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ABSTRACT: An attempt was made to calculate the energetical stability of the double-stranded helix ofpoly(ethylenimine) 
oligomers, a model compound for polymer double-stranded helix, by using the ab initio molecular orbital method. Calculated 
total energy of double-stranded helix for pentamer is stabilized, 11E = - 1.83 kcal mol- 1 of monomer unit, with N-H · · · N 
hydrogen bonding between the twisted two pentamer chains in the double-strand, in comparison with twice of the isolated 
single helix. Moreover, it was found that the calculated helix radii for pentamer are about 4----10% larger than those of polymer 
helix determined by X-ray analysis. Tight double-stranded helix structure of polymer may originate from the long range 
intermolecular-interactions along helix direction. 
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X-Ray structural analysis of poly(ethylenimine) (PEl) 
--(NHCH2CH2)n- reveals that the polymer chains exist 
as double-stranded helices. 1 The NH groups of PEl can 
behave as both proton donors and proton acceptors for 
hydrogen bonding. Therefore, the formation of PEl 
double-stranded helix is considered to be stabilized with 
N-H · · · N hydrogen bonding between the two polymer 
chains in the double-strand, as same as in DNA double­
stranded helices. However, there are no studies on the 
energy calculation of the PEl double-stranded helix 
structure determined by X-ray analysis. We are aiming 
to evaluate the stabilizing mechanism of double-stranded 
helix of PEl in terms of the ab initio molecular orbital 
(MO) calculations. At the first stage of our purpose, in 
this study, ab initio MO calculations were made to 
evaluate the energetical stability of the double-stranded 
helix of PEl oligomers, a model compound for polymer 
double-stranded helix. 2 

METHODS 

Ab initio molecular orbital calculations were carried 
out with using the version of the Hondo-8 system of 
programs. Both ST0-3G and 4-31G basis sets were 
adopted, and ab initio SCF-MO method was used as the 
calculation procedure. 

Two kinds of double-stranded helix models for PEl 
dimers (CH 3NHCH2CH2NHCH 3 : 18 atoms) and pen­
tamers (CH3(NHCH2CH2) 4 NHCH3 : 42 atoms) were 
constructed as model compounds for polymer, using the 
structural parameters determined by X-ray analysis as 
shown in Figure 1. Adopting these double-stranded helix 
models as the initial structure, geometry optimizations 
of the structure, i.e., energy minimization of total energy 
E, were performed with STO basis set only for saving 
the computational time. The convergence threshold on 
the maximum gradient component was assumed to the 
default value 0.0005 in the program. Since the double­
stranded helix of PEl has the two-fold rotation axis 
coinciding to the helix axis, i.e., C2-symmetry, each 
single helix chain constituting the double-stranded helix 
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has the same geometry (denoted to A). For the optimized 
structure of double-stranded helix model, total energies 
E(A · · ·A) were calculated with ST0-3G and also 4-31 G 
basis set with higher accuracy. On the other hand, total 
energy E(A) of the single helix model was calculated 
using one half of the optimized structure. The interac­
tion energy flE (=stabilizing energy) between the two 
molecular chains in the double-stranded helix, in other 
words, the complex formation energy can be calculated 
as follows, 3 

flE= [E(A · · ·A)- 2E(A)]/2 (1) 

IBM computer work station was used for the calcu­
lation. 

RESULTS AND DISCUSSION 

Double-Stranded Helix of PEl Dimer Model 
Optimization for the geometry of the double-stranded 

helix of PEl dimer model was made under the condition 
of keeping the C2 -symmetry during the optimization 
process. Total energy E was converged after 123 cycles. 
Table I lists the total energies E(A · · ·A), E(A), and 
stabilizing energy E. For the double-stranded helix of 
PEl dimers, the stabilizing energy was calculated to be 
flE = - 1.45 kcal mol- 1 of single helix in terms of the 
4-31G basis set with higher accuracy. This single helix 
of PEl dimer has two N-H groups composed of N­
H · · · N hydrogen bond and free N-H bond types (see 

Table I. Optimized total energy (E), stabilizing enegy (/1£), 
and hydrogen-bond energy (/1EH) of double-stranded 

helix of PEl dimer model compound 

Basis set 

ST0-3G 
4-31G 

E(A· ··A) E(A) 

au au 

-528.1676 -264.0827 
-533.8385 -266.9169 

11E" 

kcal mol- 1 kcal mol -I 

-0.68 -0.68 
-1.45 -1.45 

• 11E= [E(A · · · A)-2E(A)]I2. b 11EH=I1EinH, where nH is the number 
of hydrogen bonds. 



Ab Initio MO Calculation of PEl Oligomers 

(a) (b) (c) 

Figure I. Dobuble-stranded helical structure models for (a) dimer, (b) pentamer, and (c) polymer of PEl. 

Figure 1 ). Therefore, the stabilizing energy !).EH = - 1.45 
kcal mol- 1 , divided by the number hydrogen bond, is 
corresponding to the N-H · · · N hydrogen bond energy. 
This value is in good agreement with the standard value 

- 1.92 kcal mol- 1 for N-H · · · N hydrogen bond. 4 

Dimer model compound is too small to form the helix. 
Therefore, the calculation was made using PET pentamer 
model compound shown in Figure 1. 

Double-Stranded Helix of PEl Pentamer Model 
Optimization was carried out in the same manner for 

dimer model, but was stopped when the maximum 
gradient component had reached to 0.002 after 33 cy­
cles, because of restriction of computational time. The 
change of total energy E(A · · ·A) at the final optimiza­
tion process was smaller than 0.00001 au. Total en­
ergies E(A · · ·A), E(A), and stabilizing energies /).£and 
!).EH are listed in Table II. In case of pentamer mod­
el, !).EH= -2.71 kcalmol- 1 , corresponding to hydrogen 
bonding energy, is considerably large, in comparison with 
the standard values - 1.92 kcal mol- 1 for N-H · · · N 
hydrogen bond. 4 For the reasons, it is considered that 
the long range interaction energies along the helix axis 
between the intertwined two chains may contribute to 
this stabilizing energy of pentamaer model. 5 On the other 

Polym. J., Vol. 28, No.4, 1996 

Table II. Optimized total energy (E), stabilizing enegy (11E), 
and hydrogen-bond energy (11EH) of double-stranded 

helix of PEl pentamer model compound 

E(A ···A) E(A) 11E" 
Basis set 

au au kcal mol- 1 kcal mol- 1 

ST0-3G -1316.9545 -658.4673 -6.24 -1.56 
4-31G -1331.0809 -665.5232 -10.82 -2.71 

• 11E= [E(A ···A)- 2E(A)]/2. b !lEH =llE/nH, where nH is the number 
of hydrogen bonds. 

hand, this interaction energies must be small in short 
helix of PET dimers. 

With respect to the long range interaction effect of 
polymer chains, ab initio MO calculation of PEl 
pentamer helix gives an interesting inspection on the 
molecular structure of double-stranded helix of PEL 
Table III lists the helix parameters, which were obtained 
by averaging the structure parameters ofMO calculation 
on the pentamer model, in comparison with the observed 
parameters on the polymer double-stranded helix ob­
tained by X-ray analysis. Helix radii, r(CH2) = 2. 777 A 
and r(NH) = 1. 705 A, of main chain carbon and nitrogen 
atoms of pentamer model are about 4--10% larger than 
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Table III. Helix parameters of PEl doubel-stranded 
helix for pentamer and polymer 

Helix radius/A 
r(CH 2) 

r(NH) 

Helical pitch 
of monomer/A 

Pentamer helix 
MO calcd" 

2.777 
1.705 

1.977 

Polymer helix 
X-ray obsdb 

2.670 
1.550 

1.916 

-----------------· ---- ···---

• Averaged values calculated for pentamer model compound. h From 
ref l. 

those of polymer helix determined by X-ray analysis. 
Considering the accuracy of ab initio MO calculations,6 

the double stranded helix of PEl polymer is slender than 
these of PEl pentamer model compound. This result 
gives an evidence that the long range intermolecular­
interactions along the helix axis direction make more 
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close contact between the intertwisted two chains in the 
double-stranded helix. 
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