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Shaping Polyyne Rods by Using an Electric Field

Esther Rozental,™ Eli Altus,®

When a homogenous electric field is applied to polyynes (C10
and C20) perpendicular to their long axis, they bend to form
an arch. The height of the arch is proportional to the intensity
of the electric field. The direction of the bend and its magni-
tude depend on the electronic nature (donor/acceptor) of the
substituents at the termini of the polyyne. The driving force
for the formation of the arch is the dipole moment produced
in the system parallel to the electric field. This dipole moment
stems from the substituents and from additional polarization
by the field. The bend of the linear polyyne fits a parabolic dis-

1. Introduction

Polyynes or long carbynes can be found outside the chemical
laboratory in a variety of places, from interstellar clouds™
the way to terrestrial plants.? In the laboratory, efforts have
been focused on the synthesis of long polyynes. To the best of
our knowledge, the longest polyyne (C44) was recently synthe-
sized by Tykwinski et al.®’ and a C40 polyyne was synthesized
by Gladysz et al.”! Polyynes possess two impressive opposite
features. Along their long axis, as we have shown, they are ex-
tremely stiff, with a Young’s modulus 45 times larger than that
of diamond.” In contrast, perpendicular to the long axis they
are very flexible and easy to bend, as shown computationally
and in many X-ray crystal structures.” Thus, bending these
molecules can turn them into molecular springs. A simple
thought experiment shows that if a polyyne rod (C10) is
placed vertically on a table and pressed down until it buckles,
with a load of 10 kcalmol™, on release it will jump to a height
of 25 km (mgh=E). However, because nearly half of the energy
is directed towards vibrational excitation, the height is reduced
accordingly.”
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tortion. According to mechanical engineering analysis, this re-
sults from a moment that operates at the two end zones of
the polyynes, in accordance with the natural bond order (NBO)
charge distribution. It is shown that solutions relevant to beam
deflection due to a central load or a uniformly distributed load
are not satisfactory. Various parameters, such as the dipole
moment and the height of the arch, are better correlated with
o than with 0% or o~. Application of the electric field to more
complex systems enables the sculpting of interesting nano-
shapes.

In the course of our studies on the effect of electric fields on
structure and reactivity,® we discovered that an electric field
can bend a polyyne rod that has both termini fixed to an axis.
Although there are many studies on the effect of electric fields
on reactivity,” on the locomotion of nano-objects,"” and on
the mechanical™ and electronic"? properties of molecules, to
the best of our knowledge there are very few studies of the
effect of an external electric field on the shape of a molecule.
Herein, we describe the formation of arches by using an elec-
tric field, and their dependence on the strength of the field
and the terminal substituents.

2. Results and Discussion
2.1. Methods

The computations were performed by using the B3LYP density
functional™ 6-311+ + G** basis set™ as implemented in the
Gaussian09 suit of programs."™ The electric field intensities
used were 0, 0.0025, 0.0050, 0.0075, and 0.0100 a.u., in which
1a.u.=5.14x10"Vm™". (A proton generates an electric field
with a similar strength at a distance of 5 A.) To avoid cluttering
the figures too much, we retained in the legend and the axis
the corresponding “Gaussian numbers” as they appeared in
the command line for these fields. Namely, the corresponding
value for a field strength of 0.0025 a.u. is 25 and that of 0.01 is
100.

Chains of 10 and 20 carbon atoms were examined with the
following terminal substituents: NH,, OH, Me, H, F, Cl, CF;, CN,
and NO,. The simulations were performed in the following
way: Geometry optimization was first carried out in the ab-
sence of an electric field. In the next step, the linear structure
was aligned along the x axis with the first and last carbon
atoms restrained to this axis (y=z=0) but allowed to move
free along the x axis. The electric field was applied in the posi-
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tive direction of the y axis. In this case, the z coordinates of all
the carbon atoms were constrained to z=0. No constraints
were applied to the substituent’s atoms. Frequency calcula-
tions were performed in each case. In general, the following
line of commands was used: B3LYP/6-311+ G**OPT = (Z-MA-
TRIX,CALCALL)SCF = (VeryTight, noincfock) Integral = (Grid =Ul-
trafine) nosymm.

2.2. Phenomenology

The bending effect of the electric field on a C10 rod is demon-
strated in Figure 1 for the NH, substituent.
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Figure 1. The y coordinate values of each carbon atom in a C10 rod at elec-
tric fields of 0.0025, 0.0050, 0.0075, and 0.0100 a.u. for the terminal substitu-
ent NH,.

This figure shows the height (y coordinate, that is, the direc-
tion of the field) of each of the carbon atoms as a function of
its position in the molecule. The direction and the amplitude
of the bend depend on the substituent’s ability to donate or
withdraw electrons (see the Supporting Information for the
other substituents). The largest bend is obtained with substitu-
ents at the two ends of the Hammett o scale,"® NH, and NO,.
Substituents F and Cl are exceptions to this general bend-di-
rection trend. Although these are both electron-withdrawing
atoms, the rods bend in the direction typical of the electron-
donating substituents (Table 1).

It is conceivable that the lone-pair-donation ability of the F
and the CI substituents dictates the bend direction, however,
the various system parameters correlate better with Hammett
o (mainly inductive effect) than with ¢ or o=, which reflect
the mesomeric effects. The reason for this deviation will be ex-
plained below. Table 1 and Figure 2 show that the height of
the arch correlates with the intensity of the electric field, that
is, the higher the intensity, the higher the arch.

The bend direction for the C20 rods is dictated by the sub-
stituents in the same manner as for the C10 rods, and its inten-
sity also increases with the intensity of the electric field. How-
ever, the major difference between the two polyyne series is
that, whereas the heights of the arches of the individual sub-
stituents converge for the C20 series to a value of approxi-
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Figure 2. The height of the arch for the C10 series as a function of the elec-
tric field (Ef) strength.

mately 8.5 A (Table 1), those of the C10 series diverge accord-
ing to the o values (Figure 2).

It is important to note that for both the C10 and C20 series,
the dipole moment is o-dependent.

2.3. Mechanism of Bending

When a polarizable object is placed in an electric field, it un-
dergoes polarization to minimize the energy of the system. In
our case, the electric field is perpendicular to the long axis of
the polyynes and, therefore, the ability of the electric field to
polarize the polyyne in this arrangement is miniscule (excep-
tions to this are substituents NH, and OH, the local dipole mo-
ments of which may have a component in the direction of the
field). However, because the bending of a polyyne rod is not
very energetically costly,® bending provides an opportunity for
polarization in the appropriate direction. The formation of an
arch gives rise to the creation of a permanent dipole moment
due to the terminal substituents. In this respect, there is a very
pronounced difference between the short and long rods.
Figure 3 shows, as an example, the Me-substituted C10 and
the C20 rods superimposed on each other at the distortion in-
duced by a field of 0.0075 a.u. Two important features can be
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Figure 3. Superposition of the (x,y) coordinates of the Me-substituted C10
and C20 systems at a field of 0.0075 a.u.
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Table 1. Substituent and electric field effects on the C10 and C20 rods.
Field Height  Distortion Dipole Dipole moment Height Distortion Dipole Dipole moment
[x10*au]l  [A] energy [kcalmol™']  moment [Debye] at no field [Debye]  [A] energy [kcalmol™']  moment [Debye]  at no field [Debye]
c10 C20
NH, O 1.0 0.9
25 0.52 049 3.0 26 3.35 1.81 8.2 6.9
50 1.00 1.78 4.9 4.0 6.11 6.40 16.4 10.8
75 147 3.84 6.8 5.2 784 1223 255 13.1
100 1.98 6.60 9.1 6.3 8.76 17.63 34.2 14.2
OH 0 2.3 23
25 037 034 4.2 3.8 2.16 0.77 58 58
50 069 0.81 5.1 4.3 4.46 3.31 1.2 79
75 1.01 1.59 6.0 4.8 6.81 7.94 18.1 9.5
100 134 276 7.1 5.2 8.21 13.62 259 10.4
Me 0 0.0 0.0
25 036  0.21 1.1 0.7 247 0.92 3.8 2.8
50 0.74  0.89 2.3 1.4 5.25 441 10.0 5.7
75 115 2.1 3.7 2.1 7.34 9.76 18.1 7.5
100 1.60 4.10 53 29 8.49 14.92 26.3 8.4
H 0 0.0 0.0
25 0.18  0.06 0.5 0.2 1.22 0.21 1.3 0.7
50 038 0.26 1.0 0.4 3.19 1.49 3.7 1.7
75 0.60  0.60 1.6 0.6 6.02 5.75 9.5 3.0
100 0.85 1.19 2.2 0.9 7.90 11.57 17.0 3.7
F 0 0.0 0.0
25 0.13  0.01 0.4 0.1 1.05 0.16 1.1 0.5
50 0.27  0.09 0.7 0.2 3.01 1.31 3.3 1.4
75 044 0.26 1.2 0.3 6.06 6.03 9.4 29
100 0.65 0.52 1.6 0.4 7.99 12.59 17.5 3.9
cl 0 0.0 0.0
25 0.19  0.07 0.6 0.2 1.49 0.39 1.7 1.0
50 039 0.29 1.2 0.5 4.03 248 5.7 25
75 0.65 0.74 1.9 0.7 6.94 8.44 144 4.2
100 0.99 1.64 2.8 1.0 8.38 14.52 236 5.0
CF, 0 0.0 0.0
25 —0.21 0.10 0.8 0.3 —1.40 0.35 1.8 1.0
50 —0.44 043 1.6 0.7 —3.95 2.57 5.8 2.8
75 —0.71 1.13 2.6 1.1 —6.90 6.48 14.5 5.0
100 —1.05 236 3.7 1.6 —8.43 14.07 24.1 6.5
CN 0 0.0 0.1
25 -039 0.27 1.2 0.9 —2.45 0.94 3.9 2.8
50 —0.81 1.16 2.7 1.8 —5.49 4.95 1.3 5.8
75 —-129 291 4.5 2.7 —7.61 10.77 211 7.4
100 —1.83 5.77 6.8 37 —8.68 15.92 30.6 8.1
NO, O 0.0 0.0
25 —-0.41 0.29 1.5 1.0 —2.70 1.14 4.7 34
50 —0.84 1.24 3.1 1.9 —5.76 5.73 129 7.1
75 —-132 3.06 5.0 3.0 —7.78 12.31 234 9.3
100 —-1.84 597 74 4.1 —8.78 18.55 337 10.6

discerned from this figure. The first is that the C10 rod is bent
much less than the C20 rod. The second point is that the
major contributors to the spatial y component come from the
two side arms, whereas the approximately six central atoms at
the top of the arch carry most of the distortion and contribute
much less to the projection in the y direction.

Because C20 has longer side arms (formally, seven carbon
atoms on each side as opposed to two in C10), it is clear that
for the same electric field, it pays energetically to bend the
C20 chain more than the C10 chain.

Thus, energy is invested by the field in geometric and elec-
tronic distortion and is gained by the interaction of the electric
field with the permanent and induced dipoles. Both distor-
tions, geometric and electronic, will come to a halt when an

ChemistryOpen 2017, 6, 733 -738 www.chemistryopen.org

additional distortion does not yield incremental stabilization. It
should be noted that the bending distortion is close to its limit
for the C20 series because at an electric field of 100, the
height of the arch reaches the value of approximately 9 A,
close to half the length of the rod (=212 A). This is probably
the major cause for the convergence of height to a single
value for the C20 series (Table 1), whereas the C10 series has
not reached this limit and, therefore, the arch height diverges
(Figure 2) according to the electronic properties of the
substituents.

Also shown in Table 1 are the distortion energies calculated
by comparing the energies of the bent rods in the absence of
the electric field with the energies of the corresponding linear
structures. The data clearly show that the C20 rods are much

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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more distorted than the C10 rods. This is because the distor-
tion leads to a higher energy gain for the longer side arms.
Also depicted in the table are the dipole moments of the rods,
calculated in the presence and absence of the electric field.
The difference between the two reflects the induced dipole,
which echoes the electronic distortion that is much larger for
C20. At an electric field of 0.01 a.u., the average induced
dipole moment for the various C20 polyynes is (18.0+
3.5) Debye, whereas for C10 it is only (2.2 +0.75) Debye. Again,
this is because of their different bending geometries.

2.4. Mechanical Engineering Considerations

We have previously shown that longitudinal compression of a
polyyne rod causes, past a critical point, a buckling of the rod.
As predicted by mechanical engineering, the bent rod takes
the shape of a sine function. In the present case, in which the
two termini of the rod are restricted to the x axis (to which the
field is perpendicular), we explored three options: 1)a uni-
formly distributed load, 2) a central load, and 3)a moment
(Mo) exerted at the two termini. These options are graphically
depicted in Figure 4.

¥

Q=P/L
(a) L,

i i

(c)
Mo Mo

Figure 4. The three options for the forces bending the rod.

(b)

For a simply supported beam and a uniformly distributed
load in the y direction (example 1 above), the y value for each
nucleus is given by Equation (1):"”

PX 3 2 3

V=525 (L —2X° +X°) (1)
in which P is the external force, L is the length of the beam, E
is Young’s modulus, and / is the minimal static moment of iner-
tia. El is the bending stiffness of the beam taken from Ref. [1].
Thus, a good fitting should be obtained with a fourth-order
polynomial.

The mathematical expression for the alternative case of a
central load (example 2 above) is given in Equation (2):'”
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In this case, good fitting should be obtained with a third-
order polynomial.

In the third case, with moments located at the ends of the
rod, we have a second-order polynomial equation [Eq (3)]:!"”

\f(‘r

MX

Y= 2El(

L—X) (3)

From our simulations, it was found that y(x) fits a parabolic
shape (in general r* values were 0.999 or higher. For a few C20
examples, r* values were 0.993). There was no improvement
upon using a third-order polynomial and very little improve-
ment on using a fourth-order polynomial. However, on using
the normalized dimensionless variations of the equations (see
the Supporting Information), it becomes evident that the
system best fits a second-order polynomial. Thus, the bending
of the rods seems to be due to a moment exerted at the two
ends due to two pairs of forces, as shown in Figure 5.

o]

T

Figure 5. Bending forces operating on the rod.

Although atomic partial charges are not physical observa-
bles, they may convey important information regarding the
charge distribution in a molecule. Therefore, we performed a
natural bond orbital (NBO) analysis, and inspection of the
atomic charges along the chain revealed that the atomic
charges are indeed concentrated mainly at the two end zones
(see Figure 6 for the NH, substituents), which supports the
notion that the major effect of the electric field stems from a
bending moment at the termini of the rod."®

0,3
0,2
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» 01
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Figure 6. NBO atomic charges for C20 with NH, substituents at field
strengths of 0.0025 and 0.0050 a.u. (H summed into N).'¥
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2.5. Substituent Effect

Because of the reasons stated above, the substituent effect is
mainly expressed in C10. In the C20 series, the polarization by
the field is the main effect, and it largely exceeds that of sub-
stituent-induced polarization. For example, at an electric field
of 0.01 a.u the dipole moment of the amino-substituted poly-
yne is 34.2 Debye, whereas the same bent structure outside of
an electric field has a dipole moment of only 14.2 Debye. For
the H-substituted system, the values were 17.0 and 3.7 Debye,
respectively. Thus, the major contribution to the dipole
moment comes from the electric field. In C10, conversely, in an
electric field of 0.01 a.u. the amino-substituted polyyne dis-
played a dipole moment of 9.1 Debye, and in the absence of
the field a dipole moment of 6.3 Debye was found (for the H-
substituted C10 the corresponding values are 2.2 and
0.9 Debye, respectively). The difference in the expression of
the substituent electronic effect (o values, mainly inductive
effect) is also nicely demonstrated in the plot of arch height
versus ¢ for C10 and C20 at a field strength of 0.01 a.u. (Fig-
ures 7 and 8; for other fields see the Supporting Information.
The Hammett equation in this and in the following cases is:
Property (height, dipole moment, distortion energy)=o0Xxp-+
(). The C10 series demonstrated a clear dependence on the
electronic substituent effect, whereas the C20 series (apart
from the direction of the bend) showed very little substituent
dependence (Figure 8). Therefore, the C10 series is more suita-
ble for the study of the substituent effect. It should also be
noted that, as expected, this dependence is more pronounced
at lower fields at which polarization due to the electric field
contributes to a lesser degree to the dipole moment, which
leads to a more pronounced substituent effect.

Interestingly, the p values obtained from the slopes of the
plots of h versus o correlate well with the strength of the elec-
tric field (Figure 9).

It is interesting to note that the various parameters of the
system, such as height, dipole moment, and distortion energy,
are, in general, better correlated with o than with ¢* or o™.
This is probably due to the fact that the bonding and the anti-
bonding orbitals are less amenable to delocalization than the
benzene m orbitals, for which the various o values were
defined.

o

Figure 7. The arch height (h) vs. o for C10 at 0.01 a.u. field strength.
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Figure 8. The arch height (h) vs. o for C20 at 0.01 a.u. field strength.
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Figure 9. A plot of the dependence of the height p on the strength of the
electric field.

A dominant feature in the Hammett-type plots for the dis-
tortion energy and the dipole moment is that the p values
(slopes) for the electron-donating substituents are larger than
those for the electron-withdrawing ones (Figures 10 and 11).

Most probably, this unusual result stems from the fact that
the o values were defined for substituents on a benzene ring,
whereas in the present case the substituents reside at the
ends of a set of sp carbons. Acetylenes are electron withdraw-
ing (0=0.2) whereas benzenes have a ¢ value close to zero.®
Thus, the chain of sp-hybridized carbons enhances the effect
of the electron-donating substituents by the push-pull mecha-

0,50

y = 0.3786x - 0.0265
R?=0.8794

Dist. E /kcal/mol

y =-0.7543x + 0.0638
R?=0.9972

A 05 0 0,5 1

Figure 10. A Hammett-type plot for the distortion energy of C10 at an elec-
tric field strength of 0.0025 a.u.
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Figure 11. A Hammett-type plot for the dipole moment of C10 at an electric
field strength of 0.01 a.u.

nism, whereas in the case of electron-withdrawing substituents
it is more like a tug of war between the polyyne and the sub-
stituent. This pulling of electrons in opposite directions obvi-
ously reduces the dipole moment and thus also affects the dis-
tortion energy.

The above model nicely explains the fact that substituents F
and Cl, although electron withdrawing in nature, cause their
respective chains to bend in the same direction as the elec-
tron-donating substituents. This is because the ability to
donate or withdraw electrons depends on the moiety with
which the substituent interacts. In the case of a benzene ring
(used for o determination), F and Cl are indeed electron-with-
drawing substituents. However, relative to an array of sp-hy-
bridized carbons, they are electron-donating substituents and,
therefore, cause the appropriate bend in the polyyne.

3. Conclusions

It should be noted that shaping by an electric field may not be
limited to polyynes. Polyenes and possibly other rods made of
noncarbon elements of the Periodic Table may respond to an
electric field in a similar way. This may possibly be extended to
WS, nanotubes, which are similar to carbon nanotubes and
also to surfaces (graphene-like structures). In addition, electric
fields may be used to generate some new and interesting ar-
chitectures. An example is shown below (Figure 12, optimized
at the B3LYP/6-31 4 G* level).

(CB) N
</( N HZN/ \NHZ
Figure 12. Electric field architecture.
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