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ABSTRACT: A detailed analysis of the conformational states of self- Mj, A‘.Mas
assembled, stereoselectively deuterated benzene-1,3,5-tricarboxamides . - i;\
((S,5,5)-D-BTAs) reveals four different conformers for the supramolecular ‘::-" ‘:"" Y _-"’:1{
polymers. The relative amount of the conformers depends on the solvent _;:&\.;: elr v, D o
structure and the temperature. With the help of a model, the thermodynamic ')'_.’r. e SO 8
parameters that characterize the different conformational states were s dy 5

quantified as well as the amount of the species that occur at different stages Py A Y P

of the polymerization process. The results show that small changes in the “_“' ,'."*‘ :ln o & — - ;$
stability between different types of conformers formed by (S5,S,S)-D-BTAS—  «j i’ s e \ O
in the order of a few ] mol '—arise from the combination of interactions -"}‘{ = o
between the solvent/supramolecular aggregate, temperature, and solvent z; i:"*-h. s
structure. While the introduction of a deuterium label allows to sensitively __"‘?':f\

probe the solvophobic effects in the supramolecular aggregation, a
rationalization of the observed effects on a molecular level is not yet straightforward but is proposed to result from subtle
effects in the vibrational enthalpy and entropy terms of the isotope effect.

B INTRODUCTION

Chirality resulting from isotope substitution is an intriguing
research topic that continues to fascinate the scientific
community." In addition, changing one hydrogen (stereo-
selectively) for a deuterium results in profound differences in
the conformational preferences of cyclic alkanes,” the helical
bias in dynamic polymers,® and the stability of supramolecular
complexes.* Likewise, isotope substitution is a powerful tool in
the elucidation of reaction pathways in transition-metal- and
enzyme-catalyzed (asymmetric) reactions.” The differences in
zero-point energy between C—H and C—D bonds are often
invoked to rationalize the origin of the observed deuterium
isotope effects.” However, deuteration does not only change the
length between C—H versus C—D bonds but also the physical
properties of the molecules such as polarity, polarizability, and
molecular volume.”

In a recent communication, we exchanged one hydrogen for
a deuterium at the a-position of N,N’,N'’-trioctyl-benzene-
1,3,5-tricarboxamides (BTAs) and found that this suffices to
induce a preferred helical sense in the supramolecular aggregate
(Figure 1A).° In addition, we reported that the self-assembly of
these selectively deuterated BTAs (D-BTAs) is highly sensitive
to the molecular structure of the alkane solvent applied.” Linear
alkane solvents interact with the alkyl side chains of the helical
columnar aggregates formed by D-BTAs, while branched
solvents do not. This behavior results in the existence of two
different conformations of the hydrogen-bonding amides
having an angle 6 of 35° or 45° with respect to the central
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Figure 1. (A) Chemical structure of (S,5,S)-D-BTA. (B) Dihedral
angle (6) between the amide and the central benzene core. (C) Four
distinct conformational states exist in BTA-based supramolecular
polymers, differing in 6 (45° and 35°) and helical sense (P or M).

benzene ring (Figure 1B). In addition, the presence of a chiral
center biases one helical conformation, right-handed (P) or left-
handed (M), over the other in the aggregates formed. As a
result, at room temperature self-assembled (S,S,S)-D-BTA can
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be present in four different conformational states namely M,;,
M, Py, or P, (Figure 1C). Circular dichroism (CD)
spectroscopy allows to distinguish which conformer is most
dominant by analyzing the shape (double Cotton effect: 35°
conformer; single Cotton effect: 45° conformer), sign (positive
Cotton effect: P helical sense, negatlve Cotton effect: M helical
sense), and size of the CD spectra."

In this work, we present a detailed conformational analysis of
the self-assembly of (S,S,S)-D-BTAs as a function of solvent
and temperature by combining experimental work and a
theoretical analysis of the results. This approach leads to an in-
depth understanding of the conformational changes that D-
BTAs show as a response to solvent and temperature. We
present a mathematical model that elucidates which different
species are formed at the different stages of the supramolecular
polymerization and how their relative stabilities depend on
solvent and temperature. Finally, we rationalize the behavior of
the D-BTA-based supramolecular polymers by analyzing their
free energies as a function of temperature. The energies
involved to switch from one conformational state to another are
remarkably small, in the order of a few J mol™.

B EXPERIMENTAL SECTION

Materials. (S,S,S)- D BTA was prepared according to previously
described procedures.>'" Heptane (spectrophotometric grade) was
purchased from Acros and methylcyclohexane (MCH, spectrophoto-
metric grade) was obtained from Aldrich. Isooctane (spectrophoto-
metric grade) and decahydronaphthalene (synthesis grade, mixture of
cis and trans isomers) were purchased from Merck.

Methods. Ultraviolet (UV) and CD measurements were
simultaneously performed on a Jasco J-815 spectropolarimeter where
the sensitivity, time constant, and scan rate were chosen appropriately.
Corresponding temperature-dependent measurements were per-
formed with a PFD-425S/15 Peltier-type temperature controller
with a temperature range of 263—383 K and adjustable temperature
slope. In all cases, a temperature slope of 1 K min™" was used. For the
measurements below 263 K, an Oxford Industries path cryostat was
applied. The molar CD Ae was calculated from the CD effect as
follows; Ae = CD effect/(32980-c1) where the CD effect is given in
mdeg, c is the concentration in mol L™, and / is the optical path length
in cm (I =1 mm, 0.5 or 1 cm). In all experiments, the linear dichroism
was measured, and in all cases no linear dichroism was observed.
Solutions were prepared by weighing the appropriate amount of
(S,5,5)-D-BTA compound, after which this amount was transferred to
a volumetric flask (flasks of S mL were employed). Then the flask was
filled with the spectrophotometric grade solvent and put in an
oscillation bath at 40 °C for 50 min, after which the flask was allowed
to cool down. Any loss of solvent was compensated for. The solution
infrared spectra were recorded with a Perkin-Elmer spectrum 1 and
measured at a resolution of 4 cm ™!, by coadding 128 scans. Samples
were held in a fixed path length (50 ym) cell with CaF, windows.

Model. In the model one monomer type, S, can aggregate into four
different supramolecular polymer types, ie., M, P®, M*%, and P¥,
where for each of the polymer types we assume a cooperative growth
mechanism with nucleus size two. Such a cooperative growth is
described by an equlhbrlum constant K. for dimerization and equal
equilibrium constants K, for all elongation steps within one type of
polymer. The degree of cooperativity is given by the cooperativity
factor ¢ defined as K,,./K,,. Because both equilibrium constants may
differ per aggregate type, these are labeled as K35°, K315, kP35 KB4
KBS, KM KBS, and K5 for the M35, P35, M*, and P* polymers,
respectively. We use the following thermodynamic parameters to
describe the supramolecular polymerization process as a function of
temperature: the enthalpy (AHZ) and entropy (ASY) gain in
elongation step of a 35° aggregate, the nucleation penalty (AHZ,) for

nuc

the formation of a 35° dimer, and the mismatch penalty (AHZ,, ) for a

mmp

monomer in a 35° aggregate with the nonpreferred (P-type) helicity,

plus the same parameters for the 45° polymers. The mass-balance
model is based on the principle of detailed balance, which states that in
thermodynamic equilibrium also each individual reaction is in
ethbnum For instance, for the formation of the M35—type nucleus
S+ S 2 M3, which has an equlhbrlum constant KM = 5,0 KM3, this
implies that [M3°] = 055 KA2%s%, where s is the free monomer
concentration in equilibrium. Similarly for the elongation reaction
M,» + S 2 M3, with equilibrium constant KX3%, it holds that [M3°] =
Gyzs (KM3%)2%s%. In this way, the concentration of all types of polymers
of all lengths can be expressed in terms of the free monomer
concentration s. Since the sum of the free monomer concentration and
that of all the monomers present in the different polymers should
equal the total concentration s, this yields (see Supporting
Information (SI) for details) one equation with the free monomer
concentration s as a single unknown:

M35 2 M3S P35 2 P35
+ UMSS elo (2 K elo S) O-PSS elo § (2’ - I<elo S)
(1 = Kg,s)” (1 = K%
gMs 2 M4s P42 Pas
6M45 elo (2’ elo S) 6P45 elo $ (2 I<elo S)
M P
(1 - I<elo45 ? (1 - el:s‘s)z

= Stot

We solve these equations numerically using Matlab

By expressmg the equilibrium constants as KBS = exp( (AHEI0
TAS},)/RT), Kiiy® = exp(—(AH§, — TASE)/RT), Ky = 10 Sexp-
(A, = TASE,)/RT), and K5 = Kiexp(~(AHL,, -
TAS::fmp)/RT), and the cooperativity factors as o5 = Opys =
eXP((AHiic - TASiic)/RT) and Omas = Opgs = eXP((AHﬁc -
TASE.)/RT), the procedure can be repeated for various temperatures
and for various concentrations S, leading to Flgures 7 and 9.

Fitting. The thermodynamic parameters AHZ, ASY) AHEnsmP,
Asfjmp, AHZ, AS¥ and their counter parts for the 45° conformer
were obtained by fitting the model results to the experimental melting
curves obtained by temperature-dependent CD and temperature-
dependent UV spectroscopy. The fitting consisted of a least-squares
minimization of the differences between six experimental melting
curves (both CD and UV at three different concentrations) and those
calculated from the polymer concentrations as predicted by the model
for a set of thermodynamic parameters. The theoretical UV melting
curves were calculated as the total number of molecules present in
supramolecular polymers multiplied by a UV signal per monomer,
while the theoretical CD melting curves were calculated as the
difference in the number of molecules present in right- and left-handed
helices multiplied by a CD signal per monomer. These contributions
per monomer were thus taken independent of the length of the
polymers and independent of the overall concentration S,,. Using
Latin hypercube sampling, least-squares fittings were performed using
Matlab from 100 random initial parameter sets. Parameters of the best
fits for heptane, where the entropy terms ASmmP, AS®, AanmP, and
ASS. were not fitted but taken as zero, are given in the captions of
Figure 7. Those for MCH, where the 45° conformer is assumed
absent, are given in the caption of Figure 9.

B RESULTS

Solvent Effect on Thermodynamics of D-BTA Self-
Assembly: Conformational Changes versus Helix Sense
Inversion. We investigated the self-assembly of (S,5,5)-D-BTA
in both linear (heptane) and branched (MCH) alkane solvents.
CD and UV spectroscopic measurements were conducted
between 363 K and a temperature close to the melting point of
the solvent applied. The concentration of (S,S,S)-D-BTA was
3.0 X 107> M, and the solutions were cooled at a cooling rate of
1 K min', ensuring that the self-assembly process occurs under
thermodynamic equilibrium. An overlay of the CD cooling
curves measured in MCH and heptane is shown in Figure 2.
The dominance of negative CD-effects in heptane indicates a
preference for M helical aggregates, while in MCH a switch in
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Figure 2. CD cooling curves of (S,S,S)-D-BTA in heptane (black) and

in MCH (red) recorded at 223 nm with a cooling rate of 1 K min™"
and a concentration of 3.0 X 10~ M.

helical preference is observed from P to M upon lowering the
temperature. In heptane, the CD-effect reaches a plateau value
around 210 K (Ae = —30 L mol™! cm™), while in MCH this
plateau was not reached because of crystallization of the
solvent.

The cooling curves in heptane and in MCH were
investigated in more detail by analyzing the full CD and UV
spectra measured at different temperatures. The results are
shown in Figures 3 and 4. We first discuss the results obtained
for heptane. To facilitate interpretation of the results, the CD
and UV cooling curves were divided into four regimes I, II, III,
and IV (Figure 3A,B). Regime I is above the aggregation
temperature of 353 K, and all (S,S,S)-D-BTAs are present in a
molecularly dissolved state. This is reflected by the absence of a
CD signal and a UV absorption maximum at 4 = 208 nm. Once
the aggregation temperature is reached, (S,5,S)-D-BTA

molecules start to aggregate as evidenced by a change in the
Amae in the UV spectra. In this regime II, the cooling curves of
(S,5,S)-D-BTA obtained with CD spectroscopy differ signifi-
cantly from those obtained with UV spectroscopy. This is in
sharp contrast to the behavior in methyl-substituted BTAs
where the cooling curves obtained with UV and CD
spectroscopy are superimposable.'* The almost linear decrease
of the CD effect between 353 and 303 K is indicative for the
presence of a dynamic equilibrium between different conforma-
tional states.® Analysis of the full CD spectra in regime II
reveals a single, negative Cotton effect, indicative of a
preference for conformer M, (Figure 3C).'° We previously
attributed the dominance of this conformer to the participation
of heptane molecules in the self-assembly process.”'® Regime
III starts at 303 K, and no further changes are seen in the UV
spectra indicating that (S,S,S)-D-BTA molecules are now fully
aggregated. The |A¢l, however, decreases starting from 303 K.
In regime IV starting at 273 K, the shape of the CD spectra
changes from a negative single to negative double Cotton effect.
This indicates that now (S,S,S)-D-BTA is predominantly
present in the conformer M.

In MCH, we can also distinguish four temperature regimes.
The behavior in UV is highly similar to that observed in
heptane, with the exception that aggregation starts at a slightly
lower temperature (343 K). However, an even more
pronounced discrepancy between the UV and CD cooling
curves is visible (Figure 4A,B) since the CD effect first is
positive and changes to negative upon cooling. In addition,
below 343 K—the temperature at which aggregation starts—a
double Cotton effect was observed at all temperatures. The
latter indicates that a helical sense inversion occurred from P
(Py5) to M (Mss), but the conformation within the columnar

v ]| ] I

—
>
—
[
[=]

| Conformer change (45° to 35°)
-

o

o

* @
*
*

*

o

*
*

4

o
[=]

@
&

ie * * .
Dominant

qu

Dominant

M}‘a

Aeat 223 nm [L mol” em™]
&

-50 4

-60 T . T T T T T T
200 220 240 260 280 300 320 340 360

Temperature [K]

(=) single CD: M,

o

=]

(B) v 1] I 1
— 2.0 Te 4
‘E \‘0 *
[¥]
‘*g 1.5 - :
o * * *
= 10* ¢ * 40t
E £ c .5 “
) = = @
S 5 55 8
[ 5 T ]
@< Z =
0.0 T T T 1 T T T T
200 220 240 260 280 300 320 340 360

Temperature [K]

(=) single CD: M, (=) double CD: M,

T 1 ] ]
5 0 ffnetnc- 0 0
s |
:'.-m« -10 1 -10 T 4 =¥
< 7 T

-20 T 20 T -20

200 220 240 260 280 200 220 240 260 280 200 220 240 260 2
= B 6 6 6
E I Il m v
o
- 44 4,] { a 4
[+]
E ./ \ / 7
a2y /N 2 2 24
o
T o - 0 0 0

200 220 240 260 280 200 220 240 260 280 200 220 240 260 280 200 220 240 260 280

Wavelength [nm] Wavelength [nm)]

Wavelength [nm] Wavelength [nm]

Figure 3. Cooling curves of (S,S,5)-D-BTA in heptane recorded with (A) CD and (B) UV spectroscopy probed at 223 nm with a cooling rate of 1 K
min~". (C) Full CD and UV spectra in the individual temperature regimes I (363—353 K), I (343—303 K), I (293—273 K), and IV (263—203 K)
at intervals of 10 K. Arrows indicate decreasing temperature. In all cases the concentration is 3.0 X 107> M.
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Figure 4. Cooling curves of (S,5,S)-D-BTA in MCH recorded with (A) CD and (B) UV spectroscopy probed at 223 nm with a cooling rate of 1 K
min~". (C) Full CD and UV spectra in the individual temperature regimes I (363—343 K), I (333—313 K), III (303—273 K), and IV (263—223 K)
at intervals of 10 K. Arrows indicate decreasing temperature. In all cases the concentration is 3.0 X 107> M.

aggregates kept the dihedral angle of 35°. In regime IV, the
molecules are fully aggregated and |Ael show a linear increase
upon further cooling. Unfortunately, crystallization of the
solvent prevented further cooling of the sample.

Thus, while heptane and MCH are both alkane solvents of
similar polarity, they differently affect the self-assembly of
(S,5,S)-D-BTAs. In heptane, the helical preference is always M,
but a pronounced conformational change of the aggregate
occurs which we attribute to the effective intercalation of the
solvent within the aggregate. In contrast, in MCH the
conformational preference is always the same, but a helical
sense inversion takes place at 268 K. Interestingly, the
concentration of the (§,5,5)-D-BTAs solutions in heptane or
MCH has a very small effect on the temperatures at which
either the conformational change (in heptane) or the helix
inversion (for MCH) takes place (Figures S and S1). Similar
tendencies were found in other solvents, i.e., a helical inversion
between M;; and P54 could be observed in isooctane (branched
alkane) and in decahydronaphthalene (bicyclic alkane) (Figures
S2 and S3), and a conformer change from M, to M;5 could be
observed in dodecane and other linear solvents (C6—C12).
The CD signal intensity (i.e., a preference of P over M) differs
as does the temperature at which the transitions take place.

To substantiate the conclusions of CD spectroscopy, IR
measurements both in MCH and heptane were performed for
(5,5,5)-D-BTA at room temperature (293 K). The C=O0
stretching vibration can be evaluated with high sensitivity using
IR spectroscopy. We previously established that different C=0
stretch vibrations occur for BT As that adopt a M, and M
conformation.'® While M, is characterized by a single peak at
1643 cm™! with two small shoulders at 1630 and 1651 cm™,
M shows two equally sized peaks at 1630 and 1645 cm™" with
one small shoulder at 1651 cm™". Figure 6 shows the amide I,
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Figure S. CD cooling curves of (5,5,S)-D-BTA probed at 223 nm (A)
in heptane and (B) in MCH. In all cases, the cooling curves were
recorded between 363 and 263 K and measured at 3.0 X 10~ M, path
length = 10 mm (black line), 6.0 X 107> M, path length = S mm
(orange line), and 3.0 X 107* M, path length = 1 mm (green line).

amide II, and N—H stretch regions of the IR spectra recorded
for (5,5,S)-D-BTA in MCH and heptane. Analysis of the IR
spectra reveals a clear difference in the C=O stretching
patterns between the two solvents, while the amide II peak at
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Figure 6. IR spectra recorded in (A) amide I (C=O stretching) and 35° aggregate with the nonpreferred (P -type) helicity, plus the
amide II (coupling of N—H bending and C—N stretching) region and same parameters for the 45° polymers.

(B) N—H stretching region of (S,5,S)-D-BTA in heptane (blue line) The best fit of this model to the temperature-dependent

and in MCH (red line) at 1.8 X 107> M at 293 K. The heptane curves experimental CD and UV data of (S,S,S)-D-BTA in heptane is

are shown with a 1800 L mol™ cm™" offset for (A) and a 600 L mol™* shown in Figure 7A. The UV and CD cooling curves for all

-1
cm™ offset for (B). three concentrations were fit with the model together, resulting

in a single set of thermodynamic parameters as given in the
caption of Figure 7. For the lowest two concentrations, the
model fits both the CD and the UV data very well. In addition,
for the highest concentration, the features of the experimental
cooling curve are also well captured, although there is some

1560 cm™ and the N—H stretch at 3240 cm™' are rather
similar.

A Model to Describe Conformational and Helical
Preferences in a Supramolecular Polymer. We recently
put forward a model to describe a cooperative equilibrium

polymerization of a monomer into a supramolecular polymer.'® deviation. Calc_ulation of the equilibrium con.stants K ﬁ.‘om t}_le
In this model—based on equilibriums between monomers, thermodynamic parameters reveals the tiny variations in
oligomers, and polymers— the aggregation process is divided stability between the different conformers. In heptane at 270
into a nucleation regime and an elongation regime. The K for example, when all conformers coexist in solution, the Ky,
formation of a dimer is described by the equilibrium constant is 6.1839 X 10" M™" for M, while Ky, is 6.1079 X 10" M™" for
K, for dimerization. In the elongation regime, where P,; (Table 1). The difference between the equilibrium
additional monomers add to the growing polymer chain, all constants of the most (M;s) and least (P,s) abundant helical
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Figure 7. Fits of the CD and UV cooling curves for solutions of (S,S,S)-D-BTA in heptane, based on CD and UV data from Figures SA and S1A. (A)
Net helicity or degree of aggregation (¢,) (dotted lines) as a function of temperature at the three different concentrations, i.e., 3.0 X 10~ M (black),
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mmp nuc elo =~
kJ mol™!, ASH, = —0.11985 kJ mol™' K™, AHg, = —0.02238 kJ mol ', and AHY. = —20.467 kJ mol™. (B) For the 3.0 X 107> M solution the
amount of monomers present in each of the different polymer species M5 (solid blue), My (dashed blue), P,s (solid red), and P;5 (dashed red) is
shown as well as the sum of these amounts (solid black line corresponding to UV signal, with the experimental UV data represented by a dotted
black line) and difference between the amounts in left and right handed helices (solid green line corresponding to CD signal, with the experimental

CD data represented by a dotted green line); the dashed black line corresponds to the free monomer concentration.
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Table 1. Equilibrium Constants K, Calculated for (S,S,S)-
D-BTA Present in Different Helical Conformations and the
Amount of Monomers in Different Types of Polymer at 3.0
X 107> M in Heptane and MCH

heptane
T [K] Ky, [M™']
Mss Pys” M,s* Py
270 6.1839 x 107 X 0.999966 X 0.997599 X 0.987703
330 17156 X 10° X 0.999972 X 1.002671 X 0.994526

Amount of Monomers in Different Types of Polymer [ X 107> M]

270 1.7270 1.2440 0.0265 0.0011
330 0.3682 0.3671 1.1600 0.533S
MCH
T [K] Kyo [M7']
Mss Py®
270 1.4963 x 107 X 1.000049
330 62935 x 10* X 1.002346
Amount of Monomers in Different Types of Polymer [ X 107> M]
270 1.4880 1.5050
330 0.7371 0.7854

“The small differences in K, are highlighted by giving the value for
the M5 conformer and relate to the values for the other conformers by
a multiplication factor.

conformation is very small and corresponds to a free energy
difference of 28 J mol™" only.

Importantly, the model allows gathering information on the
amounts of different polymer species formed at the different
temperatures and concentrations (Table 1). Figure 7B, for
instance, shows the amount of monomers present in the
different polymer species as a function of temperature for a
concentration of 3.0 X 107 M (Figure S4 for the higher
concentrations). These speciation plots show that (i) at the
elongation temperature, all four polymer types (Mjs, P35, Mys,
P,;) appear immediately; (i) initially both P and M occur in
equal amounts such that the CD signal remains zero for a
while; and (iii) at lower temperatures, the M-helicity of 45°
type aggregates becomes most abundant, explaining the initial
increase in CD signal. Around T = 290 K, the 35° conformer
takes over, and both helicities occur in almost equal amounts,
which initially results in a lower CD signal. When the
temperature decreases further, the M-helicity becomes more
favorable and increases the CD signal again. The takeover of
35° conformer below T = 290 K is explained by the fact that
although the changes in free energy on elongation for the two

stack types are almost equal at all temperatures (Figure 8A), at
290 K, AG2. becomes more negative than AGY. This is

nuc elo*

reflected by the difference AGY, — AG2 which becomes larger
than 0 below T = 290 K (Figure 8B).

In a similar fashion, the temperature-dependent UV (Figure
S1B) and CD (Figure SB) curves measured in MCH were fitted
for the three different concentrations (3.0 X 107°, 6.0 X 1075,
and 3.0 X 107* M) together. In contrast to the heptane case,
entropic contributions of the nucleation and mismatch penalty
are used as well. Hence, the nucleation and mismatch penalty
are taken temperature dependent using AG = AH — TAS. In
MCH only the 35° conformer occurs; as a result, only these
conformers were considered in the model, and the superscript
35 for the parameters is omitted here. The model thus uses the
following parameters: enthalpy gain in elongation step (AH,,),
entropy gain in elongation step ((AS,,)), enthalpy ((AH,,.))
and entropy (AS,,.) of the nucleation penalty for a dimer, and
the enthalpy (AHmmP) and entropy (ASmmP) of the mismatch
penalty for a monomer in an aggregate with the nonpreferred
(P-type) helicity. The fit to the experimental UV and CD data
is shown in Figure 9A, and the thermodynamic parameters
derived are shown in the caption of Figure 9. For example,
calculation of the equilibrium constants at 330 K reveals that
K, is 6.3082 X 10* M~ for Py, while K, is 6.2935 X 10* M ™
for My, indicating a difference in stability of only 6 J mol™
between the two conformational states (Table 1). Plots
specifying the abundances of the different polymer species for
concentrations of 3.0 X 1075, 6.0 X 107°, and 3.0 X 10™* M are
given in Figures 9B, SSA, and SSB, respectively.

Upon cooling, an almost linear increase in CD with
decreasing temperature is observed, and the relative abundance
of P and M helical polymers is very similar. This causes a
notable difference in temperature when CD and UV start to
deviate from zero: the CD signal appears well below T because
the abundance of P and M is initially the same. Between 330
and 268 K, a slight excess of P over M is observed, but this
changes below 268 K. The origin of the CD signal switching
sign around T = 268 K (which is independent of
concentration) can be traced back to a switch in the sign of
the mismatch penalty AG,,,,, = AH,,, — TAS,,, (Figure S6).

Analysis of the Free Energies AG Involved in BTA
Self-Assembly. In order to rationalize the observed differ-
ences in helical bias and conformational preference when BTA-
based monomers self-assemble in a helical columnar stack, we
first analyze the temperature-dependent behavior of BTA self-
assembly in terms of free energy. Figure 10A shows the free

o
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Figure 8. (A) Temperature-dependent Gibbs free energy of two conformers M;5 and M,;. (B) The difference in Gibbs free energy between M;, and

M, as a function of temperature. Note that the y-axis is in ] mol ™.
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Figure 9. Fits of the CD and UV cooling curves for solutions of (S,S,5)-D-BTA in MCH, based on CD and UV data from Figures SB and S1B. (A)
Net helicity or degree of aggregation (¢,) (dotted lines) as a function of temperature at the three different concentrations, i.e. 3.0 X 10~ M (black),
6.0 X 107> M (orange) and 3.0 X 10™* M (green) and fits for the CD and UV cooling curves (solid lines). The thermodynamic parameters obtained
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species P (solid red) and M;; (solid blue) is shown as well as the sum of these amounts (solid black line corresponding to UV signal, with the
experimental UV data represented by a dotted line) and difference between the amounts in left and right handed helices (solid green line
corresponding to CD signal, with the experimental CD data represented by a dotted green line); the dashed black line corresponds to the free

monomer concentration.
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Figure 10. Schematic of the behavior of temperature-dependent free
energies of different conformers and different helicities. (A) Situation
with one conformer that can adopt two helicities with a preference for
M-type helicity (blue line) and a constant mismatch penalty (red
dotted line) or a temperature-dependent mismatch penalty (red line).
(B) Situation as (A) but for a small mismatch penalty a temperature-
dependent mismatch penalty may result in an intersection of the free
energies, giving rise to a critical temperature where the preferred
helicity changes. (C) Same situation as (B) with the temperature-
dependent mismatch penalty, but with a second conformer present
that does not play a role, as its energy (for both helicities) is much
higher. (D) In case the energy difference between the two conformers
is small, there might be another critical temperature where one
conformer takes over from the other.

energy AG as a function of the temperature when chiral
methyl-substituted BTA monomers self-assemble into stacks of
a single helical type. Depending on the configuration of the
chiral center, methyl-substituted BTAs form P or M helical
stacks. Assume that the chiral monomer has a preference for the
M-type helicity, illustrated by the lower values for AG in Figure
10A. Then, the gain in free energy on addition of a monomer to
a stack is always larger for the M-type stacks than for the P-type

16503

stacks. In our model, this is represented by an enthalF
mismatch penalty AH,,,,, which is temperature independent. 3
A temperature dependence can be incorporated by adding a AS
term to the mismatch penalty, i.e, AG,pp, = AH,p, — TAS,
Whereas for a constant mismatch penalty the line for AG (red
dotted line) remains parallel to that of the preferred helicity, for
a temperature-dependent mismatch penalty (solid red line) the
lines will eventually intersect. However, as long as the TAS .,
term is relatively small as compared to AH,,,,, the temperature
effect can be ignored, and the M-type helicity remains preferred
at all realistic temperatures. However, when the mismatch
penalty AH,.,, becomes small, the preferences for a monomer
to self-assemble in either P or M helical columnar aggregates
come closer together as illustrated in Figure 10B. For a
stereogenic center in which the difference between the two
substituents becomes very small, as is the case for D—H
isotope-induced chirality, this preference for either P or M
helical stacks becomes indeed less pronounced as shown in
several systems.>'* If there is a temperature dependence for this
case with a small AH,,,,,, the two lines describing the AG of
the P- and M-type stacks as a function of temperature may
intersect within the temperature range considered, resulting in a
critical temperature above which the P-type stacks are more
favorable, whereas below this temperature M-type stacks are
preferred; exactly the behavior we observe in MCH for (S,S,S)-
D-BTA.

Apart from the possibility of forming P- or M-type helical
stacks, there can also be two different conformers with a 35° or
45° angle that can adopt either P- or M-type helicity. If one of
these two conformers (45°) is energetically less favorable than
the other (35°), as is the case in Figure 10C, the former will
hardly be present. This system then still behaves exactly the
same as the one with the temperature-dependent mismatch
penalty depicted in Figure 10B, meaning that one conformer
dominates, but a shift in the helical preference can occur upon
changing the temperature. However, if the energy difference
between the two conformers is smaller, e.g, as a result of an
additional interaction stabilizing the less favorable conformer,
the AGs of the two conformers may intersect as well (Figure
10D). As a result, at the highest temperature the M, conformer
is most favorable (such that CD effect increases with decreasing
temperature as more and more monomers are forming M,
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stacks), but if the temperature decreases, all AGs come closer
such that the various stack types will all be formed (such that
the CD-effect decreases). If the temperature decreases further,
the M;; becomes most favorable (such that the CD-effect
increases again). This behavior is exactly what we observe in
heptane. At temperatures above 303 K, heptane molecules are
intercalated in the helical stacks and favor the formation of the
M5 conformation. Upon decreasing the temperature, however,
the heptane molecules are expelled from the stacks, and the bias
for M helicity decreases. Below 273 K, M;5 becomes the more
dominant conformer.

B DISCUSSION

The importance of the molecular structure of solvent molecules
in aggregation processes and helical polymer conformations is
receiving more and more attention. For example, optically
active solvents were found to induce a preferred helical
conformation in achiral conjugated polymers,"> helical
polyisocyanates,'® bipyridine-based discotics,'"” and tubular
structures. ° In addition, small changes in the solvent polarity
can reverse the helical sense preference in polyisocyanates'®
and polyquinoxalines.'’Also in supramolecular polymerization
processes, tiny differences in solvent structure affect the
thermodynamics of the self-assembly process noticeably.*’

Our above analysis nicely illustrates that the helical and
conformational preferences in D-BTA self-assembly are
governed by tiny energy differences, and the molecular
structure of the solvent plays a dominant role. However, it
does not elucidate their molecular origin. Recently, we
performed plane-wave DFT calculations to get insight into
the molecular origin of the isotope-induced diastereomeric
enrichment in D-BTA-based supramolecular polymers.”' The
creation of a chiral center with S-configuration on the -
position of the ethyl chains of a BTA by H/D exchange resulted
in a small but notable preference for the formation of a P-helical
supramolecular polymer. The preference was directly related to
the difference between the zero-point energies of the two
diastereomerically related BTA aggregates at the supra-
molecular level. Analysis of the results revealed that the most
favorable situation is reached when the C—D vibrations point
toward regions of higher electron density (ie., the strongly
electronegative oxygen atom) and the C—H vibrations point
toward regions of lower electron density in the D-BTA-based
supramolecular polymers. This situation is present when
(S,5,5)-D-BTA adopts a P-helical conformation. In MCH, a
solvent that does not intercalate between the BTAs, indeed a
small preference for P-helical conformation is found, in line
with the DFT results. However, lowering the temperature
below 268 K changes this preference.

The above-mentioned DFT calculations were performed in
vacuum, therefore the effect of solvent was not taken into
account. Upon adding a solvent, entropy changes of the solvent
as well as the supramolecular aggregate may play a role. In fact,
it is well-known that the free energy differences between
different protein conformations are more determined by the
overall change in entrog)y of the solvent than by the change in
entropy of the protein.”> We assume that the difference in the
change in entropy of the solvent upon interchange of hydrogen
with deuterium in D-BTAs is negligible. As such, the dominant
contribution to the change in entropy will be from the
supramolecular aggregate and specifically from its vibrational
frequencies. The cause of the aforementioned temperature
dependence of the helical preference may then be found in

considering the zero-point energy as well as any thermal
excitations of these vibrational frequencies.

Dunitz and Ibberson recently reported that the unit cell of
solid C4Hy is smaller than that of C4D4 above 170 K.**
Although the zero-point energy always leads to a smaller
effective size for a deuterium than that for a hydrogen, it has
been shown that in systems with low-frequency vibrations, the
temperature effect expands the effective size of a deuterium
faster than that of a hydrogen. A similar study has been
conducted by Lacks, in which the ratio in molar volume
between C—D and C—H in crystalline polyethylene was studied
by means of ab initio calculations as well as experimentally.**
Herein, anharmonic corrections were taken into account. Their
calculations show that at room temperature (T = 300 K) the
high-frequency C—H and C—D stretching vibrations approach
the classical harmonic limit and are the dominant contributors
to the molar volume; however, with decreasing temperature the
contribution of low-frequency lattice modes starts to increase.
Although these experiments show that by changing the
temperature, the ratio of the molar volumes of protium versus
deuterium can invert, tentatively suggesting that a similar
phenomenon could lead to a change in the preference for the
helical bias within the BTA supramolecular system, they do not
provide an explanation to what extent the solvent plays a role in
this mechanism.

O’Leary and co-workers studied in detail the origin of the
equilibrium isotope effect observed in the racemization of
Mislov’s bridged biphenyl compounds.”® Depending on the
molecular structure of the biphenyls, Mislow’s experimental
work revealed both normal and inverse kinetic isotope effects.>®
In addition, an intriguing and unexplained solvent effect was
reported wherein the racemization in heptane was faster than in
benzene at higher temperatures, but the reverse was found at
lower temperatures.”*® The analysis by O’Leary et al. partitions
the underlying contributions to the observed kinetic isotope
effects into an enthalpic correction from the zero-point energy
and vibrations as well as entropic corrections arising from
vibrations, rotations, and translations. The results show that the
overall kinetic isotope effect is caused by a complex interplay of
these enthalpic and entropic factors and sensitively depends on
the molecular structure of the compounds. In addition, the
difference in vibrational enthalpic corrections is dominated by
the differences in frequencies lower than 800 cm™'. Based on
the particular nature of the vibrational frequencies, the
enthalpic corrections can lead to a normal or inverse kinetic
isotope effect. The entropic corrections on the other hand may
change this as a result of the temperature. Indeed, by either
raising or lowering the temperature, the sign of the Gibbs free
energy difference term can be switched and dominant entropic
contributions can give rise to unusual kinetic isotope effects.
The effect of solvent, however, was not taken into account in
this analysis.

On the basis of this observation, a hypothesis can be formed
regarding the helical preferences in (S,S,S)-D-BTAs and the
influence of the solvent in this process. The overall helical
preference is determined by the Gibbs free energy. The
contribution of the low wavenumber frequencies (i.e., the
lattice modes) is known from statistical thermodynamics to be
dominant for the vibrational enthalpic and entropic terms. It
has been shown that even solvents which do not form bonds
with the solute (i.e., noninteracting solvents) are able to cause
significant changes in the low-frequency lattice modes.”” By
changing the temperature of the system, the entropic correction
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changes accordingly, leading to a different equilibrium between
the two diastereomers. Similarly, by changing the solvent, the
sign and magnitude of both the enthalpic and entropic
corrections change as a consequence of the change in the
low-frequency lattice modes. Consequently, a completely
different trend in the cooling curves can be found.

B CONCLUSIONS

The results presented here show that isotope substitution
allows to sensitively probe solvophobic effects in supra-
molecular aggregation. (S,S,S)-D-BTAs self-assemble in alkane
solvents into helical, one-dimensional, supramolecular poly-
mers, the conformation of which is dictated by solvent structure
and temperature. In MCH, the aggregation process is
dominated by the presence of 35° conformations of opposite
sense: At high temperatures P helical polymers dominate, while
lowering the temperature results in a preference of M helical
polymers below 268 K. In heptane, the four conformational
states are in equilibrium, and their relative abundances depend
sensitively on the temperature. At all temperatures, the M
helical state is dominant, but lowering the temperature results
in a switch between a preference for the 45° to a 35° dihedral
angle.

We developed a model based on the equilibrium between
monomers and polymers in the different conformational states
to understand the conformational changes that (S,S,S)-D-BTAs
show as a response to temperature and solvent. A good
agreement between the model fits and the experimental data
allows us to quantify the thermodynamic parameters that
characterize the different conformational states in heptane and
MCH, and from those, the amount of the species that occur at
different stages of the polymerization process. Analysis of the
results shows that the change in helical preference of (S,S,S)-D-
BTA supramolecular polymers in MCH can be attributed to a
mismatch penalty that depends on the temperature. We
propose that this temperature dependence is related to the
entropy of the solvent—solute interactions, which results in a
different bias of the helical sense as a consequence of
influencing low-frequency vibrations. In heptane, intercalation
of the solvent into the helical stacks stabilizes the 45° dihedral
angle conformation above 303 K. Lowering the temperature
changes the conformational preference to a 35° dihedral angle
and reduces the preference for the M helical sense.

While the differences in stability are very small, in the order
of a few ] mol™', the impact they have on the relative
abundances of the different types of conformers formed by
($,S,S)-D-BTAs is significant. This shows that small effects can
be strongly amplified in cooperatively aggregating systems and
that the combination of interactions between the solvent/
supramolecular aggregate, temperature, and solvent structure is
a factor that cannot be ignored in supramolecular polymer-
izations. A complete rationalization of the observed effects on a
molecular level, however, is not yet straightforward as a subtle
balance between the vibrational enthalpic and entropic term of
the isotope effect is present.
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