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Abstract

Accurate prediction of the torsional barrier height in tolane is achieved by
systematically extrapolating to the Dunning complete basis set limit at MP2 level with a
spin-component-scaled correction. The zero-point energy correction is calculated at the
B98/cc-pVDZ level based on a benchmark test using the experimental data for benzene.
The final calculated barrier height is 202.2 cm™, in excellent agreement with the observed
value. The correct barrier height enables the the vibrational energy levels and other
spectroscopic properties to be determined accurately through numerical integration of the
torsional Schrodinger equation. This study provides a nearly complete computational
solution to the torsional problem in tolane and may aid the exploration of torsional
motions in similar molecules.
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1. Introduction

A great deal of experimental and theoretical research has been devoted to tolane

(diphenylacetylene, chc@) and its derivatives. Being the elementary framework
of the poly(phenylethynylene) (PPE) family, tolane is a molecule of fundamental
importance.

Materials based on tolane and its derivatives have a wide range of applications. Their
roles as the traditional building blocks of polymer synthesis [1,2] have been extended to
the aromatic core group of the main classes of liquid crystal compounds [3]. The large
liquid crystalline phase ranges and high clearing temperatures demonstrated by tolane
derivatives contribute to favorable optical behavior when tolane or a related moiety is
incorporated into liquid crystalline compounds. In addition, they are used in new metal-
containing liquid crystals as ligands for metal-alkyne complexes [4]. A photochemistry
study showed the unique structure of tolane moieties results in high thermal stability
when homogeneous photoalignment of thin tolane polymer films is induced by light
irradiation [5].

Perhaps the most interesting application of tolane and its derivatives is the
development of the “m-way” or “molecular wire” like architectures [6-8]. Experiments
demonstrate that tolane derivatives with alkyl thiol groups display negative differential
resistance (NDR), which is consistent with the concept of substantial “through molecule”
conductance that can be influenced by applied potential [9-11]. These systems could be
used to store one bit current flow by the torsional motion of the benzene rings [12]. The
storage retention time for this class of molecules appears to depend on the specific side
groups and their locations [13]. The interaction between the m-conjugated systems and
metal d electron systems may lead to an even greater potential for tolane and its
derivatives to be used as circuit elements along with nanoparticles and nanotubes in
molecular electronics [14].

Applications in molecular electronics have led to new technologies, such as the
synthesis of a prototype single-molecule diode [15] and the DNA hairpins in which
photoinduced charge transfer is believed to take place through one-dimensional array of

n-stacked base pairs in the linked duplex DNA. Substantial interest has been spurred due



to its relevance to oxidative damage and repair [16,17]. Tolane has also received
increasing attention in optoelectronics (e.g., organic light emitting diodes, OLED) [18-
21].

The origin of many of these developments can be ascribed to the extended linear n-
systems of tolane and its derivatives, and consequently to the relative intramolecular
orientation of the aromatic rings. The extended 7 -electron conjugation functions as a
natural electrical conductor and the torsional angle(s) between the phenyl rings works as
the electric current controller [22]. Tolane, the smallest oligomer, serves as a perfect

paradigm for modeling these types of interactions.

Fig. 1. The coplanar and perpendicular geometries of tolane.

The most thorough experimental study of the torsional motion in tolane was carried
out by Okuyama et al. [23] in their single vibronic level fluorescence spectral study using
a supersonic free jet. They observed one-photon and two-photon absorption spectra,
indicating the presence of inversion symmetry in the molecule, and identified transitions
involving levels up to v = 15 for the torsional motion. The torsional barrier of 202 ¢cm™

(0.58 kcal mol™") was then determined with the coplanar configuration of D,, symmetry
being the torsional minimum and the perpendicular D, structure the maximum (Fig. 1).

Many computational studies have investigated the torsional motion in tolane. These
include semi-empirical INDO [24] and CNDO [25] calculations, which yielded the

opposite conclusion that the perpendicular geometry is more stable than the coplanar



geometry, and a more successful AMI calculation by Ferrante et al. [26] Recent MM3
calculation found no barrier at all [27]. The small torsional barrier in tolane poses a
challenge not only to semi-empirical methods, but also to ab initio calculations because
the size of the molecule prohibits the high levels of theory and large basis sets needed for
this level of precision. Saebg et al. [28] performed LMP2 calculations with the 6-311G**
basis set and obtained a 224 cm™ (0.64 kcal mol™) barrier height. DFT methods such as
B3LYP and B3PW9 were also employed in previous studies. All previously calculated
barrier heights and their respective sources are listed in Table 1. The data suggests that
appropriate and careful ab initio treatment is required to reproduce the observed torsional
barrier.

The current study focuses on the accurate computation of the torsional barrier height

in tolane and its vibrational energy levels.

Table 1

Previous computational results for tolane’s torsional barrier height

Barrier Height ~ Barrier Height

Methods (cm™) (kcal mol™) Source
LMP2/6-311G™ 224 0.64 [28]
MP2/6-311G™ 128 0.366 [29]
MP2/6-31G” 184 0.53 [30]
HF/6-311G™ 148 0.423 [29]
HF/3-21G 147 0.42 [31]
B3LYP/6-31+G” 284 0.81 [27]
B3PW91/6-311G™ 301 0.86 [22]
AM1 77 0.22 [26]
MM3 no barrier no barrier [27]
INDO incorrect barrier ~ incorrect barrier [24]
CNDO incorrect barrier  incorrect barrier [25]

EXp. 202 0.578 [23]




2. Computational Method
2.1. Ab intio PES Determination

All the electronic structure calculations were performed using Gaussian 03 [32]. The
coplanar and perpendicular geometries were optimized by at the Hartree-Fock (HF) and
second order Mgller-Plesset (MP2) [33,34] levels using both Pople-type basis sets [35]
(6-31G, 6-311G series) and Dunning’s correlation consistent basis sets (cc-pVDZ, cc-
pVTZ and cc-pVQZ) [36-38]. To improve efficiency, the initial geometries were first
optimized by the HF method with smaller basis sets. All the geometry optimizations were
carried out using the Berny algorithm in redundant internal coordinates. Full optimization
was requested at coplanar and perpendicular cofigurations. The dihedral angle was frozen

to map out the relaxed PES. Use of symmetry was disabled in all calculations.

2.2. SCS-MP?2 (Spin-Component-Scaled) Correction
The relatively high computational cost of MP2 and its need for large atomic orbital

basis sets to obtain good results are significant deficiencies [39], reducing the upper limit
on system size. MP2 also underestimates the contributions from spin-paired electrons,
which can result in poor energy prediction. To address these drawbacks, we first applied
Grimme’s SCS-MP2 correction technique [40] to all the MP2 calculations. Grimme [40]
showed that MP2 energies can be systematically improved by separate scaling of the

antiparallel-spin (T) and parallel-spin (S) components of the MP2 correlation energy:
E.=E°+E" (1)

This method was termed “spin-component scaled” MP2, or SCS-MP2, and, denoting

the scaling factors as pg and pr, the modified correlation energy is simply:
Ecscs = psES + pTET (2)

In this study, Grimme’s optimized scaling factors ps = 6/5 and pr = 1/3 were used for
antiparallel-spin and parallel-spin (S) correlations. For a given basis set, Grimme’s
approach showed clear statistical improvements over traditional MP2, in some cases

achieving results comparable to QCISD or QCISD(T) quality [40].



2.2. Extrapolation to the Complete Dunning Correlation Consistent Basis Set

The basis set limit of MP2 can be overcome by extrapolating the correlation energies
sysmatically to the complete basis set (CBS) limit. We applied the following scheme
formulated by Wilson and Dunning [41]:

Eyp(0)=E, - (n)— Ae™" (3)

where Eps() is the Hartree-Fock energy for the complete basis set, n represents the
cardinal number of the basis set (e.g., n =2 for cc-pVDZ), Eyr(n) is the Hartree-Fock
energy at the cc-pVnZ basis set, 4 and C are constants which are determined along with

Epr(0) via a least-squares fit to Eye(2), Enr(3) and Eyp(4).

Next, the antiparallel-spin (T) and parallel-spin (S) contributions of the MP2
correlation energy E%(0) and E"(c0) at the complete basis set limit are obtained from the

following functional forms:

S — S (o B

E"(n)=E"( )+—(1max+d)m “4)
T — (o B

E" (n)=E"( )+—(lmax+d)'" , (5)

where E%(n) and E”(n) are the antiparallel-spin (T) and parallel-spin (S) contributions of
the MP2 correlation energy at cc-pVnZ basis set, /4 1s the maximum angular momentum
represented in each basis set, d is an angular momentum offset and m = 3 or 4. Here we
use Dunning’s empirical numbers for these parameters: d =0, m =4, [,,,, =2 when n =2
and /,,. = 3 when n = 3. Thus, ES(oo), E T(oo) and the constants B, B’ can be calculated

using £°(2), E°(3), E'(2) and E"(2), respectively.

2.3. Calculation of the Torsional Energy Levels
The torsional energy levels and wave functions for the independent twisting modes

are solutions of the one-dimensional Schrodinger equation:

n o d ~
{— 2 df + V(¢)}W(¢) =Ey(¢) (6)



where V(o) is a periodic potential for the torsional motion and /.., is the reduced moment

of inertia. Since the rotational constant B = %/21,.,, the above equation can be written as:

d2
[— B v + V(¢)}W(¢) =Ey(9) . (6)
V(o) is represented by the following cosine function:

V(g)= 3V (1-cos29) | )

where V), is the twofold barrier height for the internal rotation. The experimental barrier
height 202 cm™ was obtained by fitting the observed spectroscopic transition frequencies
to equation (7) [23]. In the current study, we calculate the torsional barrier by applying
the ab initio procedures described in 2.7 - 2.3, the Schrodinger equation was then solved
numerically in an effort to provide a computational solution to the tolane torsional
problem.

Using a combined numerov process and shooting method [42], the numerical
integration of the torsional Schrédinger equation was carried out on 5000 point grids over
the range [n/2, 3m/2] for the torsional angles o, using tolane’s rotational constant
B = 0.379 cm’ and the barrier height predicted by MP2 calculations with the SCS

correction in the Dunning complete basis set limit.



3. Results and Discussion
3.1. Optimized Geometry

All calculations except the HF/6-311++G and HF/6-311++G** correctly predicted
the coplanar geometry as the potential energy minimum. An imaginary frequency was
found at the optimized geometry when the dihedral angle was fixed top 90°, indicating
the perpendicular geometry is a saddle point. These results agree with the experimental

findings.

3.2. Torsional Barrier Calculations
The results of preliminary calculations on the torsional barrier as a function of basis

set and level are shown in Table 2. HF calculations with Pople-type basis sets show an
irrational trend that smaller basis sets produce better results, with diffuse functions
leading to the wrong minimum geometry. However, HF results using Dunning’s
correlation consistent basis sets show that the accuracy improves as the basis set size
increases. Next we performed MP2 calculations. The results show improvement over HF
results using the same basis set when the SCS correction is applied using the correlation
consistent basis set.

After systematically extrapolating to the complete basis set (CBS) limit in
combination with SCS-MP2 correction, we obtain a barrier height of 206.2 cm™, in
excellent agreement with Okuyama’s analysis. This result demonstrates that the quality of
the MP2 calculation can be dramatically improved by applying the SCS-MP2 correction
and CBS extrapolation, providing an efficient and effective technique when calculation is

limited by computationals resources.

3.2. Zero-point Energy Correction
Table 3 shows the AZPEs between the 90° transition state and the 0° energy

minimum predicted by different methods using cc-pVDZ basis set. The MP2 calculates a
relatively large positive value of 64.8 cm'for AZPE, perhaps for the same reason that
uncorrected MP2/cc-pVnZ levels of theory generally overestimate the barrier height.
Unfortunately, the SCS-MP2 correction cannot be applied to analytical frequency
calculations. In order to better estimate the AZPE, we carried out frequency calculations
on benzene. The 30 vibrational modes of benzene were compared side by side with the

experimental frequencies reported by Goodman et al. [43]. The results are listed in Table



4. The order of accuracy in terms of the total ZPE for benzene is B98 > B3LYP > MP2 >
HF. The same order follows when comparing the maximum error among all vibrational
modes. B98 leads the pack with only 0.9% error in total ZPE and 3.5% in maximum error
across all 30 vibrational modes. The maximum error for MP2 is 12.5%, which is as high
as HF. The maximum error comes from mode 19, a C-C bond stretching mode with By,
symmetry. In the MP2 calculation, the frequency at mode 19 is predicted higher than
mode 20, an in-plane C-H bond bending mode with A,, symmetry, in clear disagreement
with experiment. The same error was also observed by Goodman et al. in their MP2/6-
311** calculations [43]. We believe this same effect to some extent explain the
discrepancies between MP2 and other ZPE results. Since the perpendicular geometry is
generally more rigid than coplanar geometry in tolane, it is expected that the correct
AZPE has a small negative value. Both DFT results shows the correct sign, -10.8 cm™
from B3LYP and -4.0 cm™ from B98. Based on the good performance of B3LYP and
B98 in benzene benchmark test, we believe the B98 AZPE (-4.0 cm™) for tolane is the
most reliable value. Beause most of the ZPE scaling factors are very close to 1 and the
predicted AZPE is small, ZPE scaling does not greatly affect the final barrier height. Thr
final value is 202.2 cm™ with B98 ZPE correction, in excellent agreement with the

observed barrier height.

3.3. Determination of Torsional Energy Levels
The second goal in this study is to precisely reproduce the experimentally

measured torsional vibrational levels. The first column of Table 3 shows the energy
levels observed from v = 0 to the highest vibrational state observed v = 15, which lies
near the top of the barrier. The energy levels are represented in the form of energy gaps
as a result of the spectroscopy experimental measurement. For even-quantum levels, the
values are measured relative to the v = 0 state, for odd-quantum levels, the values are
measured relative to the v = 1 state. The second column is Okuyama et al.’s calculation
based on the Hamiltonian matrix diagonalization technique developed by Lewis et al. [44]
The third column shows the energy levels calculated by our numerical integration method.
The three sets of data are in excellent agreement on all torsional levels. The data also
illustrate that the energy levels are doubly degenerate near the bottom of the potential

well while the levels split apart near the top of the barrier because of the tunneling



through the barrier. Our solver predicts that the energy splits start from v = 13 instead of
the lower v = 12 level shown by Okuyama’s simulation. Our solver is also able to predict
higher energy levels as well as v = 0 and v = 1 levels, which are not directly available
from the experiment [23]. This determines the fundamental frequency for ground state
tolane to be 17.4 cm™. The final potential energy curve and torsional energy levels are

plotted in Fig 2.

Table 2
Calculation results for tolane torsional barrier height

Barrier SCS-MP2 Barrier

Methods (cm™) (cm™)
HF/6-31G 169.1

HF/6-31G” 152.2

HF/6-31G™ 151.0

HF/6-311G™ 142.7

HF/6-311++G -190.8

HF/6-311++G -11.4

MP2/6-31G 314 39.8

MP2/6-31G” 170.4 140.8
MP2/6-31G ™ 176.9 147.4
MP2/6-311G™ 170.8 139.3
MP2/6-311++G 222.9 118.6
MP2/6-311++G ™ 186.7 127.5
HF/cc-pvVDZ 151.7

HF/cc-pVTZ 154.9

HF/cc-pvQZ 161.6

HF/CBS 167.4

MP2/cc-pVDZ 223.6 183.1
MP2/cc-pVTZ 237.5 192.3
MP2/CBS 252.6 206.2

EXxp. 202.0




Table 3

Benzene frequency calculation benchmark test

mp2 HF B3LYP

/cc- /cc- /cc- B98
Mode Symmetry Exp. pVDZ Error(%) pVDZ Error(%) pVDZ Error(%) /cc-pVDZ  Error(%)
1 E(2u) 398 400.9 0.7 449.8 13.0 414.1 4.1 411.5 34
2 E(2u) 398 400.9 0.7 449.8 13.0 414.8 4.2 412.0 3.5
3 E(2g) 607.2 605.6 -0.3 660.8 8.8 617.7 1.7 614.8 1.3
4 E(2g) 607.2 605.6 -0.3 660.8 8.8 617.8 1.7 615.4 1.4
5 A(2u) 674 633.9 -6.0 752.2 11.6 690.5 24 690.5 2.5
6 B(2g) 707 686.0 -3.0 771.3 9.1 723.1 2.3 719.1 1.7
7 E(lg) 847.1 858.9 1.4 948.3 12.0 865.5 22 863.7 2.0
8 E(lg) 847.1 858.9 1.4 948.3 12.0 865.8 22 864.1 2.0
9 E(2u) 967 953.7 -1.4 1080.7 11.8 986.6 2.0 984.1 1.8
10 E(2u) 967 953.7 -1.4 1085.8 12.3 986.7 2.0 984.3 1.8
11 B(2g) 990 961.9 -2.8 1089.9 10.1 1013.6 24 1010.5 2.1
12 A(lg) 994.4 1007.0 1.3 1089.9 9.6 1018.6 24 1014.3 2.0
13 B(1u) 1010 1017.0 0.7 1116.5 10.5 1021.9 1.2 1016.6 0.7
14 E(lu) 1038.3 1061.3 22 1130.7 8.9 1058.4 1.9 1056.3 1.7
15 E(lu) 1038.3 1061.3 22 1130.7 8.9 1058.8 2.0 1056.6 1.8
16 B(2u) 1149.7  1163.1 1.2 1188.2 33 1161.9 1.1 1160.1 0.9
17 E(2g) 1177.8 1190.7 1.1 1273.0 8.1 1186.3 0.7 1185.3 0.6
18 E(2g) 1177.8 1190.7 1.1 1273.0 8.1 1186.5 0.7 1185.6 0.7
19 B(2u) 13094 14724 12.5 1341.0 2.4 1355.6 3.5 1352.1 33
20 A(2g) 1367 1358.9 -0.6 1477.4 8.1 1364.1 -0.2 1360.3 -0.5
21 E(lu) 1494 1504.9 0.7 1626.9 8.9 1506.1 0.8 1502.5 0.6
22 E(lu) 1494 1505.0 0.7 1627.0 8.9 1506.5 0.8 1502.7 0.6
23 E(2g) 1607 1649.7 2.7 1787.3 11.2 1644.6 2.3 1640.7 2.1
24 E(2g) 1607 1649.7 2.7 1787.3 11.2 1645.0 24 1641.5 2.1
25 B(1u) 3166.3  3209.4 1.4 3328.8 5.1 3166.3 0.0 3163.5 -0.1
26 E(2g) 3174 3220.5 1.5 3340.6 52 3176.4 0.1 3173.8 0.0
27 E(2g) 3174 3220.5 1.5 3340.6 52 3176.6 0.1 3174.0 0.0
28 E(1u) 3181.1 3236.9 1.8 3359.8 5.6 3192.8 0.4 3190.3 0.3
29 E(lu) 3181.1 3236.9 1.8 3359.8 5.6 3193.0 0.4 3190.6 0.3
30 A(lg) 3191 3246.8 1.8 3371.8 5.7 3203.6 0.4 3201.1 0.3
ZPE 217709 22061.3 1.3 23424.1 7.6 22009.7 1.1 21968.9 0.9
Max.
Error 12.5 13.0 4.2 3.5

N . |
*Frequencies are in cm’ .



Table 4

Observed and calculated torsional levels of tolane (cm™)

Av(v — 1) and Av(v — 0)

v Obsvd.” Okuyama et al.” Calc.

0 8.7

1 25.8

2 34 33.9 33.8

3 33 33.0 33.0

4 66 66.0 66.0

5 65 64.3 64.3

6 97 96.3 96.3

7 94 93.6 93.7

8 125 124.6 124.7

9 121 120.8 120.9

10 150 150.6 150.7

11 144 145.4 145.5

12 173 173.4/173.6 173.6

13 164 165.9/166.9 166.0/166.8
14 189 190.5/193.8 190.6/193.8
15 177 179.8/186.7 179.8/186.7

"Reference [23]
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4. Conclusion

A nearly complete computational solution to the torsional motion problem in the
tolane molecule is presented in this study. Combining the Dunning complete basis set
extrapolation technique [41] with the SCS-MP2 correction [40], the torsional barrier
height is predicted to high accuracy. Frequency benchmark calculations on benzene were
used to predict the zero-point energy correction for tolane. A subsequent numerical
solution to the torsional Schrodinger equation over the computed PES reproduces the
experimental vibrational energy levels and other spectroscopic properties, some of which
are unavailable from experiments. The computational results are in excellent agreement
with the observed data. This work demonstrates the effectiveness of using computational

tools to treat large amplitude vibrational problems such as the torsional motion in tolane.
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