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Dependence of the degree of association of water-soluble amino acid and 
peptide derivatives of fullerene[60] on pH and the ionic strength of 

a solution 
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The dependences of the degree of association of water-soluble amino acid and peptide 
derivatives of fullerenel60] on pH and the ionic strength of a solution were studied by the 
diffusion method. The degree of association of alanine, serine, arginine, and alanylalanine 
derivatives of fullerene increases both in acidic and in alkaline media compared to the  initial 
aqueous solution. Using arginine and atanylalanine derivatives of fullerene as an example, it 
was demonstrated that the degree of association also increases as the ionic strength of a 
solution increases. 

Key words: fullerene, amino acid. peptide, solubility in water, diffusion, associates. 

Previously,  we have  d e m o n s t r a t e d  that  water -soluble  
a m i n o  acid and  pep t ide  der ivat ives  of  ful lerene[60] of  
the  genera l  fo rmula  H C r 0 N H X C O O H ,  which  were syn-  
thes ized  by d i rec t  a d d i t i o n  o f  a m i n o  acid or pept ide to 
ful lerene,  t c a n  o c c u r  in d i lu te  aqueous  solut ions (C  = 
0 .05+0 .15  g dL  - I )  b o t h  as associates  and as isolated 
molecules ,  l - z  T h e  degree  of  associa t ion  of  the mol -  
ecules d e p e n d s  on  the  na tu re  of  an  amino  acid or  
pept ide f ragments ,  i.e., on  the h y d r o p h i l i c - h y d r o p h o b i c  
ba lance  of  the molecu le .  T h e  c o n c e n t r a t i o n  of  the c o m -  
p o u n d  in a so lu t ion  also affects the degree of associa-  
t ion.  Genera l ly ,  the degree  of  associa t ion  decreases as 
the c o n c e n t r a t i o n  decreases ,  but  in some cases, it re- 
mains  u n c h a n g e d .  

As part  o f  c o n t i n u i n g  s tudies ,  in this  work we s tudied 
the  d e p e n d e n c e  of  the  degree  of  associa t ion  on  the 
c o n c e n t r a t i o n  of  the  c o m p o u n d  in an aqueous  so lu t ion  
for ful lerene der iva t ives  of  t~t.-serine (1) and L-arginine 
(2). The  a m i n o  acid f r a g m e n t s  of  these  ful lerene der iva-  
tives, unl ike those  s tud ied  previously,  2 con ta in ,  in addi -  
t ion to a ca rboxy  g roup ,  one  more  func t iona l  group. The  
molecu la r  cha rac t e r i s t i c s  of  so lu t ions  of  these c o m -  
pounds  were s tud ied  us ing the  p rocedure  for measure -  
men t s  o f  d i f fus ion coef f ic ien ts  (D) repor ted in Ref. 3. 

Experimental 

N-(Monohydrofullerenyl)-nL-serine (11, N-(monohydro- 
fullerenyl)-t-arginine (2), N-~monohydrofullerenyl)-DL-alanyl- 
Dk-alanine (3), and N-fmonohydrofullerenyl)-L-alanine (4) were 
synthesized according to a procedure reported previously.* 

"The synthesis will be described in detail in the Chemical 
Europe Journal. 

Experiments were carried out on  an MOM-3180 anal~ical  
ultracentrifuge (Hungary) with Philpot-Swensson optics. The 
rotor temperature was 25+_0.1 ~ Water was used as the 
solvent. The concentrations were varied within the range of 
0.075--0.15 gdL - t  (higher concentrations afford dark nontrans- 
parent solutions, whereas lower concentrat ions cannot be stud- 
ied because of the small increment of the refraction index). 
The diffusion coefficients were measured in a boundary-form- 
ing cell by layering the solvent on to  a solution of a finite 
concentration. Pictures of the boundary between the pure 
solvent and the solution were taken at certain intervals, and its 
broadening was thus monitored. The rate of rotation of the 
rotor (4000 rpm) was chosen so that  sedimentation of particles 
did not occur during the experiment, and the boundary broad- 
ened only due to diffusion. It is known that measurements of 
diffusion coefficients in sotutions make it possible to calculate 
the coeltqcients of forward friction of molecules and their 
average hydrodynamic radius, the so-called Stokes radius. 
Studies by electron and tunneling microscopy demonstrated 4.s 
that associates of amino acid and peptide derivatives of fullercne 
occur in aqueous solutions as ellipsoid particles containing an 
insignificant amount of the solvent. If the particles of the 
compounds under study occur in solutions as spheres or 
approximately spherical particles, one can easily get from the 
Stokes radius to the volume of particles and their molecular 
weights. 6 In addition, knowledge of  the diffusion coefficients 
makes it possible to make conclusions about the stability of the 
molecule in solution and its possible changes. 

The partial specific volume of particles in the solution (~,:) 
was determined picnometrically. This characteristic proved to 
be the same for the samples under study (~ = 0.752 cm g- lh  
The density of water (P0 = 0.997 g cm -3} and its viscosity at 
25 ~ (rt0 = 0.8937 cP) are the tabular values. The coefficients 
of forward friction f, molecular weights M of particles (we 
called them associates), the number  of individual molecules 
with the molecular weight M 0 in an associate n = M/Mo, the 
volumes of associates Eas s = Vsp h and of individual molecules 
V o = Va~/n, and their diameters da.~ = dsv~, and d o = (6 Vo/rt) I/3 
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Table !. Molecular characteristics and sizes of associates of water-soluble fullerene derivatives of amino acids in 
aqueous solutions in relation to the concentration 

Com- M 0 C D, 10 7 f-10 ~ M n VaJA -~ Vo/A 3 d~JA do/A 
pound /g dL -I /cm 2 s -I /g s -I /Da 

1 825 0.150 10.0 4.11 48700 59.1 60850 1030 48.8 12.52 
0.125 10.3 3.99 44600 54.0 55700 1030 47.4 12.53 
0.075 10.2 4.03 45920 55.7 57330 1029 47.8 12.52 

2 894 0.150 12.5 3.29 24950 27.9 31140 1116 39.0 12.87 
0.125 13.7 3.00 18950 21.2 23660 [116 35.6 12.87 
0.075 14.2 2.89 17000 19.0 21250 l l l g  34.4 12.87 

were calculated according to equations reported in Ref. 2 
using the experimentalkv measured diff'usion coe(ficient O c and 
partial specific volumes ~7 (Table l). 

Results  and Discussion 

,,ks can be seen from Table I, the behavior of com- 
pounds i aqd 2 ill the concentration range under study 
is different. The degree of association of compound I (in 
the concentration range studied) is virtually independent 
of the concentration, and associates consist of about 60 
molecules, whereas the degree of association of com- 
pound 2 is approximately halved upon dilution of the 
solvent by a factor of one and a half. It is noteworthy 
that the degree of association of compound 2 is from 
two to three times lower than that of compound I. 
These results agree well with the data on the solubility of 
compounds 1 and 2 in water (1.6 mg mL -1 and 
20 mg mk -I ,  respectively). For poorly soluble com- 
pound !. the concentration range under study is close to 
the limiting solubility, which is responsible for the high 
degree of association and its independence from the 
concentration. For compound 2 whose solubility is an 
order of magnitude higher, these concentrations are not 
high, and therefore, the initial degree of association is 
lower and depends on the concentration. 

Note that the diameters of the individual molecules 
calculated from our experimental data agree well both 
with the diameters of the molecules of amino acid and 
peptide derivatives of fifllerene determined previously z 
and with the calculated values. 

A knowledge of the dependence of the degree of 
association of amino acid and peptide derivatives on pH 
of the solutio,1 is of great importance in further physico- 
chemical studies and, particularly, in studies of the 
biological activity of amino acid and peptide derivatives 
of fullerene. We studied the dependence of the degree of 
association of compounds I and 7. and fullerene deriva- 
tives of DL-a!anvl-nL-alanine (3) and t.-alanine (4) at 
the concentration of 0.15 g d L  -I on pH of solutions by 
the diffusion method. As can be seen from Table 2 and 
Fig. I, when a solution is acidified to pH 3--4, the 
degree of association increases by approximately an 
order os An increase in pH of the solution to 
approximately 5 decreases the degree of association of 

all compounds under study. For compounds 2--4,  the 
lowest degree of association is observed at pH 5, whereas 
for compound 1, the lowest degree of association is 
observed at pH -8. Further increase in pH causes an 
increase in the degree of association, particularly in the 
case of derivative 1. In the latter case, this change is 
comparable with the increase in the degree of associa- 
tion upon acidification. 

The observed dependence of  the degree of associa- 
tion on pH of the solution can be explained as follows. 
Previously, studies by electron and tunneling micros- 
copy 4,5 demonstrated that in the concentration range 
under study, amino acid and  peptide derivatives of 
fldlerene are self-organized to form ellipsoid associates 
containing insignificant a moun t s  of water. The presence 
of a hydrophobic (fullerene) fragment, which is virtually 
insoluble in water, in the molecules  makes it possible to 
suggest the mechanism of dissolution of surfactants for 
these compounds. The hydrophobic residues of the mol- 
ecules are self-organized so that they are located inside 
associates. The hydrophilic portion of the molecule is 
located in water. The higher the solubility of the amino 
acid or peptide residue, the higher  is the solubility of the 
fullerene derivative. However, the basicity of the amino 
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Fig. !. Curves of the dependences of the degree of associa- 
tion n on pH of solutions o f  the fullerene derivatives of 
DL-serine (1): L-arginine (2); t-Je-alanyI-DL-alanine (3); and 
L-alanine (4). 
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Table 2. Molecular characteristics and sizes of associates of water-soluble fullerene derivatives of amino acids in 
relation IO pH of the solution (C = 0.15 g dL-‘f 

Com- 4, PH 0.10’ f-IO* M n V v, 4s do qe*lO’J F 
pound /cm2 s-l /g S-I /Da ,;;“: /A’ /A /A IT3 /cm3 s-l 

1 825 3.75 7.1 5.79 137200 166.5 171000 1021 68.7 12.50 8.938 0.746 
3.90 10.0 4.11 48700 59. I 60850 1030 48.5 12.53 8.937 0.752 
8.54 28.8 1.43 2200 2.7 2724 1016 17.3 12.48 8.939 0.744 
9.68 18.5 2.22 8040 9.8 9634 988 26.4 12.36 8.941 0.722 

10.64 15.i 2.72 15100 18.4 17580 9.58 32.3 12.22 8.945 0.700 
I I .04 8.1 5.07 98800 120.0 f f4000 950 60.2 12.20 8.950 0.695 

2 894 3.36 2.0 20.25 5870000 6564.6 7269000 1107 240.3 12.80 8.938 0.746 
4.70 f2.5 3.29 24950 27.9 31140 1160 39.0 12.87 8.937 0.752 
6.80 10.6 3.90 52000 46.9 51940 1107 46.3 12.84 8.939 0.746 

IO.80 9.8 4.18 55200 61.7 63670 1032 49.S 12.54 8.952 0.695 

3 580 3.27 6.6 6.20 169000 192.0 207700 1082 73.5 12.74 5.938 0.740 
4.32 14.5 2.83 15980 18.2 19950 1098 33.6 12.80 8 937 0.752 
5.55 Il.5 3.57 32350 36.8 39970 1087 42.4 12.76 8.939 0.744 
8.25 8.5 4.84 82500 93.8 98920 1055 57.4 12.63 8.941 0.722 

10.3 1 7.7 5.31 112600 128.0 130800 1022 65.0 12.50 8.945 0.700 
4 805 3.74 3.1 13.10 1.586500 1961.0 1963000 IO02 155.4 12.42 8.938 0.744 

3.95 7.8 5.27 102700 127.0 128200 1009 62.5 12.44 8.937 0.752 
4.58 7.9 5.19 98800 122.4 122400 1003 61.4 12.20 8.941 0.746 
5.70 7.3 5.66 137000 169.3 159200 940 67.3 12.15 8.945 0.700 
8.54 7.0 5.85 I50700 186.2 175100 940 69.4 12.15 8.950 0.695 

10.9 7.0 5.87 152930 189.0 176470 933 69.6 12.13 8.950 0.695 

group of fuilerene derivatives of amino acids and pep- 
tides is substantially lowered due to the strong e!ectron- 
withdrawing effect of fullerene, which is called an “elec- 
tron sponge.” Therefore. unlike initial acids, which are 
inner salts, their fullerene derivatives are true acids and 
form zwitterions, if at all, only in the case where the 
molecule contains nitrogen atoms, which are not bonded 
to fulierene. The degree of dissociation of the carboxy 
group depends on the nature of the amino acid or 
peptide residue. In some cases, zwitterions can be formed 
in the side chain,’ These zwitterions are more soluble in 
water than the neutrat molecule. Of all the compounds 
under study, derivative 2, which can form zwitterions 
because of the presence of the guanidine group in the 
molecule, exhibits the highest solubility.’ Addition of an 
acid to the solution substantially decreases the degree of 
dissociation of the carboxy group due to the shift of the 
equilibrium to neutral molecules. A decrease in the 
hydrophilicity of the molecule at the same concentra- 
tion leads to an increase in the number of molecules in 
an associate, which makes it possible to increase the 
hydrophilic portion of the associate. When the solution 
is strongly acidified, the degree of association increases 
almost in all cases, yielding a precipitate, which can be 
solubilized by alkalization. 

Addition of a small amount of an alkali (in an 
approximately equimolar ratio) to a solution of ftillerene 
derivative of amino acid or peptide affords a salt, which 
dissociates-more readily than the acid, which in turn 
causes an increase in the solubitity of compounds and a 

decrease in the degree of association. (The value of pH 
at which the degree of association is the lowest depends 
on the nature of the amino acid or peptide fragment of 
the molecule). Further increase in pi-l causes an in- 
crease in the degree of association of fullerene deriva- 
tives, which apparently is associated with a decrease in 
the degree of association of the salt. 

At lower concentrations (0.075 g dL-I), the same 
tendency for a change in the dependence of the degree 
of association of the molecules on pH is observed. 
However, at high pH, this dependence is less pronounced 
(Table 3). At low concentrations, dissociation of the 
molecules is the prevailing process. Therefore in alkaline 
dilute solutions, a change in the degree of association is 
insignificant and depends only slightly on pH. 

The ionic strength of the solution also substantially 
affects the degree of association of compounds 2 and 3. 
It is seen from Table 4 that for compound 3, even a 
slight increase in the ionic strength leads to an increase 
in the degree of association. For compound 2, this 
dependence is more complicated. If an amount of KC1 
added in a molar ratio is comparable with the concen- 
tration of the fullerene derivative, the degree of associa- 
tion of compound 2 first decreases and then increases as 
the ionic strength of the solution increases. This differ- 
ence in the behavior of compounds 2 and 3 is, appar- 
ently, determined by the fact that compound 2 virtually 
occurs as zwitterions. Therefore, a slight increase in the 
ionic strength of the solution favors an increase in its 
solubility, which in turn leads to a decrease in the 
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Table 3. Molecular characteristics and sizes of associates of water-soluble fullerene derivatives of amino acids in 
relation to p H  of the solution (C = 0.075 g dL -I)  

Com- pH D" [07 f ,  108 ,t,4 rl Va, ~ I,~l dos s do 
pound /cm 2 S -I /g S -I /Do /.i,3 /~k3 /,~ /A 

1 3.57 9.5 
3.86 10.2 
9.05 27.7 

10.37 17.2 

3.27 6.8 
4.50 14.0 
7.49 12.6 
9.80 12.6 

4.43 39  
5.82 7 66 
7.77 I 1.44 

4.33 61500 74.6 70951 951 51.4 12.2 
4.03 45920 55.7 57330 t029 47.8 12_5 
1.48 2480 3.0 2863 954 17.6 12.2 
2.39 10360 12.6 11950 948 28.4 12.2 

6.04 161100 183.0 193500 1057 71.8 12.6 
2.94 17700 t9.4 22266 1147 34.9 13.0 
3.26 25400 28.8 30411 1056 38.7 12.6 
3.26 25400 28.8 30411 1056 38.7 12.6 

0.54 855600 1057.6 1025700 970 t25.1 12.3 
5.36 116500 144.0 135400 940 63.7 12.1 
3.59 33900 41.9 40640 970 42.6 12.6 

Table 4. Molecular characteristics and sizes of associates of water-soluble fullerene derivatives of amino acids in 
relation to the ionic strength of the solution (C = 0.15 g dL -I) 

Cam- I-102 D-107 f" 108 M n Vas s V 0 da~ ~ d o 

pound /cm 2 s -I /g s -I /Do //k3 /,~3 /,~ /3, 

3 0.[7 14.7 2.80 12900 14.6 19130 1310 33.2 13.6 
0.34 10.6 3.88 34400 39.1 51040 1305 46.0 13,6 
0.51 9.7 4.24 44900 51.0 66600 1306 50.3 13.6 

2 0.17 9.9 4.37 49300 55.2 73180 1326 51.9 t3.6 
0.34 I2.9 3.60 27600 30.9 41030 1328 42.8 13.6 
0.51 14.8 2.78 12600 14.1 [8750 1330 33.0 13.6 
5.00 6.90 6.00 163200 185.2 188300 1032 71.1 t2.4 

10.00 6.0 6.85 243800 272.7 281400 1032 81.3 12.5 

degree of  associa t ion .  However ,  a sharp increase in the 
ionic s t reng th  of  tile so lu t ion  and,  cor respondingly ,  an 
increase in the  anaoun t  of  c o u n t e r - i o n s  causes a de-  
crease in the  so lubi l i ty  of  c o m p o u n d  2 and  leads to an 
increase  in the  degree  of  associa t ion of  the c o m p o u n d  
dissolved. C o m p o u n d  3 exhibi ts  a lower solubil i ty t han  
c o m p o u n d  2 and occurs  as zwi t ter ions  to a lesser extent .  
The re lb re ,  even a s l ight  increase  in the  ionic s t rength of  
the  so lu t ion  causes  an increase  in the  degree of associa-  
t ion.  

The re lb re ,  the degree  of  associa t ion of  ful lerene 
derivat ives of  a m i n o  acids and  pept ides essential ly de-  
pends  bo th  on the  ionic  s t rength  of  the solut ion and on 
its pH. 
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