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ABSTRACT: Electrostatic energies have been calculated for regular conformations of isotactic vinyl polymers 
having charged side chains of equal length. For isotactic chains of acrylic acid, the conformation of minimum 
electrostatic energy for a long sequence of units is an extended helix having approximately n = 5 units per turn 
and an axial translation distance d of approximately 2.5 A per unit. Similar results are obtained for ionized 
isotactic chains having side chains of greater length. Since the conformations of minimum steric energy of these 
chain molecules are helical sequences having n % 3 and d E 2.1 A, the predicted conformation of these charged 
chains should be approximately intermediate to these two cases, with the effective dielectric constant of the medium 
being of crucial importance. 

ircular dichroism spectra of charged poly-L-glutamic C acid indicate that this polypeptide chain assumes a 
left-handed, extended-helix conformation in the ionized 
state. An investigation2 of the minimum energy con- 
formations of ionized polypeptide chains, with respect 
to  electrostatic as well as steric energy, substantiates 
this conclusion. This theoretical study shows that ion- 
ized poly-L-glutamic acid should consist of relatively 
short, extended, left-handed helical sequences having 
between n = 2.6 and 2.8 residues per turn (depending 
o n  the number of peptide units in the sequence) and an 
axial translation distance d between 3.4 and 3.1 A per 
residue. 

It is the purpose of the present study to  determine the 
conformations of minimum electrostatic energy for 
perfectly isotactic vinyl chains bearing charges on  the 
side chains. Such information, in conjunction with 
qualitative information on  steric energies, should per- 
mit prediction of the preferred conformations of these 
chain molecules. 

Theory 

Chain Geometry. A schematic representation of a 
portion of a n  ionized, d-isotactic vinyl polymer having 
(CHz).COO- side chains is shown in Figure la .  The 
electrostatic energy depends on the rotation angles 4 
and +, and on the conformation adopted by the side 
chain, which is shown in detail in Figure l b  for the 
case x = 2 and the side chain all-trans. As explained 
previously,2 minimization of energy requires that the 
chain be helical and that all C-C bonds beyond Ca-C@ 
in the side chain remain trans. If the Cm-Cp is as- 
sumed to  be in trans and gauche (A) states with equal 
frequency, then the charge, which we have associated 
with the C atom of the COO- group, will be effectively 
located a t  point P. Thus polymers having side chains 
containing x = 0, 1, 2, 3, 4, and 6 CH, groups will 
have charges located 1.53, 2.11, 3.64, 4.21, 5.74, and 
7.85 A, respectively, from the Ca atom along the ex- 
tension of the Ca--C@ bond. (The charges were located 
at  this average position in order t o  make the calcula- 

(1) M.  L. Tiffany and S. Krimm, Biopolymers, 6 ,  1383 1,1968). 
(2) S. Krimm and J. E. Mark, Proc. Nut. Acud. Sci. U. S. ,  60,  

1122 (1968). 

tions tractable. In actuality, the requirement of mini- 
mum electrostatic energy would require that each 
Ca-Cp bond assume the same rotational angle, the 
value of which would depend on the conformation of 
the chain backbone. This approximation is not in- 
volved for the case x = 0 and should have little effect 
in general for the relevant case of long sequence length, 
since the helix parameters are not very sensitive to  small 
charges in the location of the charges.*) 

\ a  
‘\ ‘2f \ 

H a  IC; 
*r 
coo- 

Figure 1. Structural features of the chain molecules: (a) 
section of a d vinyl chain bearing (CH2),COO- side chains; 
(b) detailed specification of the bonds in the side chain and 
location of the charge. 

In the present calculations, carbon-carbon bond 
lengths of 1.53 A were emp1oyed;a bond angles along 
the chain backbone were taken to be 112”,4 and those 
along the side chain, 109.5”.3 

Calculation of the Electrostatic Energy. The total 
electrostatic energy E of a sequence of N side chain 

(3) H. J. M.  Bowen and L. E. Sutton, “Tables of Interatomic 
Distances and Configurations in Molecules and Ions,” The 
Chemical Society, London, 1958; “Interatomic Distances Sup- 
plement,” The Chemical Society, London, 1965. 

(4) P. J. Flory, J. E. Mark, and A. Abe, J .  Amer. Chem. SOC., 
88, 639 (1966). 
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TABLE 1 
CONFORMATIONS OF MINIMUM ELECTROSTATIC ENERGY FOR ISOTACTIC VINYL CHAINS W I T H  CHARGED SIDE CHA[NS~ 

N 0 1 
.% 

2 3 4 6 

2 120, -120" 85, -155 65, -175 65, -175 60, -180 55, -185 
3 .27  2.73 1 .87  1.66 1.28 0 .97  

6 .24  5.27 3 .74  3.37 2 .67  2.07 

9 .15  7 .85  5.69 5.16 4.12 3.22 

14.14 12.60 9 .61  8 .82  7 .22  5.77 

17.59 15.91 12.73 11.87 10.05 8 .31  
16 70, 35 70. 35 65, 40 60, 40 55, 40 50, 40 

26.17 24,24 20.37 19.27 16.89 14.52 
32 65, 40 65, 40 55, 45 55, 40 50, 40 45, 40 

35.12 33.03 28.76 27.51 24.78 21.99 
64 55, 40 

44.26 

3 95, -95 95, -95 loo, -100 100, -105 95, -110 80, -120 

4 70, -70 70, -75 75, -80 75, -80 80, -80 80, -80 

6 85, -10 80, -15 45, -55 50, -50 50, -50 50, -55 

8 85, 10 85, 10 80, 5 80, 5 75, 5 35, -40 

([ N is the number of units in the helix and x is the number of CH, groups in the side chain. The first part (a, h)  of 
each entry represents a p i r  of minima of identical coulombic energy at 4 = 0, 1c. = h and @ = -b, + = - a ;  the second, the 
coulombic energy at the minima, in kilocalories per mole of charges. 
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Figure 2. The coulombic energy as a function of bond 
rotation angles for a vinyl chain of N = 32 units each 
having a side chain with x = 0 CH2 groups between the 
Cm atom and the charged carboxyl group. Energy contours 
are in kilocalories per mole of charges and energy minima 
are marked by X. 

charges of magnitude IQ! in a medium of dielectric 
constant E was taken to  be the sum of terms 

E,j = Q'/€Rij (1 )  

for each pair of charges separated by the distance Ri;. 
The magnitude of Q was taken to  be the electronic 

charge. The dielectric constant E ,  which is associated 
with the medium intervening between the charges 
(primarily the chain itself), was arbitrarily set equal to 
10. Intercharge distances R,, were calculated in the 
usual manner 5 by means of orthogonal transformation 
matrices. Since the conformation of minimum elec- 
trostatic energy of a long sequence of charges must be 
helica1,Z all pairs of skeletal bonds must adopt the same 
values of C#J and $. (For reasons given previously,2 this 
restriction should also be a reasonable approximation 
for a short helical sequence bounded by disruptions, 
i.e., changes in the axial direction of the helix.) 

In this manner, electrostatic energies were calculated 
at  intervals of 20" in I$ and $. Regions near minima 

( 5 )  D. A. Brant and P. J.  Flory, J .  Amer .  Chrni. Soc., S7, 2791 
(1965). 

0 40 80 I20 160 200 240 280 320 3% 

' B O h . 0  \\ 

4ic ' -c i  

Figure 3. Locations of coulombic energy minima as a 
function of N for x = 0 ;  values of N for each point are 
given in parentheses. Contours represent values of the 
helix parameter 1 2 ,  the number of units per turn. 

in the energy were reexamined a t  5 "  intervals, thus 
locating these minima to  within a few degrees. 

Results 
A typical plot of electrostatic energy vs.  + and $, 

that for the case x = 0 [poly(acrylic acid)] and N = 32, 
is shown in Figure 2.  Energy contours, located by 
linear interpolation, are given in kilocalories per mole 
of charges. Similar plots were used to locate energy 
minima for other values of x and N ;  the positions of 
these minima and the corresponding energies are given 
in Table I. Results for x = 0 are shown as a function 
of N in Figures 3 and 4. As is the case for steric 
energies486 such plots have a symmetry axis defined by 
ic, = -4, and thus a minimum at C#J = a, $ = b is 
associated with another minimum of identical energy 
at C#J = -6, XI, = -a. 

The regular structures which result when each 
Cm-C-Cm bond pair adopts that set of values of I$ 
and $ giving minimum electrostatic energy can be 

16)  P. De Santis, E. Giglio, A. M. Liquori, and A. Ripamonti, 
J .  Polym. Sci., Purr A ,  1, 1383 (1963). 
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large amount of energy? and thus must occur very in- 
frequently a t  temperatures a t  which the molecules are 
chemically stable. (This is in contrast6 to the case of 
most polypeptides, for which large regions of the con- 
formational energy map are associated with relatively 
low energies.) Thus the regions of primary interest in 
Figures 3 and 4 are the locations ( 5 5 ,  40 and -40, 
-55") corresponding to conformations of minimum 
coulombic energy in the limit of long helical sequences. 
As shown in these figures, this pair of conformations 
corresponds to  right-handed and left-handed helices of 
otherwise identical symmetry. Furthermore, as is 
obvious from Table I, the locations of coulombic 
energy minima are not very sensitive to  x for large 
values of the sequence length N a n d  thus the following 
analysis should hold for chains having ionized side 
chains of any uniform length. In addition, in all 
cases the most appropriate value of the electrostatic 
energy per unit is that corresponding to  the longest 
helical sequences.' 

In the determination of the low energy conformations 
of these long helical sequences, a compromise must be 
struck between the conformation of lowest coulombic 
energy and that of lowest steric energy. For  a perfectly 
isotactic d chain, the regions of minimum steric energy 
lie in the vicinity of 120, 0" and 0, -120", giving rise 
to  helices with symmetry parameters n G 3.0 and 
d & 1 2 . 1  A, where negative values of d refer to  left- 
handed helices. (Eecause of the short-range character 
of the steric interactions: the locations of these minima 
are not dependent on the length of the helical sequence.) 
In the hypothetical case in which coulombic energies 
greatly predominate over steric energies, the low energy 
conformation would be extended helical sequences 
having approximately 5 units per turn and a signifi- 
cantly larger axial repeat distance of approximately 
&2.5 A. In the more realistic case where steric energies 
cannot be ignored, the relative magnitudes of the steric 
and coulombic energies would determine the values of 
n and d. Thus the effective dielectric constant of the 
intervening medium would assume crucial importance.13 

Similar arguments apply, of course, to  perfectly 
isotactic I chains. Locations of steric or coulombic 
energy minima for these chains may be obtained from 
the transformations + ( I )  = $(d) and $(l)  = +(d). 

In the case of chains having high, but not perfect 
isotacticity, the helical sequence length would be rela- 
tively short because of the occurrence of disruptions 
of low steric energy which are made possible by the 
presence of the structural irregularities.* As can be 
seen in Figures 3 and 4, coulombic effects would again 
favor highly extended helical arrangements, but with 
parameters closer to  those of the 31 helix than would 
be the case for perfectly isotactic charged molecules. 
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(13) There does not seem to be, at present, a reliable means of 
de!ermining the value of this constant for a given systcm. 

Figure 4. 
contours of the residue repeat distance d. 
of d are associated with left-handed helices. 

The points given in Figure 3 with superposed 
Negative values 

characterized by the symmetry parameters n and d of 
the helix passing through alternure skeletal atoms. 
Values of n, calculated from the equation of Hughes 
and Lauer,' are incorporated in Figure 3, and values 
of d, from the equation of Miyazawa,8 in Figure 4. 

Discussion 
In order to  predict the most stable conformations of 

these ionized isotactic vinyl polymers, the sum of the 
coulombic and steric energies must be minimized. I t  
is obvious that of the steric interactions of a linear side 
chain, those involving the group p to  the Ca carbon 
atom, are of predominant importance, the length of 
the side chain being of minor effect. For  the chains 
under consideration, this group is C H 2  except for the 
case x = 0, where it is COO. Calculations of steric 
energies of interaction involving COO groups have not 
been carried out, but two pieces of experimental evi- 
dence support the assumption that CH2 and COO 
groups d o  not differ greatly in their effective size. Of 
the five isotactic acrylate polymers which have been 
studied in the crystalline state by X-ray diffraction 
analysis, all were found to  adopt the same conforma- 
tion (the Natta-Corradini 31 he1ix)g as  that of crystalline 
poly(propylene).lo The second pertinent fact involves 
highly isotactic poly(isopropy1 acrylate) which, on the 
basis of Bovey's recent reinterpretation11 of nmr spectra, 
typically contains approximately 5% of steric irregu- 
larities. For  such a polymer of isopropyl acrylate, 
the random coil dimensions were found12 to  be in good 
agreement with the value4 predicted for vinyl chains 
bearing (CH2).H side chains and having 5 5  of such 
irregularities. 

Steric energies have been calculated for perfectly iso- 
tactic vinyl polymers with (CHz).H side chains.? For  
such polymers, helical disruptions generally require a 

(7) R. E. Hughes ;and J. L. Lauer, J .  Chem. Phys., 30, 1165 
(1 959). 
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(9) G. Natta,  P. Pino, P. Corradini, F. Danusso, E. Mantica, 

G. Mazzanti, and G. Moraglio, J .  Amer. Chem. Soc., 27, 1708 
(1955); G. Natta, J .  Polym. Sei., 16, 143 (1955); G. Natta and 
P. Corradini, Mukrowd.  Chem., 16, 77 (1955). 

(10) R .  L. Miller i n  "Polymer Handbook," J. Brandrup and 
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1966. 

(1 I )  F. Heatley and F. A. Bovey, Macromdecdes, 1.303 (19681. 
(12) J. E. Mark, R .  A. Wessling, and R. E. Hughes, J .  Phys. 

Chem., 70, 1895 (1966). 


