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ABSTRACT: The self-assembly of chiral supramolecular polymers is an intricate b e ECD g
process that spans a wide range of length scales. Circular dichroism techniques are ~ * )\(&i o
ideal to study this process as they provide information on the molecular scale but M J - 3 o
are at the same time also sensitive probes of the long-range interactions that control M W
the growth and morphology of these polymers. As yet, Electronic Circular 2= 3 f[lvep W
Dichroism that uses electronic transitions as a probe has by far been the method of QS\ Y M
choice while Vibrational Circular Dichroism, which uses vibrational transitions to R B Y

probe structure, is much less employed. Here, we report experimental and %

theoretical studies of the self-assembly of helical supramolecular polymers of (S)-

triarylamine tris-amides ((S)-TATA) in which both techniques are applied in concert. Theoretical studies based on quantum
chemical calculations and on simplified models that allow for extrapolation to “infinitely” long polymers provide a solid basis for
interpreting results from each of the two techniques that on their own would appear to be contradictory. In the particular case of
(S)-TATA it is shown that upon equilibration the initially formed fibers undergo a conformational transition that becomes only
“visible” by the combination of the two techniques. Our studies thus show that combining electronic and vibrational domains
offers a unique and complementary means to probe these polymers, precisely because they are sensitive to different aspects of
molecular and polymeric structure.

B INTRODUCTION ties a fundamental understanding of the supramolecular self-
assembly mechanism is essential.

The supramolecular chirality that these polymers often
exhibit and that frequently forms the basis for their use in
applications offers in this respect an ideal means to study the
self-assembly process with chiroptical techniques such as
electronic circular dichroism (ECD) and vibrational circular
dichroism (VCD) since these techniques are in particular
sensitive to the detailed spatial structure of the overall

Self-assembly offers an attractive and versatile route toward the
rational development of functional materials with targeted
properties. At the same time, it is a process that is also of key
importance in nature. The process of supramolecular assembly
and aggregation is thus attracting major attention from a wide
range of scientific disciplines.' ™ Interests range from the
formation of amyloid fibrils*~® associated with neurodegener-

ative diseases like Alzheimer and Parkinson, to material assembly. > Although ECD (and to a much lesser extent
sciences where organic supramolecular polymers show a highly VCD) is often employed to characterize the stereochemical
varying range of structural as well as ionic, electronic, and properties of self-assembled polymers, it is striking to see that
photonic transport properties.”’ "' These properties depend the analysis of these spectra so far mainly has been done at a
strongly on the morphology of the assembly at different scales; qualitative level. That is, as a general rule the analysis primarily
from their exact monomeric structure at the nanoscale to the

aggregation of their supramolecular complexes at the Received: October 21, 2019

mesoscale."*™"* To gain control over such functional proper- Published: December 23, 2019

ACS Publications  © 2019 American Chemical Society 1020 DOI: 10.1021/jacs.9b11306
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Figure 1. Molecular structure of the (3:0) (a) and (2:1) (b) conformations of (§)-triarylamine trisamide ((S)-TATA). Schematic representation of

helical stacks of the (3:0) (c) and (2:1) (d) conformations of (S)-TATA.

focuses on changes in signs of bands under different assembly
conditions but does not validate and obtain further insight into
the experimental results by quantitative theoretical methods.
The present study distinguishes itself in that respect as it aims
to obtain a solid support for the interpretation of VCD and
ECD spectra by explicit calculations of these spectra for
monomers and supramolecular assemblies.

In the present study we focus on the supramolecular
polymerization of N-centered C;-symmetric triarylamine
trisamides (TATA, see Figure la and b). The stacking of the
TATA units is facilitated by 7—7 stacking interactions between
the phenyl groups as well as by hydrogen bonds between the
amide groups of adjacent TATA units. This causes the central
nitrogen atoms of the TATA molecule to form a colinear
arrangement in helical monocolumnar stacks (i.e., fibrils) with
M or P chirality, the two helicities having identical energies
(see Figure 1c and d)."” However, by introducing a chiral
center in all or just a small fraction of the side chains of the
TATA core, a preference for either the M or P helicity is
created,'® ultimately leading to supramolecular aggregates with
a single chirality. Such stacks exhibit large CD signals that are
critically dependent on the polymerization process and can
thus be used to follow the process in detail.

Recently, we reported on studies on the supramolecular
polymerization of (S)-TATA, and in particular on steering the
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supramolecular structure and chirality by means of different
temperature trajectories.’® This was done by cooling a hot
solution to room temperature with either a fast or a slow rate,
and analyzing using a variety of techniques including ECD and
VCD. In particular, we established that a sequential supra-
molecular polymerization mechanism could take place by slow
cooling, leading first to P-fibrils and then to M-superhelices
made of these P-fibrils (see Pathways I and II in Figure 7). In
the present work, we now show that under certain
experimental conditions ECD and VCD spectra lead to
opposing conclusions on the helicity of the produced
assemblies. As yet, ECD and VCD studies are rarely
combined.” In fact, in practice it is often tacitly assumed
that the two techniques depend similarly on the structural
parameters of interest, implying that sign inversions in one of
the spectra are accompanied by sign inversions in the other.
From a theoretical point of view this clearly does not need to
be the case, and it is therefore of key interest to study how
structural changes in well-defined systems such as the (S)-
TATA supramolecular assemblies studied here affect each of
the two types of spectra. As we will show, a careful analysis of
these spectra actually offers a unique possibility to zoom in on
different and complementary details of their structure.
Remarkably, we found in the present studies that the VCD
spectrum of samples that had been cooled at 0 °C or stored at

DOI: 10.1021/jacs.9b 11306
J. Am. Chem. Soc. 2020, 142, 1020—1028


http://dx.doi.org/10.1021/jacs.9b11306

Journal of the American Chemical Society

a

2000

1000

¢ (L mol~tcm™1)

1

0 P
1600

o b b 1 N
1620 1640 1660 1680 1700 1720 1740
Frequency (cm™1)

+140
+120f
+100
+80
+60 |

+40

Ae (L mol~tem™1)

+20 .

PN IR NI ST NI T R SR
300 320 340 360 380 400 420 440
Wavelength (nm)

Figure 2. Comparison between the (a) VA (bottom panel), VCD (top panel), and (b) ECD spectra of 1 mM solutions of (S)-TATA in toluene-d
for different cooling conditions and equilibration times. The blue spectra have been recorded on a fresh sample cooled on ice, and the red spectra
on a fresh sample cooled to air, while the black spectra have been measured on a sample that was cooled to air and stored for two months at room

temperature.

room temperature for a longer period (on the order of weeks)
showed a sign inversion of the amide I bands, indicating a
change in helicity. The latter observation is intriguing, in
particular in the context of the studies of Meijer et al. on N-
centered TATAs with reversed amide moieties.”” In these
studies it was found that two stable self-assembled states of
opposite helicity can be formed. At high temperatures, stacks
are formed via a nucleation-elongation mechanism of
monocolumnar fibrils in which all three amide groups have
the same orientation and the hydrogen-bonding dipoles
between stacks are aligned parallel, indicated as the (3:0)
conformation. Below room temperature, however, a second
state is formed in which one of the amide groups of each
TATA molecule is rotated -leading to two parallel and one
antiparallel dipole indicated as the (2:1) conformation- and
which is accompanied by inversion of the fibril helicity. For the
N-centered (S)-TATAs studied here such a kinetic trapping
has not been reported yet, but clearly is of considerable
interest.

In order to come to a consistent interpretation of these
results, we report here extensive computational studies on the
VCD and ECD spectra of (S)-TATA monomers and their
stacks. We furthermore performed additional VCD and ECD
measurements at different concentrations and different cooling
conditions. We do such a theoretical study at the ab initio level,
but ultimately also compare the results with the results of
calculations based on a coupled oscillator model. Such a
connection is instructive as it allows one to extend and
extrapolate the present results to larger assemblies, but also
allows to test the validity of such an approach for other types of
assemblies. We will show that the experimental results can be
consistently interpreted on the basis of these computational
analyses, and that these computational analyses allow us to
identify the key elements that determine the appearance of the
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ECD and VCD spectra of (S)-TATA supramolecular polymers.
At a more general level, our results pave the way for further
detailed studies of supramolecular polymerization processes at
large.

B EXPERIMENTAL RESULTS

Figure 2 displays Vibrational Absorption (VA), VCD, and ECD
spectra recorded for 1 mM solutions of (S)-TATA in toluene-dg with
different equilibration times, using either cooling from hot solutions
to room temperature, or from hot solutions to 0 °C (see Supporting
Information, SI section S1.1 for further experimental details). The
ECD spectra show for all employed conditions basically the same
positive/negative bisignated band although the relative intensities of
the positive and negative parts depend on the particular conditions
under which the spectrum has been recorded. These spectra are in
agreement with the spectra reported in our previous studies in which
it was concluded that they are associated with an M-superhelical
arrangement of P-helical (S)-TATA fibers.'®

As a result of the high absorbance of the solvent and the very low
absorbance of the solute (see SI Figure S4) VCD spectra can only be
recorded in the amide I region. In view of the ECD results, one
expects that the sign pattern of the bands in these VCD spectra would
not depend on the experimental conditions. Interestingly, this is not
borne out by the experiments which show that the air-cooled sample
exhibits an opposite coupling pattern from the other two samples.
Follow-up experiments in which these measurements were repeated
and in which measurements were done at different concentrations
confirmed these observations, the only possible difference being that
for higher concentrations sign inversion appeared to require a longer
equilibration time (see SI Figure SS).

Although the ECD and VCD experiments thus consistently showed
the same sign patterns, it was at the same time observed that the
relative intensities of the bands in the ECD and VCD spectra differed
strongly from sample to sample (see Figures 2, SS, and S6). These
differences might in part be attributed to the fact that the
supramolecular helices form a gel, which could easily lead to
inhomogeneities in sample concentration. However, we also observed

DOI: 10.1021/jacs.9b11306
J. Am. Chem. Soc. 2020, 142, 1020—1028
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Figure 3. Computed VA (bottom panel) and VCD (middle and upper panel) spectra of monomeric (S)- and (R)-TATA in which (S)-TATA
(black) with the three chains oriented along the directions they adopt in P-helical stacks of these monomers is always compared with other
structures. (a) Comparison for the (3:0) conformation: relative to M-oriented (S)-TATA (red) and P-oriented (R)-TATA (blue). (b) Comparison
with the P-oriented (S)-TATA (2:1) conformation (green), and with the P-oriented (S)-TATA (3:0) conformation (orange) with the chiral carbon
chains replaced by a methyl group. Spectra have been convoluted using a full width at half-maximum of 4 cm™ for a better resolution of the

individual bands.

variations in the relative ratio of the intensities of bands in the IR and
VCD spectra, and such variations cannot be explained by a difference
in the absolute concentration. Instead, they strongly suggest that the
samples contain mixtures of M- and P-helical stacks, and that the sign
pattern is determined by which type of helix is dominantly present.
This conclusion finds further support from a recent study by the
Meijer group in which a temperature-dependent equilibrium between
M- and P-helical stackings has been described for an (S)-TATA
system with reversed amides.”® Such an equilibrium between M- and
P-helical structures might in principle explain the sign change in the
VCD spectrum over time since this could then be the result of an
initial kinetic trapping of the (3:0) conformation which over time is
converted into the more stable (2:1) conformation.

What this mechanism, however, fails to explain are the observed
differences between the ECD and VCD spectra, that is, the ECD
spectra always show the same signs while the signs in the VCD spectra
are dependent on the experimental conditions. Moreover, it is a priori
not clear whether the (3:0) and (2:1) products indeed have a different
sign in the VCD spectrum (as implicitly assumed above), or that it is
the M- to P-helical reorganization or even a combination of the two
that is responsible for the sign change. In fact, one quickly comes to
the conclusion that to elucidate the experimental observations a much
better understanding is needed of what determines the signs and
intensities of the ECD and VCD bands in these supramolecular
systems.

B THEORETICAL ANALYSIS

In the following we will in first instance discuss results of
theoretical calculations on the VCD and ECD spectra of
conformations of individual TATA molecules. We will then use
these results to determine how stacking of TATA molecules
into polymeric chains influences these spectra by performing
calculations on various polymeric TATA chains. Finally, we
will set up a simplified model based on a coupled oscillator
approach and determine to what extent such a model is able to
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reproduce the relevant aspects of the spectra. Ultimately, we
will use this model to explain the different sensitivities of the
ECD and VCD spectra to structural parameters.

Coupling in Monomeric (S)-TATA. Figure 3a displays
computed VA and VCD spectra of (R)- and (S)-TATA with
the three chains oriented along the directions they adopt in M-
and P-helical stacks of these monomers (see SI section S1.2 for
theoretical details). For brevity we will refer to these
orientations in the following discussion on monomeric
TATA as M- and P-orientations. As expected, the VA spectra
are identical for these systems since this technique is not
sensitive to the chirality of the molecule. The VCD spectra,
however, give rise to a number of—at first sight—surprising
observations, the most important one being that (R)- and (S)-
TATA have almost identical VCD spectra. The chirality of the
three individual chiral centers thus has very little effect on the
signs of the VCD bands. Changing the orientation of the three
chains from M to P, however, gives rise to a near-perfect sign
inversion of VCD bands. It is therefore clear that VCD is much
more sensitive to the orientation of the chains than to the
actual chiral centers in the molecules. Interestingly, there are
still some modes that only depend on the molecular chirality,
the most clear example being the 3-fold degenerate mode at
1265 cm™. The reason that this particular mode shows sign
inversion on going from (R)- to (S)-TATA is that it
corresponds to a CH bending mode localized on the chiral
part of one of the carbon chains making it much more sensitive
to the chirality of the carbon chains than to the helicity.
Overall, we thus come to the conclusion that VCD is indeed
able to distinguish easily between P- and M-orientations but
that it is much harder to distinguish (R)- from (S)-TATA.

DOI: 10.1021/jacs.9b11306
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A further important issue is to which extent the VCD signs
are sensitive to the relative orientation of the three amide
groups. Figure 3b reports to this purpose VA and VCD spectra
calculated for the (3:0) and (2:1) conformations. Apart from
some small frequency shifts the VA spectra of both
conformations do not display major differences. Also the
VCD spectra look very similar except—and this is quite
important since this is the only region that is experimentally
accessible—for the carbonyl stretch region for which a sign
inversion is observed. The calculations show here that for the
(3:0) conformation the negative, low-frequency band is
associated with a 2-fold degenerate asymmetric stretch mode
while the positive, high-frequency band derives from the totally
symmetric mode as would be expected from standard coupled-
oscillator theory (see SI Figure §7).*! The (2:1) conformation
shows a similar behavior but due to the opposite direction of
one of the carbonyl groups all signs are inverted, that is, the
low-frequency band associated with the out-of-phase combi-
nations of the carbonyl stretches becomes positive, while the
high-frequency band associated with the in-phase combination
obtains a negative sign (see SI Figure S7).

Figure 4 displays calculated electronic absorption and ECD
spectra of the (3:0) and (2:1) conformations of the TATA
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Figure 4. Comparison of computed electronic absorption (bottom
panel) and ECD (top panel) spectra of monomeric (S)- and (R)-
TATA. Color coding as in Figure 3. Black, red, and blue traces are
associated with the P-oriented (S)-TATA, M-oriented (S)-TATA, and
P-oriented (R)-TATA (3:0) conformation while the green trace is
associated with the P-oriented (S)-TATA (2:1) conformation.
Theoretical stick spectra have been convoluted using a Gaussian
with a full width at half-maximum of 30 nm for comparison with the
experimental spectra.

monomer with the three side chains in various orientations.
These calculations show that the relevant bands observed in
the ECD spectrum derive from z—7z* transitions of the three
substituted-benzene chromophores. Similar to the VCD
spectrum we find that coupling between the three
chromophores is dominantly responsible for the intensities

1024

and signs in the ECD spectrum, and not the absolute
configuration of the chiral center. As a result, sign changes
only occur when the orientation of the three side chains is
changed but not upon inverting the absolute configuration of
the three chiral centers. For the further discussion it is
important to notice that calculations on a model compound
with a single chromophore and the other two arms replaced by
methyl groups show that the electronic transition dipole
moment to the lowest excited singlet state—which in the
TATA monomer is coupled to the analogous transition dipole
moments of the other two benzene chromophores—Ilies in the
plane of the phenyl group and is quasi parallel with the
direction of the arm (see SI Figure S9). As to be expected,
rotation of one of the three side arms to yield the (2:1)
conformation does not affect the signs of the CD spectrum as
this, for all practical purposes, does not change the direction of
the electronic transition dipole moment.

Coupling in Polymeric (S)-TATA. Since the chiral carbon
chains attached to the TATA-core are quite large, calculations
on polymers of the complete molecule are not feasible. We
have therefore performed calculations on (S)-TATA molecules
in which the carbon chains have been replaced by methyl
groups. To confirm that this only has a minor influence, VCD
spectra have been computed for such methyl-terminated
monomeric structures and compared them to the spectra of
the original molecule (see Figure 3b). Figure 3b shows indeed
that the previously observed coupling behavior -and in
particular its dependence on helicity- is preserved and that
only some minor-intensity bands associated with the carbon
chains are absent in the spectrum of the methyl-terminated
compound. We thus conclude that the spectra of these
compounds are representative for the spectra of the original
TATA molecules.

Figure Sa shows VA and VCD spectra computed for
polymeric P-helical (S)-TATA stacks of different sizes. In
going from the monomeric to the polymeric structures several
significant changes occur. First, in the polymeric systems
hydrogen bonds are formed between the N—H and C=O
groups of neighboring (S)-TATA molecules. As a result, the
intrinsic frequency of the carbonyl stretch mode is red-shifted
by about 20 cm™". The observation that a band remains visible
at the non-hydrogen-bonded frequency is due to the fact that
the carbonyl group of the last molecule in the stack does not
make such a hydrogen bond and its frequency therefore
remains unaffected. Second, the (3:0) and (2:1) conformations
surprisingly only show opposite signs in the VCD spectrum of
the monomeric system. Further insight is provided when the
normal modes associated with the intensity-carrying bands are
considered in more detail. Inspection of the normal modes
(see SI Figures S7 and S8) shows that for stacks of the (3:0)
conformation these bands have a similar character as in the
monomer. For stacks of the (2:1) conformation, however, the
in-phase mode becomes the lowest-frequency band and
changes in sign, while the out-of-phase combinations—which
are degenerate for the (3:0) conformation—are split into two
bands with opposite sign and appear at higher frequencies.
Finally, it is important to notice that the calculations find that
stacks of the (2:1) conformation have a lower energy than
stacks of the (3:0) conformation (see SI Table S1), analogous
to what has been found for TATAs with reversed amide
groups.”’

Inspection of the normal modes and their frequencies in the
various oligomers also allows us to assess the strengths of the

DOI: 10.1021/jacs.9b11306
J. Am. Chem. Soc. 2020, 142, 1020—1028


http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11306/suppl_file/ja9b11306_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11306/suppl_file/ja9b11306_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11306/suppl_file/ja9b11306_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11306/suppl_file/ja9b11306_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b11306/suppl_file/ja9b11306_si_001.pdf
http://dx.doi.org/10.1021/jacs.9b11306

Journal of the American Chemical Society

| — Monomer
a Dimer b
I — Trimer 7 i
I — Tetramer |
— Pentamer IS
I — Hexamer ‘_|'U
°
S
—~ —
v—|| ~—
W
§ d
i
|
Ks) I
E 2000}
— | — | .
T =7
wW
IS
§ 1 5
7 7 I
° 1x104“ ° 1000— ]
S I S
1 1
S~ S~
W W
| 1 | -

0
1600 1620 1640 1660 1680

Frequency (cm™1)

1700

1600 1620 1640 1660 1680 1700 1720 1740
Frequency (cm™1)

Figure S. Comparison of calculated VA and VCD spectra of P-helical (S)-TATA stacks. (a) Comparison between different oligomers ranging from
monomer to hexamer. The top and middle panels display VCD spectra of oligomers of (2:1) and (3:0) conformers, respectively, while the bottom
panel shows VA spectra of oligomers of the (3:0) conformer. (b) Comparison between VA and VCD spectra calculated for the hexamer (purple)
with the experimental spectra of an air-cooled 1 mM (S)-TATA solution in toluene-dg (red). In order to compare the spectra, intensities in the
computed VA and VCD spectra have been reduced by a factor of 7.5 and 4, respectively, while calculated frequencies have been uniformly scaled
with a factor of 1.007. The black traces refer to calculations using a simplified coupled oscillator model (see SI Section S2.2.2). In this case
intensities in the computed VA and VCD spectra have been reduced by a factor of 28.2 and 4.4, respectively.

intra- and intermolecular couplings. From the nodal patterns of
these modes within one TATA molecule and along the stack
direction modes can easily be identified that are determined by
the intramolecular coupling of the three amide groups within
one TATA molecule, and modes whose frequencies are
primarily determined by intermolecular coupling along the
helical stack direction. From the frequency splittings of these
modes we find that the intermolecular couplings are much
stronger than the intramolecular couplings. This is in line with
expectations based on through-space dipole—dipole interac-
tions since along the helical direction the amide groups are
much closer than within one TATA molecule, and with
transition dipole moments that are more optimally oriented for
dipole—dipole coupling. Apart from these through-space
interactions, it should be kept in mind that there are strong
hydrogen-bond interactions between the C=O and N-H
groups of neighboring TATA molecules within the stacks. As a
result, vibrational motion along the carbonyl stretch of a
particular TATA molecule in one column of hydrogen-bonded
amides will influence the electronic structure of amide groups
of neighboring TATA molecules in the other columns. This
suggests that the overall coupling between the stacks—and
thus the appearance of the VCD spectrum—has contributions
from both through-space as well as through-bond interactions.

Comparison of the VA and VCD spectra calculated for the
(3:0) hexamer with the experimental spectra (Figure Sb)
shows a satisfactory agreement, certainly when bearing in mind
that the stacks present in the experimentally observed
spectrum are significantly longer than hexamers. Because of
this difference in polymer length, the splitting of the band in
the VA spectrum is smaller than that observed experimentally,
while the widths of the bands in the VCD spectrum are also
reduced. It is, however, gratifying to find that the structure
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observed on the high-frequency side of the VCD band is nicely
predicted by the calculations. Calculations on the ECD spectra
of TATA-oligomers are out of reach as current-day TD-DFT is
not able to provide an adequate description of the electroni-
cally excited states of such stacks. However, in this case it is
clear that the hydrogen bonds are considerably less important
than was observed for the VCD spectra since the pertaining
electronic transitions do not involve the amide groups but are
localized on the phenyl chromophores. It is therefore
reasonable to assume that a satisfactory description of the
ECD spectra that is able to elucidate their key features can be
obtained using a coupled-oscillator model as will indeed be
confirmed in the following.

Bl COUPLED OSCILLATOR MODEL FOR INFINITE
(S)-TATA STACKS

The quantum chemical calculations have provided detailed
insight in key aspects of VCD spectra of monomeric and
stacked TATA but as yet it is not clear why the VCD spectrum
changes sign over time while the ECD spectrum remains the
same. In order to come to a further understanding of the VCD
and ECD spectra, and to be able to extrapolate to the
“infinitely” long stacks studied experimentally, we have
modeled the stacks as a long helix of coupled dipole moments
as described by Knoester et al.”> The absorption and circular
dichroism spectrum can then be computed using a Frenkel
exciton Hamiltonian with interaction elements between

oscillators n and m given byzz’23
B BT
nm |7,; 5

.
7,

(1)
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where Ji is the dipole transition moment vector and 7,,,, = 7,—7,,
the vector between the positions of the two oscillators. The
absorption spectrum of cylindrical systems is then given by the
following:22

Alw) = % Z Z ckek(cos* () + sin®(B)cos[(n, — my)eh
k nm
+ (= m)y))) [F(w - E)
2)

while the corresponding circular dichroism spectrum is
obtained as follows:

oD(@) = 5[2 EECREER) SR
k nm 3

where ¢ is the coefficient of oscillator 1 in eigenvector k, F()
either a Gaussian or Lorentzian broadening function, E; the K
energy eigenvalue, 4 the wavelength of the absorbing light,
the angle between Ji and the helical axis, 1, n,, m;, and m, the
indexes of oscillators n and m along the helical axis (1) and
within one TATA molecule (2), ¢ the angle between two
oscillators in a TATA molecule and y the pitch angle (see
Figure 6). A full description of the modeling including

T — 21
hl Il
VC/QL —\ |«
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_____________ (O e LT
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np=1273

Figure 6. Schematic representation of the interacting dipole moments
in the helically stacked structure of (S)-TATA including all the
relevant angles and distances for the coupled oscillator model.

specifications of the diagonal elements and transition dipole
moments for simulation of the VCD and ECD spectra is given
in Section S2 of the SL

The absorption and circular dichroism spectra predicted
using the above equations are relatively easy to understand in
terms of intensities associated with the purely symmetric and
purely degenerate asymmetric combinations of the oscillators,
which lead to bisignate bands (see SI Figures S1—S3). For
larger stacks, however, interactions between oscillators in
different spirals become relevant, and the intensity becomes
distributed over more eigenfunctions. Nevertheless, the overall
sign pattern of the bisignate band is preserved albeit that the
band shape is somewhat distorted as compared to the shorter
stacks (see SI Figures SI and S2). Because of the experimental
band broadening these deviations do not show up in the ECD
spectrum. For the VCD spectrum, however, the resulting

1026

asymmetries in band shape are recognized in the experimental
and DFT calculated spectra but not as prominent as that
predicted by this coupled oscillator model. We surmise that the
underlying reason is the absence of through-bond interactions
in the latter model. This is supported by calculations in which
we selectively set particular couplings to zero. Models in which
the coupling between oscillators that are hydrogen-bonded is
set to zero lead to a VCD spectrum that looks almost identical
to a pure bisignate band (see Figures S and S1). However,
when the couplings between amide groups within one TATA
molecule are set to zero, the predicted VCD spectrum hardly
changes from the spectrum with all couplings taken into
account. A more detailed discussion of these results is given in
SI Section S2.

The coupled oscillator model enables us to confirm and
extend the conclusions drawn from the quantum chemical
calculations. For the ECD spectrum of the monomer a
spectrum is predicted that is in good agreement with the
results of the quantum chemical calculations, while for P-
helical oriented (S)-TATA stacks of the (3:0) conformer a
bisignated band is obtained with a negative sign for the low-
energy part (SI Figure S3). In the experimental spectrum
recorded after fast cooling to room temperature'® such a
negative band is indeed present but it needs to be noticed that
the positive part of this bisignated band cannot be observed
because of the solvent that is employed. For the VCD
spectrum we find similarly that the model predicts signs,
splittings, and shifts of the bands that are in good agreement
with the results of the quantum chemical calculations (see SI
Figure S2). For an increasing number of stacks the coupled
oscillator model predicts that the intensity-carrying bands are
increasingly red-shifted reproducing the trends observed in the
DFT calculations (see Figure Sa). Moreover, when removing
the coupling between the hydrogen-bond coupled amide
groups the shift also goes to zero indicating that the shift is
primarily caused by the interaction between these amide
groups.

Importantly, we find that simulations of the VCD spectrum
of large P-helical stacks (up to 101 stacked (S)-TATAs)
confirm that the (2:1) conformer indeed only yields opposite
signs from the (3:0) conformer for the monomer, and that for
higher oligomers bisignate VCD signals with the same signs
and about the same frequencies are obtained. As will be argued
below, one must therefore conclude that the sign change that is
observed in the experimental VCD spectrum when cooling the
sample on ice or after equilibration for a long time must be
caused by a change in the helicity of the polymers, and that this
change in helicity is induced by a transition from the (3:0)
conformation—for which the P-helix is energetically the most
stable form—to the (2:1) conformation for which the M-helix
has the lowest energy.

In the M-superhelical complexes the coupled dipoles are far
apart from each other due to the extended carbon chains in the
arms. Because of the cubic distance dependence of the
coupling strength and the orders of magnitude difference in
electronic and vibrational dipole strengths (eq 1), coupling of
the vibrational dipoles in different fibrils is then negligible
while coupling between the electronic dipoles still persists. As a
consequence, the observed VCD signal would only be
determined by the coupling within the fibrils while the ECD
signal would probe the helicity of the superhelices. In such a
picture we can now come to a consistent interpretation of all
observations. Upon cooling a solution of (S)-TATA molecules
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Figure 7. Supramolecular polymers formed by self-assembly of S-TATA molecules and their dependence on cooling rate and time scale, together
with the ECD and VCD spectra associated with each of these polymers. Pathway I leading to P-helical fibers of (3:0) conformers occurs upon fast
cooling of a hot solution to room temperature (10 K/min). Pathway II occurs upon slow cooling of a hot solution to room temperature (1 K/min)
and leads to the formation of M-superhelical fibers of (3:0) P-helical fibers. Pathway III resulting in M-superhelical fibers of (2:1) M-helical fibers is
observed when cooling occurs to 0 °C and/or when aging takes place at room temperature over a long period of time (several weeks).

to room temperature, (3:0) P-helical fibrils are initially formed
as a kinetic product. If the concentration is high enough, and
depending on the cooling speed, then M-helical superhelices
are formed.'® Because of the difference in coupling strengths
such a formation of superhelices does not affect the sign in the
VCD spectrum but changes the sign in the ECD spectrum.
When these helices are cooled to 0 °C, however, the (3:0) P-
fibrils are converted into a form in which the helicity of the P-
fibril is changed while the helicity of the superhelix remains
unaffected. Since our quantum chemical calculations predict
that polymers of the (2:1) conformation are energetically more
stable than polymers of the (3:0) conformation, we conclude
that upon cooling to 0 °C or after very long time of
equilibration at room temperature (S)-TATA molecules
undergo a conversion from the (3:0) to the (2:1)
conformation and that this is accompanied by a change in
helicity of the fibrils but not of the M-superhelical structures.
These results thus confirm and complement both studies
reported in refs 18 and 20.

Although less important for the problem at hand, it is
interesting to notice that the coupled oscillator model indicates
that the ECD spectra can be expected to be considerably more
sensitive to structural inhomogeneities than the VCD spectra.
As can be seen from eqs 1 and 3 the sign of the CD signals
depends strongly on the orientation of the dipole transition
moment with respect to the helical axis. In particular, one
notices that the CD signal changes sign when angles a and j
(see Figure 6) become larger than 90°. Figure S9 shows that
the electronic transition dipole moments lie almost parallel to
the three arms of the (S)-TATA molecule and thus
perpendicular to the helical axis. A small change in the
direction of the transition dipole moment would thus already
suffice to cause a sign change. The vibrational transition dipole
moments, on the other hand, have quite a different direction,
making their couplings less susceptible to small changes in the
structure.

B CONCLUSIONS

In this work an in-depth theoretical analysis has been
performed to understand the -at first sight- conflicting behavior
of ECD and VCD spectra measured for helical supramolecular
polymers of (S)-TATA. Quantum chemical studies have
revealed that for both ECD and VCD the signals are largely
independent of the chirality of the side-chains and are
primarily determined by the helical chirality of the supra-
molecular complex. For monomeric systems the bisignate
carbonyl stretch band in the VCD spectrum has been found to

1027

change sign upon going from the (3:0) to the (2:1)
conformation. In polymeric systems, however, coupling
between the different stacks leads to VCD spectra with the
same sign pattern for the (3:0) and (2:1) conformations.
Quantum chemical calculations of the ECD spectra of
polymers are far more difficult, but here one can reasonably
expect similar spectra for the two conformations because the
electronic transitions are not influenced by a conformational
change of one of the amide groups. The calculations thus
indicate that only the helicity of the supramolecular assemblies
determines the signs of the observed ECD and VCD signals.

Calculations based on a coupled oscillator model lead to
spectra that are in good agreement with the quantum
chemically predicted spectra, and allow one to extrapolate
these results to larger stacks. Aided by such calculations it has
been concluded that the sign changes observed in the VCD
spectrum when cooling the sample below room temperature
and when equilibrating samples for extended periods of time
reflect the pathway complexity in the supramolecular assembly
process of (S)-TATA. Upon cooling multiple products can be
formed of which the P-helical fibers of the (3:0) conformers
are initially favored as the kinetic product. Depending on
concentration and cooling conditions these P-fibrils coagulate
or form M-helical superhelices, although it is noticed that the
ECD spectra reported in our previous studies indicate that not
one single product is initially present.'® However, thermody-
namically fibrils of the (2:1) conformation are more stable, and
such fibrils have M-helicity. As the VCD spectrum is primarily
sensitive to the helicity of these fibrils, while the ECD
spectrum reflects the helicity of the overall assembly of fibrils,
the VCD spectrum changes over time, while the ECD
spectrum is not affected. The combination of the two
techniques thus allows for probing chirality at different length
scales, similar to studies that try to distinguish “local” from
“global” chirality using Raman Optical Activity.”*

The present studies imply that the VCD spectra presented in
Figure 4c¢ of ref 18 should be reinterpreted. The blue spectrum
was obtained by cooling the solution to air in The Netherlands
just prior to the measurement, which is similar to fast cooling
at a rate of 10 °C and leading to P-fibrils. The red spectrum,
however, was recorded for a solution that had been cooled
slowly in Strasbourg and sent to The Netherlands for VCD
measurements. Since the CD signal was stable over a very long
period of time, the + bisignate band in the VCD spectrum was
at that time attributed to the M-superhelix. The present studies
show, however, that it should be interpreted as resulting from a
molecular inversion of chirality which transforms the P-fibrils
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within M-superhelices into M-fibrils. Such an inversion can
easily have occurred during transport of the sample during
which it was submitted to low temperatures and to vibrations.
Nevertheless, the overall mechanism proposed in Figure 6 of
ref 18 remains undiminished valid, and is reinforced by the
present study, noticing, however, that a new pathway can take
place when cooling the system to 0 °C (see Figure 7).

More generally, our studies have shown that VCD and ECD
are in many respects complementary techniques and sensitive
to different aspects of structure and morphology. They have
also shown that the field has now reached a stage at which
quantum chemical calculations can confidently be employed to
make predictions on these spectra. It is the combination of
both of these techniques and of both theory and experiment
that has paved the way for a detailed elucidation of the
supramolecular assembly of TATAs in particular, although it is
at the same time clear that similar analyses would be quite
useful for the study of many other supramolecular assembly
processes.
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