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4 ABSTRACT: A systematic analysis of the torsional profiles of 55 unique
5 oligomers composed of two to four thiophene and/or furan rings (n = 2 to 4)
6 has been conducted using three density functional theory (DFT) methods along
7 with MP2 and three different coupled-cluster methods. Two planar or quasi-
8 planar minima were identified for each n = 2 oligomer system. In every case, the
9 torsional angle (τ) between the heteroatoms about the carbon−carbon bond
10 connecting the two rings is at or near 180° for the global minimum and 0° for
11 the local minimum, referred to as anti and syn conformations, respectively.
12 These oligomers have rotational barrier heights ranging from ca. 2 kcal mol−1

13 for 2,2′-bithiophene to 4 kcal mol−1 for 2,2′-bifuran, based on electronic
14 energies computed near the CCSD(T) complete basis set (CBS) limit. The
15 corresponding rotational barrier for the heterogeneous 2-(2-thienyl)furan
16 counterpart falls approximately halfway between those values. The energy
17 differences between the minima are approximately 2 and 0.4 kcal mol−1 for the homogeneous 2,2′-bifuran and 2,2′-bithiophene,
18 respectively, whereas the energy difference between the planar local and global minima (at τ = 0 and 180°, respectively) is only 0.3
19 kcal mol−1 for 2-(2-thienyl)furan. Extending these three oligomers by adding one or two additional thiophene and/or furan rings
20 resulted in only minor changes to the torsional profiles when rotating around the same carbon−carbon bond as the two-ring profiles.
21 Relative energy differences between the syn and anti conformations were changed by no more than 0.4 kcal mol−1 for the
22 corresponding n = 3 and 4 oligomers, while the rotational barrier height increased by no more than 0.8 kcal mol−1.

1. INTRODUCTION
23 Since the early development of semiconducting films made
24 from organic polymers, the use of organic materials as an
25 alternative to inorganic materials for building optoelectronic
26 devices has risen in popularity.1−3 These conjugated, semi-
27 conducting materials typically take the form of an oligomer,
28 polymer, or small molecule. Compared to their inorganic
29 counterparts, organic materials are flexible, naturally abundant,
30 more easily tunable via synthesis (allowing for greater control
31 over resulting optical and mechanical properties of devices)
32 and are generally more cost effective to produce.4,5 Ideal
33 semiconducting systems should exhibit π conjugation, be rigid
34 to interconversion, and have tight solid-state packing. These
35 materials can be used in the fabrication of organic light-
36 emitting diodes (OLEDs), organic field-effect transistors
37 (OFETs), organic photovoltaics (OPVs), solar cells, and
38 biochemical sensors. A material that is sufficient for one
39 purpose, like the production and transportation of charge, is
40 not necessarily good for another, like releasing a photon.5

41 Therefore, understanding the characteristics of molecular
42 building blocks themselves, such as how features like structural
43 properties relate to overall device properties, provides a better
44 guide for researchers in the design and improvement of these
45 materials. Two popular building blocks, heterocycles thiophene

f1 46 (Tn) and furan (Fn), are depicted in Figure 1.

47Oligo- and polythiophenes are among some of the earliest
48materials used in the development of organic-based semi-
49conductors6−9 and remain the focus of a significant portion of
50the research done today.10−14 Thiophene-based semiconduc-
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Figure 1. Popular heterocyles used as building blocks for organic
semiconducting materials: furan (Fn) on the left and thiophene (Tn)
on the right.
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51 tors have many properties that make them attractive for use in
52 optoelectronic devices. They are easily obtained from natural
53 sources (such as plants of the Asteraceae family)15 and are
54 fairly easy to synthetically modify. However, working with
55 thiophene-based materials is not without challenge. Their low
56 solubility in organic solvents often requires the addition of
57 solubilizing groups, reducing the material’s packing effi-
58 ciency.4,16 Their electronic properties, specifically lumines-
59 cence, are far from efficient, and additional structures, such as
60 electron acceptors, must often be incorporated into thiophene-
61 based systems to increase their electronic efficiency.17 Given
62 the synthetic challenges and low luminescent capabilities, these
63 systems remain far from ideal.
64 The closely related heterocycle furan has long been
65 incorporated into the framework of more widely studied
66 organic semiconducting materials, such as oligo- and
67 polythiophenes.18−20 Initially, pure poly- and oligofurans
68 were rarely used due to the difficulty of synthesizing the
69 materials and their instability in oxidative conditions.21,22 After
70 these challenges were overcome, furan-based materials were
71 found to have a variety of useful properties, including tight
72 solid-state packing. Compared to oligothiophenes, oligofurans
73 have a lower internal reorganization energy, are more soluble,
74 and are highly fluorescent.21,23,24 The hole mobility, a measure
75 of the level of semiconducting potential, was found to be 1.6
76 times higher for a furan system than an equivalent thiophene
77 system.22 Similar to oligothiophenes, they are readily obtained
78 from renewable resources such as plant biomass.25

79 Both furan- and thiophene-based systems have their merits,
80 and the investigation of a hybrid system consisting of both
81 furan and thiophene is particularly interesting because of the
82 potential for improvements in structural and electronic
83 properties such as stacking distance, solubility, and charge
84 transport. Varying the identity and conformation of the
85 heteroatoms present on heterocycles in a chain can drastically
86 alter the electronic, optical, and physical properties of the
87 system.26−30 In particular, switching from an all thiophene to
88 an alternating hybrid system reduces intersystem crossing
89 (leading to better electronic properties) due to oxygen’s
90 reduced spin-orbit coupling.29 In addition, oxygen’s smaller
91 radius (when compared to sulfur) results in a more tightly
92 packed system with a denser backbone. This decrease in the
93 intermolecular spacing makes the system a more efficient
94 electron carrier. Furthermore, the presence of furan rings can
95 improve the solubility of the system and decrease the need for
96 solubilizing groups.

97Computational and theoretical analyses have been utilized
98along with experimental methods to study electronic and
99optical properties of both thiophene- and furan-based
100materials.27,31−37 A significant amount of research focuses on
101short oligomers (made up of as few as two or three
102heterocycles), which allows researchers to probe structural
103properties and torsional profiles of these systems in greater
104detail.26,28,35,36,38−61 Density functional theory (DFT) techni-
105ques are frequently used to characterize these short oligomers,
106often after calibrating the DFT methods against experimental
107or ab initio quantum mechanical electronic structure methods.
108Some of the most rigorous studies have used coupled-cluster
109methods, such as CCSD, CCSD(T), and even CCSDT, to
110characterize the torsional profiles of the smallest oligomers
111with only two rings. These include the homogeneous 2,2′-
112bifuran and 2,2′-bithiophene systems57 (denoted Fn−Fn and
113Tn−Tn, respectively) as well as the heterogeneous 2-(2-
114thienyl)furan system (Tn−Fn),55 where the dash in this
115notation emphasizes the bond about which the torsional profile
116is examined. The generic structure of these three oligomers is
117 f2depicted for n = 2 in Figure 2, where RX=RZ=H, while X=Z=O
118corresponds to Fn−Fn, X=Z=S corresponds to Tn−Tn, and
119X=S and Z=O corresponds to Tn−Fn.
120The present study will extend this previous computational
121work in two important ways. The conformational energetics of
122Tn−Fn will be computed near the CCSD(T) complete basis
123set (CBS) limit, similar to the work that has already been done
124for Fn−Fn and Tn−Tn. Less demanding computational
125approaches capable of reproducing coupled-cluster benchmark
126torsional profiles for those three dimers will then be used to
127examine how the torsional profiles of the oligomers change as
128the number of rings (n) increases from two rings to three or
129four rings, as depicted schematically in Figure 2.

2. COMPUTATIONAL DETAILS

130Full geometry optimizations and harmonic vibrational
131frequency computations (used to identify structures as minima
132or transition states) were performed on the Fn−Fn, Tn−Tn,
133and Tn−Fn systems using second-order Møller−Plesset
134Perturbation theory (MP2)62 and three different DFT
135methods: the hybrid functional B3LYP,63−65 the long-range
136corrected hybrid functional ωB97XD,66 and the hybrid meta-
137generalized gradient approximation (GGA) functional M06-
1382X.67 These DFT methods have been selected because they
139have been reported to provide reliable structures and
140energetics for similar systems.57,59,61 Constrained geometry
141optimizations, referred to as relaxed scans, were also performed

Figure 2. General structure of oligomers analyzed in this study, where the XCCZ torsional angle varied in the scans (τ) is depicted at 0° (left) and
180° (right).
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142 on all three of the two-ring systems using the same series of
143 methods. For the relaxed scans, a single torsional angle
144 between heteroatoms X and Z about the central carbon−
145 carbon bond was varied from 0 to 180° in 10° increments
146 while allowing all other parameters to fully optimize. Single-
147 point coupled-cluster computations with full single and double
148 excitations and perturbative triple excitations (CCSD(T))68−70

149 were performed on the MP2 structures obtained from the full
150 geometry optimizations and relaxed scans. All DFT, MP2, and
151 CCSD(T) computations used Dunning’s correlation consistent
152 basis set, cc-pVTZ71,72 (denoted VTZ). The torsional profiles
153 of Tn−Tn and Tn−Fn were also computed with the cc-pV(T
154 +d)Z basis set. That data has been relegated to the Supporting
155 Information because the additional tight d-functions did not
156 have a significant effect on the results. Additional single-point
157 computations were carried out on the two-ring systems using
158 two explicitly correlated CCSD(T) methods: CCSD(T)-
159 F1273,74 and a local method with pair natural orbitals, PNO-
160 LCCSD(T)-F12.75,76 The triple energy contribution was not
161 scaled for either method. CCSD(T)-F12 single points were
162 performed on all MP2 structures obtained from full geometry
163 optimizations (similar to CCSD(T) single points) and on just
164 three structures from MP2 relaxed scans (τ = 0, 90, and 180°),
165 while PNO-LCCSD(T)-F12 single points were performed on
166 all of the same MP2 structures as CCSD(T) single points. For
167 these explicitly correlated methods, cc-pVXZ-F12 atomic
168 orbital (AO) basis sets77 (denoted as VXZ-F12, where X =
169 T for PNO-LCCSD(T)-F12 and X = T, Q for CCSD(T)-F12)
170 were utilized along with the default resolution of the identity
171 and density fitting basis sets78−80 defined in Molpro.81,82

172 For larger three- and four-ring oligomers (n = 3 and 4,
173 respectively), the ωB97XD density functional method was
174 used to characterize the structures instead of the MP2 method.
175 In the case of n = 3, ωB97XD relaxed scans were performed
176 with the VTZ basis set employing two constrained parameters:
177 τ and an additional torsional angle, denoted as τX, between
178 heteroatom X and the heteroatom on the ring at the RX
179 position (Figure 2). The torsional angle τ was varied as before,
180 from 0 to 180° in 10° increments, while τX was fixed at either 0
181 or 180° for each τ value. The notation used to identify each
182 three-ring oligomer is an extension of the two-ring notation.
183 The RX substituent is prepended to the pair of rings defining
184 the torsional angle (τ) for the scan, while the value of τX is
185 indicated as a subscript to RX, creating labels such as Fn0 Fn−
186 Fn and Tn180 Tn−Fn. Note that for these systems where n = 3,
187 RZ = H and is not explicitly written out. PNO-LCCSD(T)-
188 F12/VTZ-F12 single-point energies were computed for all of
189 the ωB97XD scan points, while CCSD(T)/VTZ and CCSD-
190 (T)-F12/VTZ-F12 single-point computations were performed
191 exclusively on the τ = 0, 90, and 180° ωB97XD scan points.
192 For four-ring oligomers, constrained optimizations using
193 ωB97XD with the VTZ basis set were run only on structures
194 with a τ value of 0, 90, or 180°. Each of those structures had
195 two additional frozen torsional angles, τX and τZ (where τZ is
196 the torsional angle between heteroatom Z and the heteroatom
197 on the ring at the RZ position in Figure 2), which were fixed at
198 either 0 or 180°. For the four-ring notation, the RX and RZ
199 substituents are prepended and appended, respectively, to the
200 two-ring notation and the τX and τZ values are given as
201 subscripts, leading to labels such as Fn0 Fn−Fn Tn180. PNO-
202 LCCSD(T)-F12 and CCSD(T) single-point computations
203 were performed on all of the four-ring ωB97XD structures
204 obtained from relaxed scans. All methods used to study the

205four-ring systems utilized the same basis sets as for the three-
206ring systems.
207For this work, spherical harmonics (5d, 7f) were used
208instead of Cartesian components of the basis functions. All ab
209initio computations used the default frozen-core approxima-
210tion, excluding the two core electrons of both C and O and the
21110 core electrons of S from the MP2 and coupled-cluster
212correlation procedures. The DFT computations used a pruned
213numerical integration grid with 99 radial shells and 590 angular
214points per shell for all optimizations. All DFT and MP2
215computations were performed with the Gaussian16 software
216package.83 Molpro 2018 was used for all of the single-point
217computations.

3. RESULTS

2183.1. Two-Ring Oligomers. Relaxed torsional scans for
219 f3each two-ring oligomer are presented in Figure 3 (relative
220energy, ΔE, versus τ from 0 to 180° in 10° increments) for the
221MP2 method and three DFT methods (B3LYP, M06-2X, and
222ωB97XD), along with PNO-LCCSD(T)-F12 single-point
223values obtained using MP2 geometries. The general form of
224two-ring oligomers (n = 2, where RX, RZ = H) is depicted in
225Figure 2, with τ = 0 and 180° scan endpoints shown. All
226methods utilized the VTZ basis set except for PNO-
227LCCSD(T)-F12, which utilized VTZ-F12. The electronic
228energy for τ = 180° has been used as the reference energy
229because it corresponds to the global minimum for two of the
230oligomers. To maintain a consistent definition of ΔE, the
231energetic reference point is kept as τ = 180° for all oligomers in
232 t1this study, even those with a nonplanar global minimum. Table
233 t11 provides a closer look at the minima for each of the two-ring
234oligomers, reporting ΔE and τ values for fully optimized
235structures, along with ΔE values of select scan points from
236Figure 3. The τ = 180° scan point is still used as the energetic
237reference for fully optimized structures. All of the same
238methods presented in relaxed scans are included in Table 1,
239with the addition of two coupled-cluster methods: CCSD(T)
240and CCSD(T)-F12 which use the VTZ and VTZ-F12 basis
241sets, respectively. For the explicitly correlated methods
242CCSD(T)-F12 and PNO-LCCSD(T)-F12, the two ansaẗze
243(a and b) gave very similar results; their relative energies for
244each two-ring structure differing by no more than 0.02 kcal
245mol−1. Given that the results are so close, only the results
246obtained using an approximation are presented here, while the
247results for the other approximation can be found in the
248Supporting Information.
249All of the two-ring oligomers have two minima at or near τ =
2500 and 180° (sometimes referred to as syn and anti
251conformations, respectively). Fn−Fn (Figure 3 and top of
252Table 1) has a planar global minimum (GM) with τ = 180° for
253all methods. The results vary somewhat for the local minimum
254(LM) near τ = 0°. As seen in the first column of data in Table
2553, the fully optimized LM is planar for all three DFT methods,
256but the MP2 optimization leads to a nonplanar structure with τ
257= 18.1°. This matches with the previously reported value of
25816.3°,57 which was also obtained using MP2-optimized
259geometries. All of the coupled-cluster results reported in
260Table 1 not only confirm the nonplanar character predicted by
261the MP2 computations but also demonstrate the extremely flat
262nature of the potential energy surface within 20 or 30° of τ =
2630°. Of all of the two-ring oligomers, Fn−Fn exhibits the largest
264energy difference between its two minima, with all coupled-
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265 cluster electronic energies of the LM at τ = 0° being 1.7 kcal
266 mol−1 higher in energy than the GM at τ = 180°.
267 In Figure 3, the energetic maximum of each relaxed scan
268 corresponding to the rotational transition state, TS, occurs
269 near τ = 90°. More specifically, fully optimized TS structures
270 for each oligomer (energies and coordinates given in the
271 Supporting Information) have torsional angles ranging from 89

272to 96° and relative energies that deviate by no more than 0.04
273kcal mol−1 from the ΔE values tabulated in Table 1 for τ
274constrained to 90°. Therefore, ΔE at τ = 90° is used to
275estimate the rotational barrier height of these two-ring
276structures as well as the larger three- and four-ring oligomers.
277Using ΔE at τ = 90° from Table 1, Fn−Fn has an electronic
278rotational barrier of approximately 3.9 kcal mol−1 based on the
279coupled-cluster results. This closely matches the previously
280reported barrier height of 4.0 kcal mol−1 that was obtained
281from focal-point analyses.57

282The other two-ring systems, Tn−Tn and Tn−Fn, are
283analyzed in a similar manner. For Tn−Tn (Figure 3 and
284middle of Table 1), neither the GM nor the LM is planar,
285which leads to some negative ΔE values near τ = 150°. Both
286the local and global optimized Tn−Tn minima are twisted out
287of plane by about 30°, as indicated by the corresponding angles
288in the first two columns of data in Table 1. The energy barrier
289to planarity is approximately 0.2 kcal mol−1 for the anti
290minimum and approximately 0.5 kcal mol−1 for the syn
291minimum at the coupled-cluster level of theory. The previously
292referenced computational study reports τ values of 32.3 and
293156.3° for the LM and GM, respectively, and nearly identical
294barriers to planarity as those mentioned above.57 The
295corresponding experimental values of τ (obtained via gas-
296phase electron diffraction) are 36 ± 5° and 148 ± 3°.39 For the
297ωB97XD and MP2 methods in conjunction with the VTZ
298basis set, torsional angles for both fully optimized minima fall
299within the confidence intervals of the experimental values. The
300coupled-cluster energy differences between the two Tn−Tn
301minima are approximately 0.4 kcal mol−1, much smaller than
302the 1.7 kcal mol−1 difference for the Fn−Fn minima. Tn−Tn
303has the smallest coupled-cluster rotational barrier of the two-
304ring systems, at or just below 2 kcal mol−1, which is consistent
305with the previously reported value of 2.2 kcal mol−1.57

306The GM and LM of Tn−Fn (Figure 3 and bottom of Table
3071) are both planar. Interestingly, the two minima for this
308heterogeneous system are essentially isoenergetic, whereas the
309global minima (with τ at or near 180°) have distinctly lower
310energies than the corresponding local minima (with τ at or
311near 0°) for the homogeneous Fn−Fn and Tn−Tn systems.
312The coupled-cluster results for Tn−Fn indicate that the GM
313and LM differ in energy by no more than 0.3 kcal mol−1 and
314that they are separated by a rotational barrier of approximately
3153.1 kcal mol−1, both of which are identical to previously
316reported values.55

317The CCSD(T)-F12 computations were performed with an
318additional basis set (VQZ-F12) to provide benchmark
319energetics near the CCSD(T) complete basis set limit. These
320ΔE values have been relegated to the Supporting Information
321because they are virtually identical to the corresponding
322CCSD(T)-F12 data presented in Table 3 that were obtained
323with the smaller VTZ-F12 basis set. The triple- and quadruple-
324ζ CCSD(T)-F12 results never differ by more than 0.1 kcal
325mol−1, and typically by only a few hundredths of a kcal mol−1

326near the minima. The equivalent deviations associated with the
327CCSD(T)/VTZ relative energies tend to be slightly larger but
328still ≤0.3 kcal mol−1. Even the PNO-LCCSD(T)-F12/VTZ-
329F12 ΔE data in Table 3 fall within 0.1 kcal mol−1 of the
330corresponding CCSD(T)-F12/VQZ-F12 benchmark values.
331Consequently, the computationally efficient PNO-LCCSD(T)-
332F12 method and VTZ-F12 basis set were selected for the
333extension of this energetic analysis to the three- and four-ring
334systems.

Figure 3. Relaxed scans of τ for two-ring systems with different
methods. All methods used the VTZ basis set with the exception of
PNO-LCCSD(T)-F12/VTZ-F12 (denoted PNO-F12). PNO-
LCCSD(T)-F12 results were obtained using MP2/VTZ relaxed
scan structures.
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335 The benchmark coupled-cluster data in Figure 3, Table 1,
336 and the Supporting Information can be used to help gauge the
337 performance of some less demanding methods for the torsional
338 energetics of oligomers. The ωB97XD and MP2 methods give
339 ΔE values close to the coupled-cluster reference values, with
340 maximum deviations falling between 0.2 and 0.4 kcal mol−1 for
341 all three systems. With torsional profiles that closely match
342 those from coupled-cluster computations, the ωB97XD
343 method was selected to characterize the larger oligomers (n
344 = 3 and 4).
345 3.2. Three-Ring Oligomers. The same torsional profiles
346 about τ are examined for the three-ring systems. As depicted in
347 Figure 2, the RX substituent changes from H to either Fn or Tn
348 in the progression to n = 3 from n = 2. This additional ring will
349 be prepended to the labels used for the two-ring systems and
350 will include a subscript 0 or 180° to indicate the value of the
351 fixed torsional angle between the RX heteroatom and X about
352 the corresponding carbon−carbon bond between the rings
353 (e.g., Fn0 Fn−Fn). The relative PNO-LCCSD(T)-F12/VTZ-

f4 354 F12 electronic energies are plotted in Figure 4 for these
355 systems (RZ = H and RX = Fn or Tn) using the structures
356 obtained from ωB97XD/VTZ relaxed scans from τ = 0 to
357 180°. The results for the corresponding two-ring systems (RX,
358 RZ = H) utilizing the same levels of theory are included for
359 comparison. The ΔE values for the τ = 0, 90, and 180° scan

t2 360 points are collected in Table 2. The corresponding CCSD(T)/
361 VTZ and CCSD(T)-F12/VTZ-F12 data are tabulated in the
362 Supporting Information, and relative energies obtained from
363 these two different coupled-cluster procedures deviated by no
364 more than 0.1 kcal mol−1 from any of the corresponding values
365 reported in Table 2.

366The scans of these three-ring systems presented in Figure 4
367demonstrate that the addition of another ring to Fn−Fn, Tn−
368Tn, or Tn−Fn at the RX position (Figure 2) has little effect on
369the torsional profile. For example, the two minima on each
370curve for the RXTn−Tn systems occur near τ = 30 and 150°
371regardless of the identity (H, Fn, or Tn) or orientation (τX = 0
372or 180°) of RX. The electronic energies for the lowest point on
373each curve near τ = 30° consistently lie 0.5 ± 0.1 kcal mol−1

374above those at the bottom of the well near 150°. Similarly, the
375minima on the torsional curves for the RXFn−Fn, RXTn−Fn,
376and RXFn−Tn systems are located at or near 0 or 180° for all
377permutations of RX. The differences in the electronic energy
378between those lowest points are 1.7 ± 0.2 kcal mol−1 for
379RXFn−Fn and 0.3 ± 0.1 kcal mol−1 for RXTn−Fn and RXFn−
380Tn. The rotational barrier heights also display very minor
381variations as RX changes. For RXTn−Tn, barriers to rotation
382fall within a small range of 2.0−2.3 kcal mol−1. The range of
383energy barriers for the remaining oligomers are 3.8−4.2 kcal
384mol−1 for RXFn−Fn and 3.0−3.4 kcal mol−1 for heterogeneous
385oligomers (RXTn−Fn and RXFn−Tn).
386Considering all of the plots as a whole, it becomes evident
387that when RX is attached to a thiophene ring, as in RXTn−Tn
388and RXTn−Fn, the identity and orientation of the additional
389RX ring has essentially no effect on the resulting torsional
390profile. For oligomers where RX is attached to a furan ring
391(RXFn−Fn and RXFn−Tn), variations in the torsional profile
392upon changing RX only become larger than 0.1 kcal mol−1 for
393substituents with a τX value of 0°, such as Fn0 Fn−Fn and Tn0
394Fn−Tn. Overall, the extension of an oligomer via the addition
395of a furan or thiophene ring results in only very minor changes
396to an oligomer’s torsional profile when moving from a two-ring

Table 1. Torsional Angles (τ in Degrees) of the Optimized Local and Global Minima (LM and GM, Respectively) for Two-
Ring Systems, along with Their Relative Electronic Energies (ΔE in kcal mol−1, Referenced to the τ = 180° Structure) and ΔE
of Three Partially Optimized Structures (with τ Fixed at 0, 90, and 180°)

method τ ΔE

LM GM 0° LMa 90° GMa 180°

Fn−Fn
B3LYP 0.0 180.0 +1.71 [+1.71] +5.16 [0.00] 0.00
M06-2X 0.0 180.0 +1.80 [+1.80] +5.12 [0.00] 0.00
ωB97XD 0.0 180.0 +1.62 [+1.62] +4.27 [0.00] 0.00
MP2 18.1 180.0 +1.54 +1.51 +3.68 [0.00] 0.00
CCSD(T)b +1.79 +1.74 +3.93 [0.00] 0.00
PNO-LCCSD(T)-F12b +1.74 +1.71 +3.82 [0.00] 0.00
CCSD(T)-F12b +1.73 +1.71 +3.91 [0.00] 0.00

Tn−Tn
B3LYP 31.5 158.6 +0.84 +0.48 +2.46 −0.08 0.00
M06-2X 31.3 158.9 +0.86 +0.47 +2.54 −0.08 0.00
ωB97XD 36.1 150.6 +0.73 +0.19 +1.65 −0.23 0.00
MP2 34.9 150.8 +0.66 +0.10 +1.73 −0.28 0.00
CCSD(T)b +0.86 +0.30 +1.75 −0.19 0.00
PNO-LCCSD(T)-F12b +0.74 +0.29 +1.86 −0.15 0.00
CCSD(T)-F12b +0.76 +0.29 +1.95 −0.15 0.00

Tn−Fn
B3LYP 0.0 180.0 +0.20 [+0.20] +4.01 [0.00] 0.00
M06-2X 0.0 180.0 +0.28 [+0.28] +4.02 [0.00] 0.00
ωB97XD 0.0 180.0 +0.23 [+0.23] +3.21 [0.00] 0.00
MP2 0.0 180.0 +0.14 [+0.14] +2.92 [0.00] 0.00
CCSD(T)b +0.31 [+0.31] +3.05 [0.00] 0.00
PNO-LCCSD(T)-F12b +0.34 [+0.34] +3.02 [0.00] 0.00
CCSD(T)-F12b +0.31 [+0.31] +3.10 [0.00] 0.00

aSquare brackets indicate that a fully optimized structure is planar with τ = 0 or 180°. bSingle-point energies computed with MP2/VTZ geometries.
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397to a three-ring system, and the identity and orientation of the
398additional ring has little effect on the resulting profile.
3993.3. Four-Ring Oligomers. Analogous torsional profiles
400are examined for the four-ring oligomers, focusing on the
401relative energies associated with τ = 0, 90, and 180°. For these
402oligomers, both RX and RZ change from H to either Fn or Tn
403(in the progression from n = 2 to 4 in Figure 2). The notation
404used for these oligomers prepends RX and appends RZ to the
405labels used for the two-ring systems (e.g., RXFn−Fn RZ). As
406with the three-ring oligomers, τX and τZ values (fixed at either
4070 or 180°) are indicated as subscripts to RX and RZ. Relative
408 t3energies for each four-ring oligomer are presented in Table 3,
409where each row corresponds to a different oligomer with the
410RX and RZ substituents indicated in the first two columns. Note
411that results are only reported for unique permutations of the
412RXFn−Fn RZ and RXTn−Tn RZ systems (top and middle of
413Table 3) because some arrangements are equivalent (such as
414Fn0 Fn−Fn Fn180 and Fn180 Fn−Fn Fn0). In addition,
415CCSD(T)/VTZ single-point computations were performed
416on the same ωB97XD optimized geometries of the τ = 0, 90,
417and 180° relaxed scan points for all four-ring oligomers. Their
418relative energies are tabulated in the Supporting Information.
419The relative energies obtained using CCSD(T) differed by no
420more than 0.2 kcal mol−1 from any of the data points reported
421in Table 3.
422The addition of a fourth furan or thiophene ring at the RZ
423position (Figure 2) has very little effect on the resulting
424torsional profile, and the changes that do occur closely mirror
425those for the corresponding addition of the third ring at RX.
426The configurations with τ constrained to 180° consistently
427have the lowest electronic energies for all of the four-ring
428oligomers. For configurations where τ = 0°, the PNO-
429LCCSD(T)-F12/VTZ-F12 energy increases from 180° scan
430points by approximately 1.4−2.1 kcal mol−1 for RXFn−Fn RZ
431systems, 0.8−0.9 kcal mol−1 for RXTn−Tn RZ systems, and

Figure 4. Relaxed scans of τ for three-ring oligomers with their two-
ring counterparts included for reference, all at the PNO-LCCSD(T)-
F12/VTZ-F12 level of theory on ωB97XD/VTZ relaxed scan
structures. The identity and orientation (τX value) of RX is indicated
in the legend.

Table 2. Relative Energies (ΔE in kcal mol−1) for the τ = 0,
90, and 180° Relaxed Scan Points of All Three-Ring
Oligomers at the PNO-LCCSD(T)-F12/VTZ-F12 Level of
Theory on ωB97XD/VTZ Geometries

ΔE

RX 0° 90° 180°

RXFn−Fn
Fn0 1.92 4.16 0.00
Fn180 1.62 3.94 0.00
Tn0 1.77 4.08 0.00
Tn180 1.58 3.94 0.00

RXTn−Tn
Fn0 0.82 2.13 0.00
Fn180 0.80 2.11 0.00
Tn0 0.84 2.14 0.00
Tn180 0.80 2.13 0.00

RXTn−Fn
Fn0 0.42 3.29 0.00
Fn180 0.34 3.26 0.00
Tn0 0.40 3.28 0.00
Tn180 0.37 3.28 0.00

RXFn−Tn
Fn0 0.47 3.42 0.00
Fn180 0.27 3.15 0.00
Tn0 0.40 3.32 0.00
Tn180 0.25 3.16 0.00
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432 0.2−0.6 kcal mol−1 for heterogeneous RXTn−Fn RZ systems
433 (top, middle, and bottom of Table 3, respectively). These
434 ranges of ΔE values fall within ca. 0.2 kcal mol−1 of the
435 corresponding values for n = 3. Also, as was noted for the
436 three-ring systems, the four-ring systems demonstrate that
437 changing the identity of a substituent (RX or RZ) attached to a
438 thiophene ring has a smaller impact on the torsional profile
439 than changing one attached to a furan ring.
440 The trends in the PNO-LCCSD(T)-F12/VTZ-F12 torsional
441 barrier heights (estimated as ΔE at τ = 90°) for n = 4 are also
442 consistent with those for n = 2 and 3. The largest barriers (≈
443 4.3 kcal mol−1) are encountered for rotation about the central
444 bond between two Fn rings (i.e., RXFn−Fn RZ), while the
445 smallest barriers (≈2.4 kcal mol−1) are associated with rotation
446 about the bond between two Tn rings (i.e., RXTn−Tn RZ).
447 The barrier for rotation about the bond connecting Fn and Tn

448rings falls between the other two systems at ≈3.5 kcal mol−1

449for RXTn−Fn RZ. For all of the different sets of oligomers, the
450barrier height consistently increases by approximately 0.3 kcal
451mol−1 for each oligomer extension: two to three rings and
452three to four rings.

4. CONCLUSIONS
453This work performs a systematic conformational analysis of 55
454unique oligomers, composed of furan and thiophene units,
455related to common π-conjugated bridges for organic semi-
456conductors. Three different DFT methods were used along
457with MP2 and three different coupled-cluster methods
458(CCSD(T), CCSD(T)-F12, and PNO-LCCSD(T)-F12) to
459study energetics and the torsional profiles of the aforemen-
460tioned systems. Of the DFT methods tested for the two-ring
461systems, ωB97XD proved to be the most reliable for
462reproducing MP2 and coupled-cluster torsional profiles. For
463all of the oligomers consisting of two heterocycles, PNO-
464LCCSD(T)-F12/VTZ-F12 relative energies differed by no
465more than 0.1 kcal mol−1 from the corresponding CCSD(T)-
466F12 values computed with the VTZ-F12 and VQZ-F12 basis
467sets. For both the three- and four-ring systems, the PNO-
468LCCSD(T)-F12/VTZ-F12 relative energies of the τ = 0, 90,
469and 180° relaxed scan points differed by no more than 0.2 kcal
470mol−1 from the corresponding CCSD(T)/VTZ relative
471energies. These benchmark results could be used to perform
472a more extensive calibration of other less demanding methods
473for the larger oligomers, but such a task is outside of the focus
474of this work.
475Two fully optimized minima have been characterized for the
476systems with two rings. In each case, the global minimum has a
477torsional angle of/near 180° between the heteroatoms about
478the carbon−carbon bond connecting the two rings, whereas τ
479is equal to or close to 0° for the local minimum. In the
480homogeneous Fn−Fn system, the electronic energy of the
481planar global minimum is nearly 2 kcal mol−1 lower than that
482of the quasi-planar local minimum near the CCSD(T) CBS
483limit, and they are separated by a rotational barrier on the
484order of 4 kcal mol−1. These energy differences are significantly
485smaller for Tn−Tn, where the local and global minimum
486exhibit the largest deviations from planarity (ca. 30°) and the
487difference in energy between them decreases to 0.4 kcal mol−1.
488The Tn−Tn rotational barrier is also reduced to 2 kcal mol−1.
489Although the heterogeneous Tn−Fn oligomer also has a very
490small energy difference between its two minima (0.3 kcal
491mol−1), both optimized structures are planar, and the
492rotational barrier height is just over 3 kcal mol−1 (significantly
493larger than for Tn−Tn). The overall trend for the energy
494difference between the local and global minima is Tn−Fn ≲
495Tn−Tn ≪ Fn−Fn, while the trend for the rotational barrier is
496Tn−Tn < Tn−Fn < Fn−Fn.
497Increasing the length of the oligomer by changing RX and RZ
498from H to Tn and/or Fn does not lead to significant changes in
499the barrier heights or the relative energies of the syn and anti
500conformations near τ = 0 and 180°, respectively. Trends in the
501rotational barrier heights for the three- and four-ring oligomers
502remain the same as the two-ring oligomers: RXTn−Tn RZ <
503RXTn−Fn RZ < RXFn−Fn RZ. The trend in energy differences
504between the τ = 0° and τ = 180° configurations (roughly
505similar to the energy difference between the minima) remains
506RXTn−Fn RZ ≲ RXTn−Tn RZ ≪ RXFn−Fn RZ for all
507oligomers (n = 2, 3, and 4). Typically, the largest change in the
508conformational profiles when moving from a shorter to a

Table 3. Relative Energies (ΔE in kcal mol−1) for τ = 0, 90,
and 180° Scan Points at the PNO-LCCSD(T)-F12/VTZ-
F12 Level of Theory on ωB97XD/VTZ Geometries for All
Four-Ring Oligomers

substituents ΔE

RX RZ 0° 90° 180°

RXFn−FnRZ

Fn0 Fn0 2.14 4.59 0.00
Fn0 Fn180 1.70 4.34 0.00
Fn180 Fn180 1.49 4.11 0.00
Tn0 Tn0 1.71 4.41 0.00
Tn0 Tn180 1.49 4.26 0.00
Tn180 Tn180 1.40 4.12 0.00
Fn0 Tn0 1.92 4.49 0.00
Fn0 Tn180 1.64 4.34 0.00
Fn180 Tn0 1.53 4.24 0.00
Fn180 Tn180 1.45 4.11 0.00

RXTn−TnRZ

Fn0 Fn0 0.89 2.43 0.00
Fn0 Fn180 0.84 2.40 0.00
Fn180 Fn180 0.82 2.38 0.00
Tn0 Tn0 0.89 2.45 0.00
Tn0 Tn180 0.84 2.43 0.00
Tn180 Tn180 0.81 2.41 0.00
Fn0 Tn0 0.89 2.44 0.00
Fn0 Tn180 0.83 2.42 0.00
Fn180 Tn0 0.84 2.41 0.00
Fn180 Tn180 0.82 2.40 0.00

RXTn−FnRZ

Fn0 Fn0 0.55 3.74 0.00
Fn180 Fn0 0.42 3.68 0.00
Tn0 Fn0 0.51 3.73 0.00
Tn180 Fn0 0.44 3.72 0.00
Fn0 Tn0 0.45 3.63 0.00
Fn180 Tn0 0.34 3.57 0.00
Tn0 Tn0 0.41 3.62 0.00
Tn180 Tn0 0.36 3.61 0.00
Fn0 Fn180 0.30 3.45 0.00
Fn180 Fn180 0.26 3.42 0.00
Tn0 Fn180 0.27 3.43 0.00
Tn180 Fn180 0.28 3.44 0.00
Fn0 Tn180 0.28 3.46 0.00
Fn180 Tn180 0.24 3.42 0.00
Tn0 Tn180 0.24 3.44 0.00
Tn180 Tn180 0.24 3.46 0.00
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509 longer oligomer (n = 2 to n = 3 or 4) was in the rotational
510 barrier height, estimated as ΔE at τ = 90°, with the maximum
511 change being 0.8 kcal mol−1 at the PNO-LCCSD(T)-F12/
512 VTZ-F12 level of theory (for the system where X and Z = O in
513 Figure 2). The changes induced by extending the Tn and Fn
514 ring systems tended to be even smaller near the minima (τ = 0
515 and 180°). Taken altogether, these patterns illustrate that
516 extending the oligomer using Tn and Fn rings has a very small
517 effect on the overall torsional profile about the CC bond
518 connecting the central Fn and/or Tn units.
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