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Abstract: In order to understand the relationship between the UV -vis spectrum and helical 
conformation of polyisocyanide, the geometry optimization, orbital energy and UV -vis spectral 
simulation of butane-2,3-dione and butane-2,3-diimine as the model compound of 
polyisocyanide are investigated by semi-empirical AM 1 method and ab initio at HF/6-31 G* 
level. Dihedral angle of N=C-C=N (t/J) is adopted as the parameter to describe a series of the 
helical conformation of polyisocyanide. While the energy level of HOMO, n orbital, is almost 
independent of the dihedral angle t/J, that of LUMO, n* orbital, becomes unstable with the angle 
approaching to 90 ° from either 0 o or 180 °. Because the LUMO has bonding character over two 
inner carbons at 2- and 3-position which should be sensitive to the angle t/J, in comparison with 
the HOMO delocalizing on 0 or N atoms. As the result, the HOMO to LUMO transition, i.e. 
n-n* transition, is red-shifted with the angle deviating from 90 °. The red-shift of the absorption 
edges is known in vicinal diketone compounds with dihedral angles of O=C-C=O deviating from 
90 °. Poly isocyanide bearing bulky side chains are known to take 4 1 helix with about 65 o of 
dihedral angle in the most stable conformation. The red-shift of the absorption edge observed by 
thermal treatment of L-phenylalanine-derived polyisocyanide indicates some contribution of 
conformational change with decreasing dihedral angle. 
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I. INTRODUCTION 
Synthetic helical polymers, composed of 

ordered coiled main chains as the secondary 
conformation, have been studied so far in view of 
biologically important structure and function with 
its large chirality. Remarkable progress has been 
made on recent studies of the 
screw-sense-polymerization, 1 chiral molecular 
recognition and so on. In recent years, 
considerable attention has been drawn to studies 
on the stimuli-induced changes in helical 
conformation 3 since the helical structure play 
important roles in biological dynamic processes in 
DNA, protein, and so on. Polyisocyanide, one of 
the synthetic helical polymers, consists of 
regularly twisted sp2 carbons as the main chain. 
Overlap of the adjacent Pz orbitals along the 
twisted main chain is more or less limited. 
Therefore, the electronic structure of the tilted 
n-conjugated system should be strongly coupled 
with the helical conformation of the main chain. 
On the other hand, several approaches by 
theoretical studies, 4 NMR, 5 I ight scattering, 6 

and AFM studies7 and so forth have been done so 
far for polyisocyanide to illustrate more real 
pictures on the conformation of the he! ical main 
chain. Now, it is well accepted that the main chain 
of polyisocyanide takes helical conformation with 
4 repeated units per one turn, i.e. 4 1 helix, when 
the size of the side chain is enough bulky like 
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t-butyl group. However, it has not yet been 
understood how the changes of helical 
conformation can be induced by the external 
stimuli. In our previous work, 8 the 
polyisocyanide derived from L-phenylalanine 
shows a large negative circular dichroism around 
240-400 nm absorption to the transition of the 
main chain, indicating one-handed helical 
conformation. Fig. I shows UV and CD spectra of 
polyisocyanide derived from L-phenylalanine in 
I ,2-dichloropropane. Broad absorption bands in a 
> 300 nm region were assigned to n-n* and n-n* 
transitions of the main chain conjugated with C=N 
groups. Judging from their low E values, these 
absorption bands around over 400 nm region may 
be assigned to the n-n* transition of the 
conjugated C=N groups. 9 When the 
I ,2-dichloropropane solution was kept at 70 oc 
for 3 hours, the magnitude of the circular 
dichroism was decreased gradually down to 30 % 
of the original value. When the solution 
temperature was cooled down to room temperature, 
the decreased value of circular dichroism was 
recovered to the original value for 0.5 h. In 
UV -vis spectrum, the absorbance was increased 
over whole the UV-vis spectrum and the 
absorption edge around 750 nm was extended to a 
longer wavelength region up to 850 nm. 
Simultaneously, the UV -vis absorption spectrum 
was also reversibly changed as a function of the 



712 Theoretical Study of Conformation-dependent Spectroscopic Property of 
Helical conjugated Polyisocyanide derived from cphenylalanine 

2 

0 

-2 
Cl 

<11 
"C -4 .§.. 
et> 

-6 

-8 

-10 
300 400 500 600 700 800 

Wavelength [nm] 

0.6 

vi 
.c 0.4 
<( 

<I 0.2 

0.0 

2 hlo cfif' vi 
) 

.c ~ <( 

.& 

300 400 500 600 700 800 

Wavelength [nm) 

Figure I (a) CD, (b) UV and L\UV spectral change of 
poly1socyanide derived from L-phenylalanine in 
I ,2-dichloropropane at 70 °C. 

solution temperature. These reversible spectral 
changes suggest some conformational changes in 
the helical main chain induced by the thermal 
fluctuation of the side chain movements. However, 
it is still difficult to draw real pictures of the 
helical conformation from the decreasing 
magnitude of the circular dichroism. In this paper, 
we try to investigate the helical conformational 
changes as the result of the increasing and 
decreasing magnitude of the circular dichroism by 
the simulation of the UV -vis absorption spectra, 
so as to illustrate a picture representing how the 
helix changes. In order to understand UV -vis 
spectra of poly isocyanide, the dim er models based 
on two conjugated double bonds were introduced, 
i.e. butane-2,3-dione, and butane-2,3-diimine. The 
electronic structures of these dimers can be 
regarded as the minimal n-conjugated system with 
various dihedral angles, reflecting in the intrinsic 
electronic structures of polyisocyanides. These 
spectral considerations, although the simplest 
model was assumed, would help to understand the 
complicated spectral change of polyisocyanide. 

2. COMPUTATIONAL METHODS 
The optimized geometry was performed under 

the fixed dihedral angles of the n-conjugated 
system by both semi-empirical quantum AM 1 
method and Hartree-Fock (HF) with the 6-31 G* 
basis set. Configuration Interaction (Cl) was 

performed to obtain an electronic absorption 
spectrum by semi-empirical ZINDO/S method. 
Semi-empirical calculation was provided with the 
HyperChem molecular modeling package (version 
7.5). 10 The ab initio calculation was provided in 
the Gaussian03 (Gaussian Inc.). 11 

3. RESULT AND DISCUSSION 
Butane-2,3-dione and butane-2,3-diimine were 

introduced as the model compounds of the 
polyisocyanide. Both compounds have two 
adjacent double bonds at 2- and 3-positions. 
Spectroscopic and theoretical study of such model 
compounds should be helpful to understand the 
electronic structure and transition of the 
concerned polymer. Butane-2,3-diimine has been 
considered as the minimal model of 
polyisocyanides so far since Salvadori et al. 
analyzed the conformation. 4 (c) They reported that 
the main chain conformation of polyisocyanide 
can be equivalently described by the dihedral 
angle of N=C-C=N (angle ,P). Actually, because of 
the twisted main chain, it is easily accepted from 
the result of the semi-empirical MO calculation of 
an imine decamer methylated at both ends, 
Me(-C=NH-)wMe, that the delocalization of n 
conjugated system along the main chain is limited 
over at most 4 repeated units. Therefore, the 
dimer or trimer model would be enough to 
describe the behavior of the electronic spectrum 
of polyisocyanide under the first approximation. 
Butane-2,3-dione has an analogous electronic 
structure of butane-2,3-diimine including n 
orbitals. Additionally, the electronic structures of 
a series of vicinal oligoketones consisting of 
consecutive C=O units bearing the n orbitals can 
be regarded as the similar electronic structures of 
polyisocyanide consisting of C=N units. There 
have been several reports on the relationship 
between the conformation and the UV spectrum of 
vicinal ol igoketones. 12 Their conformations can 
be described by the dihedral angle between the 
adjacent carbonyl units. Along this line, we are 
discussing the conformation-dependent electronic 
structures of the model compounds. 

At first, geometry optimizations of the models 
were carried by the semi-empirical AM I method 
under controlled dihedral angles of the adjacent 
double bonds. Geometry optimized by both 
semi-empirical (AMI) and ab initio (HF/ 6-31G*) 
methods gave a consistent molecular structure. 
Figure 2 shows the Walsh diagrams of the models. 
In case of buntane-2,3-dione and 
butane-2,3-diimine, HOMO is n orbital resulting 
from lone pair electrons of nitrogen or oxygen. 
The n orbital is localized on 0 or N atom, 
respectively. Therefore, energy level of the n 
orbital is scarcely affected by the angle rjJ. LUMO 
has bonding character over two inner carbons at 2-
and 3- positions and two nodes in the middle of 
two double bonds, C=O or C=N units. As the 
dihedral angle approaches to 90 ° from 180 ° or 
0 °, the bonding orbital is torn up, so that the 
LUMO level becomes unstable. 
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Scheme t Structure of the model compounds. (a) butane 
-2,3-dione and (b) butane-2,3-diimine. 
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Figure 2 Walsh plots Calculated by ZINDO/S of (a) 
butane-2,3-dione and (b) butane-2,3-diimine. HOMO, 
HOMO -I, -2 and -3 were showed as the closed circle, 
and LUMO and LUMO +I were showed as the open 
circle, respectively. The 1t and Jt* orbital energy levels 
were linked by the solid line and n orbital energy 
levels were linked by the dotted line. 

Configuration Interaction (Cl) of the model 
compounds was performed by ZINDO/S method, 
followed by the geometry optimization. Space of 
Cl was set to 10 (occupied) and 10 (unoccupied) 
orbitals. In case of butane-2,3-dione, consistent 
results with the spectral change depending on the 
dihedral angle rjJ were obtained. As the angle 
decreases to 0 °, the n-n* transition energy was 
shifted to a longer wavelength region from 397 
nm to 526 nm. As the angle increases from 90 ° to 
180 °, the transition energy was also red-shifted 
from 397 nm to 497 nm. Because the energy of the 
n-n* transition from HOMO to LUMO became 
smaller in either increasing or decreasing angles. 
As a whole of UV -vis spectrum, the absorption 
edge shifted to a longer wavelength region as the 
angle becomes apart from 90 °. In the case of the 
butane-2,3-diimine, the similar transition shifts 
depending on the dihedral angle were obtained in 
the simulation of UV spectra. The HOMO-LUMO 
transition, characterized by n-n* transition, was 
red-shifted as the angle went away from 90 °. The 
n-7t * transition of butane-2,3-diimine shifted 
from 288 nm to 327 nm at 0 ° and to 334 nm at 
180 °. 

Maurer and eo-workers reported the UV-vis 

spectra of a series of vicinal oligoketone, i.e. 
tert-butyi capped monoketone, diketone, triketone, 
and tetraketone. 12

(cl These spectra showed that the 
number of the absorption band increased with 
increasing the number of the carbonyl group and 
that the absorption edge was red-shifted up to 650 
nm region, in which the tetraketone shows the 
absorption bands. However, these linear ketones 
have several conformers with various dihedral 
angles of O=C-C=O. So it could not show the real 
tendency of the UV-vis spectrum to the 
conformation. L.;onard and eo-workers found 
that the dihedral angle and absorption edge are 
strongly correlated by comparing UV -vis spectra 
of several cyclic vicinal diketones. 12<•> The 
dihedral angle, fixed by the cyclic structure with 
bulky dimethyl groups at both a-carbons, spans 
from 0 ° to 150 °, depending on the number of 
cycle member. The dihedral angles of the cyclic 
diketones were determined by semi-empirical MO 
calculations (AM I). The wavelength of the 
observed absorption edges are plotted against the 
obtained dihedral angle. (Figure 3, solid circle) 
The relationship indicates the n-n* transition 
moves toward shorter wavelength as the angle 
increases from 0 o to about 90 o and shifts back 
again toward longer wavelength as the angle 
increases beyond 90 °. It should be noticed here 
that this tendency is consistent with our AM 1 MO 
calculation result of butane-2,3-dione and 
butane-2,3-diimine models. On the other hand, 
Hoffman and eo-workers estimated about 65 ° of 
the dihedral angle of N=C-C=N in the most stable 
helical conformation of polyisocyanide bearing 
bulky side chain by using extended Hi1ckel 
calculation 4 tal This conformation takes 4 1 helix. 
If the 4 1 helix is accepted as the conformation of 
the as-prepared polyisocyanide, the reversible UV 
spectral changes observed in our thermal 
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Figure 3 Wavelength vs dihedral angle of cyclic 
a-diketone. (solid line) and calculated wavelength of 
n-Jt*transition of butane-2,3-dione by ZlNDO/S 
(dotted line) 
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treatment could be explained as follows. The 
red-shift of the absorption edge observed by 
thermal treatment of L-phenylalanine-derived 
polyisocyanide indicated some contribution of 
conformational change with decreasing dihedral 
angle, although we should accept non-uniform 
dihedral angle along the main chain. As a more 
real picture, the decreasing dihedral angle means 
that the main chain helix becomes loosen, 
approaching to 5 1 or 6 1 helix, i.e., the diameter of 
the helix being expanded. 

4. CONCLUSION 
The conformational study of helical polymers is 

often complicated for many factors. We should 
compare only about difference in conformation 
itself. Fortunately, CD magnitude of 
L-phenylalanine-based polyisocyanides could be 
changed reversibly by heating and cooling the 
solution, reflecting different helical 
conformations. It is concluded that the different 
magnitude of circular dichroism and UV-vis 
spectral change of the polyisocyanide should arise 
from only the difference of the conformation. At 
high solution temperature, the absorbance over 
the whole spectrum increased and absorption edge 
shifted to longer wavelength region. Based on the 
UV -vis spectrum of vic-oligoketone compounds 
and semi-empirical MO calculation of 
butane-2,3-diketone and butane-2,3-diimine as the 
model, the temperature-dependent CD changes 
indicate the contribution of the decreasing the 
dihedral angle. Although it is necessary to clarify 
how the polymer changes in order to illustrate 
more concrete conformation, the 
L-phenylalanine-based polyisocyanide with 
temperature-dependent conformation will provide 
important information to understand 
experimentally the relationship between the 
helical conformation and UV -vis spectrum 
depending on the electronic structure along the 
helical main chain. UV -vis spectral change could 
be additional tool for conformation-dependent 
electronic structures of such conjugated helical 
polymers. 
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