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Aggregates of chiral polythiophenes (PTs) show strong electronic
circular dichroism (ECD) spectra with a unique vibronic structure.
A computationally fast procedure, based on simple oligothiophene
dimers as models of PT aggregates, is able to reproduce
experimental vibronic ECD spectra of aggregated phases.

It is nowadays an established notion that the fundamental
properties of materials based on 7-conjugated polymers
(CPs),1 such as light absorption and emission, charge and
exciton transport, and the performances of the devices
constructed thereof, including light emitting diodes (LEDs),
solar cells and field-effect transistors (FETs), depend not only
on the molecular structure but also on the organization
reached at various levels of hierarchy, up to the
nano/mesoscale.z’3 To design more efficient devices it is crucial
to study and control the supramolecular structures at each
level, and to understand the intermolecular interactions
responsible for them.*? Although chiral CPs represent a small
fraction of all known systems,s’8 chiroptical techniques, and
especially electronic circular dichroism (ECD), have become a
widespread tool for the investigation of CP aggregates. This is
because, while isolated polymers and disordered
supramolecular structures are often ECD-inactive, ECD is very
sensitive to ordered (helical) assemblies,’ particularly to the
mutual orientation between conjugated polymeric chains,
which is in turn strictly related to their transport properties.5 It
is noteworthy that in their recent review about pathway
complexity and selection in the aggregation of m-conjugated
materials,10 Meijer and co-workers discuss ECD as the first and
most used technique in the field. Despite these encouraging
premises, the effective use of ECD in the study of chiral CPs is
still restricted to detect and quantify aggregate formation, or
to determine the handedness of helical aggregates — an
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application which is itself prone to error if based on merely
qualitative assumptions.9 The discovery of quantitative
spectrum-to-structure relationships, which are the standard in
many ECD applications,11 is hampered in the field of CPs not
only by the system complexity, but also by the complicated
appearance of ECD spectra of CP aggregates. In fact, ECD
signals allied with m-n* transitions of rigid or semi-rigid
aggregates of m-conjugated polymers often manifest a distinct
vibronic structure dominating their shape. This is especially
true for chiral polythiophenes (PTs). Regioregular PTs
represent perhaps the most successful family of CPs for
optoelectronic applications.u‘13 Several chiral PTs have been
synthesized and their ECD spectra reported.14'37 In aggregated
phases (solution aggregates promoted by low temperature or
“poor” solvents, or thin films), ECD spectra of PTs are usually
dominated by an exciton couplet feature’ in the long-
wavelength region corresponding to the first observed m-n*
HOMO-LUMO transition of the PT core,*® typically between
450-650 nm. Very interestingly, most of these ECD couplets
(i.e. two bands close in energy with similar intensity and
opposite sign) show a typical more or less pronounced vibronic
structure, "+ although couplets with faint or missing
vibronic structures are also encountered.?®37/3%4244

Apart from the theoretical interest in vibronic excitonic ECD
spectra,45 it must be stressed that the coupling between
delocalized electronic excitations (excitons) and intramolecular
vibrations is a privileged mechanism for charge and energy
transport in CPs. As such, the effects of electronic-vibronic
coupling on absorption and emission spectra of CPs and
particularly PTs have been studied extensively from both an
experimental and theoretical viewpoint.s'%'52 On the contrary,
the vibronic features in ECD spectra of PTs have been
considered only qualitatively.16'20'25'28’29’53 Janssen and co-
workers have studied the ECD spectra of chiral PTs in detail as
a source of structural information,17'19’23’26’54 however their
quantitative treatment was focused on a small covalent
bis(terthiophene) model and based on a semi-empirical
calculation approach.”’23 The most important conclusion from
their series of papers is that, among the various possible
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sources of optical activity in aggregates of chiral PTs, a major
role is played by the inter-chain exciton coupling established in
helical packings of predominantly planar chains, rather than,
for instance, from a helical conformation assumed in each
chain (an intra-chain mechanism).19

Here, we demonstrate that the vibronic ECD spectra of chiral
PTs may be properly taken into account — with the main aim to
investigate the content of structural information they deliver —
and satisfactorily reproduced by combining high level quantum
mechanical calculations of vibronic ECD spectra® with
simplified molecular models. The applicability and reliability of
our method to conjugated polymers is verified here for the
first time. We chose PTs as test case both for their importance
and because oligothiophenes have been extensively studied
with theoretical methods,13 including time-dependent density
functional theory (TDDFT) we also employed.*”**

n=1 T3 n=7 T9
/ \ S / \ n=2 T4 n=9 TN
S \ / S n=3 T5 n=11 T13
n=5 T7

T5,
Scheme 1 Top: model oligothiophenes Tn. Bottom: dimer of T5 showing definition of
intermolecular plane-to-plane distance r and torsional angle 6.

The models for PT used here are oligothiophenes Tn composed
of 3 to 13 thiophene units, and their dimers Tn, (Scheme 1).
The geometries of monomers Tn were optimized by DFT in C,,
symmetry (C, for T4). The preferred supramolecular
arrangement of PTs consists of all-trans conjugated chains
placed anti-parallel to each other at distances starting from
~4A in the crystal state.”® With the aim to mimic such
arrangements and introduce chirality, we constructed the
idealized geometries of the stacked dimers Tn, by placing two
monomers parallel to each other at variable distances r and
twist angle & (Scheme 1). Dimers were not re-optimized and
distortions along the inter-ring torsions were not allowed.

As a first test of the consistency of our method, we considered
the exciton coupling potential V;,. This was extracted from
TDDFT calculations on the dimers at CAM-B3LYP/SVP level as
half of the Davydov splitting between the first two excited
states S1 and S2, which are essentially the linear combination
of HOMO—LUMO excitations on the monomers (local
excitations; the orbitals for T7, are depicted in the Electronic
Supplementary Information, ESI; Figure S1). This simple
procedure takes into account also short-range interactions for
symmetric dimers as those considered here.”” Further details
are given in the ESI, where (Tables S2) it is also shown that, at
least for r =5 A, the exciton couplings calculated by TDDFT are
equivalent to those obtained assuming a Coulomb interaction
between the transition densities and performing the related
integral with the transition density cube method.”® The
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dependence of V3, on the geometrical parameters and on the
number of thiophene units is shown in Figure 1. As expected,
V., decreases with both r and @ (in the dipolar approximation
Vi, o r_a-cosé’). More interesting is the fact that, at fixed r, the
Vi5(6) curves have a similar trend for all dimers but the
coupling potential decreases upon increasing the chain length
n (for n> 5). This is at odds with a simple dipolar model which
predicts V;, to vary linearly with the dipolar (or oscillator)
strength and then with n (see ESI, Figure S2). However, the
dipolar approximation breaks down quickly as the chain length
increases,59 and for longer chains one should think at
interchain interactions in terms of multiple interactions
between different fragments on each chain, which eventually
lead to an inverse coupling/length relationship, as observed
experimentally and confirmed by theory.‘r"“e'sg‘63 Thus, the
present TDDFT calculations on Tn, dimers reproduce the
expected trends.

(b)
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Fig. 1 (a) Coupling potential Vi, calculated for dimer T3, as a function of r and 6. (b) Vi,
calculated for dimers Tn, as a function of @ at r= 5 A. Calculations at TDDFT/CAM-
B3LYP/SVP level.

Our method® for vibronic calculations in dimers is fully
detailed in the ESI. Briefly, the ECD signal is obtained in a time-
dependent formalism from the quantum dynamics on the
coupled potential energy surfaces (PESs), corresponding to the
local excitations on the two monomers. Such PESs are taken as
the ground-state equilibrium
geometry and normal modes of the monomer Tn and from its
equilibrium geometry in the excited state, obtained at CAM-
B3LYP/SVP level of theory. In principle, the calculation of the
dynamics on the coupled PESs is extremely challenging since it
involves e.g. 126 nuclear coordinates for T3,, 294 for T7,, and
546 for T13,. The computation is performed by adopting a
reduced number of effective vibrational modes, that is, linear
combinations of the normal modes of the monomers
rigorously defined to describe accurately the dynamics of the
full-dimensionality system on a short timescale.®*®®> The
approach also implies an accurate simulation of the ECD
spectrum for a finite frequency resolution.* The number of
necessary effective modes increases with the desired
resolution of the converged spectrum. In this way, the
traditional single-mode approximation is relieved® and the all-
coordinates spectrum is obtained, but the procedure remains
computationally feasible.

In Table 1 and Figure 2 we report the calculation results on
dimers Th, at r=5 A and 6= 15°. A plane-to-plane distance of 5

harmonic and built from
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A'is a reasonable compromise between the tight packing found
in the solid state (rz4,&)56 and the larger spacing expected for
“soft” solution aggregates and thin films, especially in the
presence of branched pendants. Similarly, a small twist angle is
a plausible choice because it allows the system to attain a well-
defined chiral supramolecular assembly while preserving a
sufficient amount of m-stacking between neighbouring
chains.?”®® The spectra and data for other dimers are given in
the ESI, Figures S5-S12; dimer T4, behaves as an intermediate
between T3, and T5,, so no odd-even effect is detected. All
convoluted spectra, obtained using a Gaussian bandshape with
half width at half maximum HWHM= 450 cm_l, were well
converged with 6 effective modes, or even with 4 in most
cases. On the contrary, the use of only 2 effective modes,
namely one coordinate per monomer, afforded vibronic
spectra far from convergence (ESI, Figures S5-S8). This is
noteworthy because, as said above, most quantitative
traditional treatments of vibronic excitonic ECD spectra are
based on a single-coordinate approximation.*>®%%°

Table 1 Main calculated data for Tn monomers and Tn, dimers.

T3 T5 T7 T9 T11 T13
E, (cm™®)® 20658 25118 23248 22278 21721 21361
Vi (cm™ P 660 700 610 505 415 340
o (em™) @ 1485 1489 1489 1487 1490 1490
A (ecm™)@ 2715 2558 2418 2352 2284 2221

&l Vertical transition energy for the monomers, from TDDFT/CAM-B3LYP/SVP
calculations on the monomers Tn. Coupling potential, calculated from
TDDFT/CAM-B3LYP/SVP calculations on the dimers Tny, at r=5 A and 6= 15 deg. [
Frequency of the first effective mode on each monomer Tn, from our hierarchical
description of the Hamiltonian. @ Linear coupling of the first effective mode on
each monomer Tn, from our hierarchical description of the Hamiltonian. This
quantity is proportional to the displacement of the ground and excited
equilibrium geometry of the monomer (see ESI).

The most striking observation from the calculated vibronic
absorption spectra (Figure 2a) is that the spectral shape is
affected by the specific monomer considered, although to a
lesser extent than anticipated. In fact, the overall shape is well
conserved and, with the chosen convolution, it is dominated
by a progression with an apparent step of about 1400-1500
cm™. The two modes most contributing to such progression
are the first two effective modes. Each of them represents a
ring-breathing mode®®” concentrated on the inner rings of
one of the two monomers (ESI, Figure S4) and their
frequencies w; are very similar for all the Tn, dimers, while
their linear couplings A, decrease moderately with n (Table 1).
The most noticeable effect of increasing the number of units n
is the obvious red-shift of the vertical transition of the
monomers, accompanied by an overall intensity increase.*”*®
A slow convergence of the SO0-S1 excitation energies is
observed (Figures 2a and S3, ESI), in keeping with
357173 The vertical SO-S1 excitation energy calculated
for our longest model (T13) is 2.56 eV, while the value

literature.
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extrapolated for the long-chain limit using W. Kuhn’s fit
model”*”* is 2.45 eV.*

A second apparent effect of varying the chain length is a
redistribution of the relative intensities of the vibronic bands,
the second of which (starting from the low energy side)
becomes relatively more intense in the absorption spectra
(Figure 2a) and less intense in the ECD spectra (Figure 2b)
upon increasing n. ECD spectra appear in all cases as positive
couplets (i.e., a positive low-energy band followed by a
negative high-energy band), in keeping with the expectation
from exciton theory for a positive twist angle 0.° However, the
vibronic pattern strongly alters the spectral shape with respect
to a purely electronic couplet.76 In the ECD spectra the effect
of the chain length is also appreciated. In fact, the lowest
energy negative vibronic band, which is almost absent or
appears as a shoulder for small models (T3, and T5,, Figure
2b), is clearly distinguishable for medium-length models (T7,)
and finally becomes the strongest negative band for the
longest model (T13,).

4 T T T T 200 T T T T
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Fig. 2 Calculated vibronic absorption (a) and ECD spectra (b) for dimers T3,, T5,, T7,
and T13, at r= 5 A and = 15°, corresponding to the coupling potentials V;, listed in
Table 1. Vibronic spectra convoluted with HWHM = 450 cm'l, 6 effective modes
included.
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Fig. 3 Calculated vibronic ECD spectra for dimers T7,(a) and T13,(b) as a function of the
coupling potentials Vi, (given in parentheses). This latter corresponds to the indicated 6
angles at a distance r= 5 A. Spectra convoluted with HWHM = 450 cm ™", 6 effective
modes included.

Since in our model the normal modes are computed on the
monomers Tn, the impact of the dimer geometry on the
lineshape of the ECD spectra may be inferred by varying V;,
(which depends on r and 6), as shown in Figure 3 for dimers
T7, and T13, (the corresponding absorption spectra are given
in Figures S9-S10 of the ESI; ECD and absorption spectra of T3,
and T5, are reported in Figures S11-S12). We observe that
while the ECD intensity varies almost linearly with V,,, the
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overall shape is well preserved, with some variation observed
only near to the crossover point for the short models. This is a
surprising result, because a strong dependence of ECD spectra
on the specific geometry adopted in the aggregates is in
general expected.9 In the current case, the spectral shape
depends primarily on the vibrational progression of each single
PT chain and is marginally affected by the inter-chain coupling.
For example, the apparent couplet amplitude — the energy
difference between the first positive and first negative peaks —
is consistently between 2250-2450 cm™ for both T7, and T13,;
similar values are obtained for other dimers. This splitting
between the two exciton components, which is normally a
very informative parameter,”’ is here almost cancelled by the
vibronic progression. The electronic coupling potential V;,
estimated for Tn, model dimers is (much) smaller than the
vibrational spacing, a condition known as weak-coupling
regime,76 while the vibrational linear coupling A, is sizeable
(Table 1). As an immediate consequence, it is almost
impossible to estimate V,, from a simple inspection of ECD
spectra, as suggested e.g. by Janssen and co-workers.””* In
summary, the comparison of Figure 2 and 3 suggests that the
details of the vibronic structure of the ECD spectrum are more
affected by the chain length than by the inter-chain
orientation in the dimer, or, in terms of parameters of the
model, more by the vibrational couplings than by the
electronic coupling Vi, In particular, the dependence on the
linear coupling A, of the first effective mode can be
demonstrated by running a vibronic calculation on, e.g., T13,
and imposing a value of A, corresponding to a shorter chain,
e.g. T5 (that is, 2558 instead of 2221 cm™, see Table 1). The
resulting vibronic absorption and ECD spectra (see Figure S13,
ESI) are very similar to those calculated for T5,. Generally
speaking, calculated absorption spectra on Tn, dimers as a
function of Vi, (or of angle 6, at fixed r) showed a more
pronounced variation than ECD (see ESI, Figures S9-S12). In
fact, absorption (as well emission) spectra of aggregated PTs
are known to be very sensitive to inter-chain interactions, and
have received much attention as a source of information such
as supramolecular structure, order and regularity.>*®*>°

4 T T T T T T 200

L Experimental for PBMBT

— Calculated for T13,
100

50

ECD

0

Absorption

-50

-100

.
4 16 18 20 22 24 26 28 14 16 18 20 22 24 26 28
v/ 10° em™ vi10° em™

Fig. 4 Comparison between experimental absorption (a) and ECD spectra (b) of PBMBT
(inset) in CH,Cl, at 243K, and calculated spectra for dimer T13, with r= 5 A and 6= 15°
(Vi = 340 cm’1)4 Vibronic spectra convoluted with HWHM = 450 cm™; 6 effective
modes included; shifted by —2900 cm™. Experimental spectra reprinted from ref. 19,
with permission from Elsevier. Vertical axes are € and Ag / M"'cm™ for the calculations,
while experimental spectra (provided as OD and mdeg) were scaled arbitrarily.
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To check our calculation results against the experiment, we
chose poly[3,4-bis((S)-2-methylbutoxy)thiophene] (PBMBT,
inset in Figure 4). For this polymer a representative set of
experimental spectra is available,* corresponding to different
conditions used to promote aggregation, such as film
deposition, use of a “poor solvent” or low temperatures. In
particular, solution aggregates obtained at low temperature in
CH,Cl, and 2-methyl THF showed the best-resolved vibronic
ECD spectra, very similar to each other.” In Figure 4 we
compare the spectrum in CH,Cl, at 243K with the results for
dimer T13,; the geometrical parameters were kept at r= 5 A
and &= 15°. Both the experimental absorption and ECD profiles
are reproduced very well by the computed spectra, apart from
the obvious blue-shift due to the use of finite oligomers
discussed before. The use of our largest model is expected to
mimic better the behaviour of long chains of PBMBT (batch
with M,,= 15 kDa) in conditions of high order and regularity as
those promoted by low temperature in solution.* However,
we observe that ECD spectra measured on thin films of
PBMBT, i.e. conditions leading to larger disorder and shorter
conjugation lengths, are even better reproduced by a smaller
model such as T5, (see ESI, Figure S14). The remarkable
agreement observed in Figure 4 was in part unexpected in
consideration of the crude model used for the aggregate.
Several reports demonstrate in fact that, in ordered chiral
supramolecular assemblies of chromophoric entities, long-
range exciton couplings, i.e. couplings between
immediate neighbours, may bring about a very strong
contribution to the final ECD spectrum.”®®" This is however
primarily true for two quantities, namely the coupling
potential and the spectrum intensity, which — for different
reasons — are not an issue in the present case. In fact, the true
experimental normalized ECD intensity is often unknown for
polymer aggregates, while the impact of the coupling potential
is masked by the vibrational progression, as discussed above.
Thus, the apparent effectiveness of a simple dimeric model for
PTs may be ascribed to the peculiar nature of vibronic
excitonic ECD spectra in the weak-coupling regime, and not to
the fact that first-neighbour or short-range couplings are
dominant.?>®

non-

Conclusions

The main result from our study is that vibronic ECD spectra of
PT aggregates offer a unique fingerprint of the presence of a
chiral supramolecular structure in solution or thin film. The
appearance of vibronic ECD spectra similar to those shown in
Figure 4 is an immediate proof of the formation of chiral
aggregates of quasi-planar PT chains arranged almost parallel
to each other with some tilt angle.19 This conclusion clearly
supports the widespread use of ECD as a diagnostic tool to
monitor PT aggregation in various conditions. On the contrary,
the geometry dependence of the ECD spectra is less
pronounced than anticipated and commonly believed. In our
model, the vibrational progression of each oligothiophene
monomer (an intra-chain effect) is the major factor
determining the final shape of the vibronic ECD spectrum of

This journal is © The Royal Society of Chemistry 20xx
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the dimer, and dominates over the exciton coupling (an inter-
chain effect). Thus, a detailed analysis of absorption and
emission band-shapes should be preferred to extract
quantitative structural parameters.‘r""s’so’63

From a more fundamental viewpoint, our results demonstrate
that the use of a relatively small molecular model for PT
aggregates is sufficient to get a reasonable picture of the
vibronic exciton coupling between aggregated PT chains, at
least in terms of the shape of the ECD spectra. This is because
in the weak-coupling regime the overall band-shape is mostly
determined by the intrinsic monomer vibronic band-shape and
therefore less affected by long-distance couplings, which
would need much larger models to be correctly predicted.
Finally, we notice that our model can be easily extended to
other chiral conjugated polymers. In particular, chiral poly(p-
phenyleneethynylene)s (PPEs) show distinct aggregate ECD
spectra, often with recognizable vibronic features,m’s"’86
whose origin is still debated in the literature with respect to
the inter-chain vs. intra-chain origin and the role of ring
librations.®’
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¥ This latter value can be compared with reference values
(around 2.0 eV) obtained with TDDFT method and using
the same fitting procedure.71’73’74 The discrepancy with our
value is largely due to the use of two different
functionals,88 namely the range-separated CAM-B3LYP in
our case, and the global hybrid B3LYP in all other quoted
examples. CAM-B3LYP was a necessary choice here to
avoid the occurrence of spurious charge-transfer states in
the stacked dimers. Moreover, the analysis in ref. 47
suggests that including the solvent effects and increasing
the basis set predicts very accurate absolute energies, at
least on small PT oligomers (up to T7).
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