this band 
may be attributed to a charge transfer transition between cop- 

per and the carboxylate group.For NIBA this band is also ob- 

served with a maximum a~ pH 6.5 where precipitation occurs 

(e/Cu=1600 l.mole-l.cm-~. 
Fig.3 gives the differential absorption spectra with PNMA: 

Cu at pH 3.9 in the reference cell and PNMA:Cu at various pH's 

in the sample cell.The Cu-CO0 CT band decreases beyond pH 7.6 
and an other band appears near 305nm with an isobestic point 

at 292nm. The 305nm band is generally attributed to charge 
transfert transitions between copper and the deprotonated pep- 

tide nitrogen(10-14) 

s163 
.d-d transitions:NIBA does not display any optical activi- 

ty in the visible range,in the presence of copper. This is re- 
lated to the fact that the only possible complex in this case 

is a complex involving only the C00 group,excluding the exis- 

tence of a chelate ring(15-17) . 
For PNMA,on the contrary,two C.D. bands are observed at 760 

and 710nm(Blg§ and Blg§ transitions of copper respective- 
ly) (Fig.4) .These bands appear at pH 4.5 and increase with a 

maximum at pH 7 (Ag/Cu=-0.036 at 710nm and -0.030 at 760nm) . 
No more C.D. signal is observed beyond pH 8.5.Thus only com- 

plex II is optically active. 

.U.V. range:The interaction of the model molecule,NIBA, 

with copper leads to the perturbation of the C.D. bands loca- 

ted near 205nm and related with the n+~ ~ transition of the 
carbox 'I chromophore(3) (not shown) .In add~tion,NIBA exh~b• 
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Fig.4:Vi ible C.D. spectra of the PNMA:Cu system (R=4) at 

various pH values. {l)pH 4.8; (2)pH ~; (3)pH 8; (4)pH i0 and Ii. 
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a slightly negative band at 240nm,pH 4,in the absence of cop- 

per (n+~ ~ amide(3) ,~=-0.06) .Its intensity decreases when in- 
creasing the pH(3) .In the presence of copper (R=4)the same band 
is observed at 240nm,pH 4 with the same intensity(Ae=-O.06) 

but it increases up to ~c=-0.1 when pH increases with a red 
shift up to 250nm. At the same time,a new band appears near 
280nm related with a copper -C00 interaction(7,18-20) .No pep- 

tide nitrogen-Cu CT band is observed in this case. 
The C.D. spectrum of copper free PNMA exhibits no band be- 

yond 240nm(3) .In the presence of copper,the range below 230 nm 
where are located most of the transitions of the carboxyl and 

amide chromophores is strongly perturbated with an inversion 
of the sign of the signal.Moreover a negative C.D. band ap- 

pears near 250nm beyond pH 3 together with two shoulders at 

280 and 315nm(Fig.5) . 

The origin of the 250 and 280nm bands is the same as for 

NIBA(CT between Cu and CO0) with enhanced intensity. The 315nm 
band is assigned to a Cu-peptide nitrogen charge transfert (i0, 

14,15,20). 

The nature of complexes I and II may be unambiguously de- 
duced from the experimental results.The formation of complex 
I begins at low pH and involves the coordination of copper tc 
two(or more)carboxylate groups with the appearance of Cu-COO 
CT bands up to high pH values.As shown in the previous paper, 
this complex is very stable and exists up to high pH values. 
Thus,only a relatively small fraction of the ligand leads to 

the formation of complex II.AII experimental results indicate 

that this is a iN complex with a five membered chelate ring( 

Cu-COO and Cu-N CT bands in the absorption spectra and in the 
C.D. spectra) 
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Fig.5:Ultra violet C.D. spectra of the PNMA:Cu s 'stem (R=4) 
at various pH values_. (1)pH 3.3; (2)pH 4.1; (3)pH 5.4; (4)pH 7 
(5)pH 8; (6)pH 9. 
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complex II 

As mentionned above,the absorption wavelength of this complex 
is higher than that predicted by the equation of Billo(1) .It 

may be due to the effect of the polymeric chain but in additi- 

on,this wavelength is in fact an average of the absorption wa- 
velengthes of complexes I and II which are both present in so- 

lution between pH 4 and 9. 

Concerning complex III,which forms beyond pH 9,the experi- 

mental results are more ambiguous:a second proton is neutrali- 
zed for each copper ion,the Cu-COO CT bands decrease whereas 

the Cu-N CT band increases (Figs.2,3 and 5) and the optical ac- 
tivity disappears.Complex III could result from: 

i)the deprotonation of a water molecule bound to copper in 

complex II.According to the literature,this cannot lead to a 
decrease of the absorption wavelength since a water molecule 
and a hydroxyle ion have the same contribution(1) .In addition, 

this cannot explain the disappearance of the optical activity 

at high pH values. 
ii)the hydrolysis of the Cu-N bond in complex II with a simul- 

taneous deprotonation of a water molecule bound to copper in 

complex II (or I) .This could explain the decrease of the opti- 

cal activity(disappearance of the chelate)but fails to account 

for the increase of the Cu-N CT band. 
iii)the deprotonation of an amide nitrogen in an other side- 

chain with breaking of the Cu-CO0 bonds could explain most of 

the results: 

I I 
C=O C=O 
l I 
N Cu N 

CI-t H // \ 
complex Ill 

/ \ 
CO0 CH 3 CH 3 CO0 

This is in agreement with the strong tendancy of polyelectro- 

lytes to form the minimum number of complexes with the maximum 

coordination number (21) . 
Though the third case is the most probable,the second one can- 
not be excluded. It is recalled that because of the high stabi- 
lity of complex I,complexes II and III are only minor species 

and complex III derives from complex II only. 
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