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Solvents with a wide range of polarities, including poly(dimethylsiloxane)
and oligo(dimethylsiloxane), were used to evaluate aromatic
donor—acceptor interactions between pyrene and pyromellitic
diimide derivatives. The donor—acceptor interactions were stron-
ger in siloxane solvents than in aliphatic solvents, possibly because
of the poor solubility of the aromatics in siloxanes.

Aromatic donor-acceptor (D-A) interactions between electron-rich
(donor) and electron-deficient (acceptor) aromatic molecules have
been widely used as a driving force for the construction of supra-
molecular architectures’™ such as capsules,” liquid crystals,’ gels,”
and supramolecular polymers.® The strength of the D-A interactions
determines the properties of the supramolecular architecture,
including stability, stimuli-sensitiveness, and self-repairing. Thus,
it is crucial to understand and precisely control the structural and
solvent dependence of D-A interactions.

Aromatic D-A interactions in the ground state and the n-n
interactions between aromatic molecules are generally contrib-
uted by electrostatic, dispersion, and charge-transfer interac-
tions, as well as solvophobic effects.® Although the complex
contributions make it difficult to strictly interpret the solvent
effects on D-A interactions, the effects can be roughly divided
by polar and non-polar solvent systems. In a polar solvent
system such as water or methanol, the D-A interaction is
mainly dominated by the hydrophobic effect, and thus more
polar solvents give rise to higher association constants.” Alter-
natively, in a non-polar solvent system, the lower polarity
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enables stronger D-A interactions.® For example, the associa-
tion constants between 1,3,5-trinitrobenzene and naphthalene
in non-polar solvents are in the order n-heptane (9.58 M%),
CCl, (5.16 M™Y), CS, (3.25 M~ '), and CHCI; (1.82 M~ 1).%¢
Generally, the effects of low polarity solvents are interpreted
as a result of their low dielectric constant facilitating electro-
static interaction between aromatic molecules.'®*" In addition,
the weak interactions® between solvent molecules and solute
molecules or the solvophobic effect® in non-polar solvents
contribute to an increase in the association constant between
the solutes. However, the lowest polarity solvents to be evaluated
for the solvent effect have been limited to aliphatic solvents such
as n-hexane, n-heptane, and cyclohexane. It remains unclear
whether the solvent effect is applicable to low-polarity solvents
other than aliphatic solvents, such as poly(dimethylsiloxane)
(PDMS) and oligo(dimethylsiloxane) (ODMS), nor is it clear what
governs the D-A interactions in non-polar environments. Never-
theless, supramolecular architectures in non-polar solvents have
been frequently constructed on the basis of D-A interactions.
Here, we report the association constants between pyromellitic
diimide (PMDI) derivatives (PMDIC6 and PMDISi) as acceptors
and pyrene (Py) derivatives (PyC6 and PySi) as donors (Fig. 1) and
determine the significant effect of the incompatibility between the
solute and solvents on the stabilization of the D-A complexes by
using PDMS and ODMS as solvents. PDMS and ODMS both have a
flexible backbone of Si-O bonds, which impart ionic properties,
covered entirely with non-polar methyl groups. Their particular
structure results in a weak intermolecular force (dispersion force)
among the PDMS and ODMS molecules, leading to their low
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Fig. 1 Molecular structures of PMDIC6 and PMDISi acceptors and PyC6
and PySi donors.
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surface energy, poor solvation ability, and low solubility para-
meters.”"*> The outstanding “non-polar” nature of PDMS and
ODMS leads to their usefulness in applications such as crystal-
lization solvents'® and building units that facilitate phase segre-
gation for liquid crystals'" and block co-polymers.'* Determining
the solvent effect of siloxanes will elucidate the complex nature of
the aromatic D-A interactions in non-polar environments as well
as aid in the rational design of supramolecular architectures using
PDMS and ODMS.

First, we prepared PMDIC6 and PyC6, which are PMDI and
Py attached to alkyl chains as solubilizing groups, by means of
one-step processes (see the ESIf). This resulted in adequate
solubility of PMDIC6 and PyC6 in solvents having a wide range
of polarities, such as PDMS and methanol. We used two PDMSs
(PDMS(2000) with an average molecular weight of 2000 g mol *
and PDMS(28000) with an average molecular weight of
28000 g mol™') and four ODMSs (Fig. 2a) to investigate the
solvent effect. Although PMDIC6 and PyC6 exhibit considerably
low absorption in the visible region, mixing the compounds
induced a new absorption band originating from a charge-
transfer absorption with a charge-transfer emission (Fig. 2b).
The absorbance of the charge-transfer absorption strongly
depended on the solvents (Fig. 2c). The time-dependence of
the charge-transfer absorption of PyC6-PMDIC6 was measured
in n-hexane and PDMS(28 000) with varying temperatures. Both
systems showed remarkable stability and a quick response
(<5 min) of the charge-transfer absorption to the change in
the temperature, indicating a rapid shift of equilibrium even in
PDMS(28 000), which has a high viscosity (Fig. S1, ESIT). The
association constants between PMDIC6 and PyCé were evalu-
ated from the charge-transfer absorption in the visible region
by using nonlinear curve fitting with a 1:1 binding model
(eqn S1 and Fig. S4-S36, ESIt). The observed data in all solvents
fit the 1:1 model well within the concentration range that we
used, supporting the premise that dimerization between the
donors and acceptors predominated, although there might be
minor polymeric species such as 2:2 and 1:2 complexes.

The evaluated association constant K, and the standard
Gibbs free energy of formation AG° between PMDIC6 and
PyCé6 in the solvents are listed in Table 1. In order to recognize
the association behavior of the PMDIC6-PyC6 pair, the values
of —AG" in the typically used solvents were plotted as a function
of the relative permittivity &.'* and E¢(30), which are represen-
tative empirical solvent polarity scales derived from the solvatochro-
mism of pyridinium N-phenolate betaine dyes (Fig. 2d and e)."* The
solvent effects were divided into non-polar and polar regions by
using chloroform and acetone as the boundary, which is consistent
with the reported propensity as discussed above.

In the polar solvents, —AG" increased roughly with an increase
in Er(30) (Fig. 2d), although there was no correlation of —AG® with
the relative permittivity (Fig. 2e). These behaviors were interpreted
as the hydrophobic effect playing a key role in the D-A aromatic
interaction rather the electrostatic interaction.®’ If the electro-
static force dominates, in the solvents with a high dielectric
constant, the binding energy should decrease as the electrostatic
force decreases. In the non-polar solvent region, the archetypal
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Fig. 2 (a) Molecular structure of ODMS, PDMS, bis(trimethylsilyl)methane, and

2.2,4,4,6,8 8-heptamethylnonane. (b) Absorption spectra of PyC6, PMDIC6 and
PyC6—PMDIC6, and the emission spectrum (lex = 460 nm) of PyC6—PMDIC6
in PDMS(28 000) ([PyC6] = 11 mM, [PMDIC6] = 2 mM). (c) Absorption spectra
and photographs of PyC6—PMDIC6 in PDMS(28 000), hexamethyldisiloxane,
n-hexane and chloroform ([PyC6] = 11 mM, [PMDIC6] = 2 mM, 25 °C). Plot of
—AG® vs. (d) Solvent polarity parameter E+(30) and (e) the relative permittivity
&, for the association constant of the PMDIC6—PyC6 pair.

trend observed was an increase in the association constants with
both decreasing Er(30) and decreasing ¢, of the solvents (Fig. 2d
and e).**® The typical D-A interaction properties of the PMDIC6-
PyC6 pair encouraged us to further investigate the solvent effects
of PDMS and ODMS using this pair.

Although empirical E(30) solvent scales for PDMSs and
ODMSs have not been reported, their solvent polarity is similar
to that derived from other empirical solvent polarity parameters
such as the Kamlet-Taft polarity parameters for alkanes. %>
Bis(trimethylsilyl)methane and the branched alkane hepta-
methylnonane were used to evaluate the structural effects of
the solvents on the D-A interaction (Fig. 2a). The association
constants and —AG° of the siloxanes gradually increased as
their molecular weight increased, although there appeared to
be a plateau. The association constant for PDMS(28 000) was
5 times higher than that of n-hexane and 40 times higher than
that of chloroform, which had the lowest association constant
in this experiment. This is the first report on the solvent effects

This journal is © The Royal Society of Chemistry 2021
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Table 1 Association constants and standard Gibbs free energy of for-
mation between PMDIC6 and PyC6 in various solvents at 25 °C

K, —AG® Ex(30)
Solvent MH?  (kmol™) &  (kcal mol™)
Methanol 21(02) 7.5 33° 55.4"
Ethanol 22 (0.3) 7.6 25° 51.9"
Acetonitrile 7.3(01) 4.9 37° 45.6"
DMSO 3.7(02) 3.2 47° 451"
Acetone 4.1(02) 3.5 21° 42.2"
Chloroform 3.2 (0.04) 2.9 4.8° 39.1"
Diethyldiglycol 4.5 (0.06) 3.7 577 37.5"
tert-Butylmethyl ether 12 (0.2) 6.1 4.5° 34.7"
Di-n-butyl ether 12 (0.1) 6.1 3.1° 33.0"
Tetrachloromethane 11 (0.3) 6.0 2.2° 32.4"
1-Hexene 19 (0.4) 7.3 2.1° 324"
n-Hexane 28 (0.4) 8.3 1.9° 31.0"
Hexamethyldisiloxane 88 (1.1) 11.1 2.2/ —
Octamethyltrisiloxane 95(1.3) 11.3 2.3/ —
Decamethyltetrasiloxane 110 (1.8) 11.6 2.4 —
Dodecamethylpentasiloxane 110 (2.0) 11.6 257 —
Poly(dimethylsiloxane) 130 (1.4) 12.1 2.7f —
(M, 2000 g mol ™)
Poly(dimethylsiloxane) 140 (3.5) 12.2 2.87 —
(M, 28000 g mol™")
2,2,4,4,6,8,8- 0(0.3) 8.4 - —
Heptamethylnonane
Bis(trimethylsilyl)methane 45 (0.2) 9.4 2185 —

4 Association constants in all solvents were calculated by using non-
linear least squares curve fitting a 1:1 binding model. ® Standard error
for non-linear least squares in parentheses. ¢ Data from ref. 13a. ¢ Data
from ref. 13b. © Data from ref. 13c.” Data from ref. 13d. ¢ Data from
ref. 13e. " Data from ref. 14.

of PDMS and ODMS promoting the formation of aromatic D-A
complexes. Because the association constant of 2,2,4,4,6,8,
8-heptamethylnonane with branched methyl moieties was com-
parable to that of n-hexane, the higher association constants of
the ODMSs were not attributable to the differences in the
molecular size and the methyl moieties between n-hexane
and the ODMSs.

Considering that the relative permittivity and empirical
solvent polarity parameters of the siloxanes and n-hexane are
much the same, electrostatic forces are not sufficient to explain
the high association constants of the siloxane solvents. To
obtain further information, we evaluated the solubility of
PyC6 and PMDIC6 in n-hexane, PDMSs, and ODMSs
(Table S1, ESI¥). The higher molecular weight siloxanes showed
lower solubility of PyC6é and PMDIC6, and all the siloxanes were
poor solvents for the dyes compared with n-hexane. The inter-
molecular forces of PDMS and ODMS, which are mainly
governed by the dispersion force, are weaker than those of
alkanes.”” Although consideration of the interaction between
the aromatic molecules and the solvent molecules from the
solubility test is difficult because of their different molecular
sizes and entropy of mixing, the low solubility of PyC6 and
PMDIC6 in the siloxanes suggests that PDMSs and ODMSs
could not inhibit the self-aggregation of the aromatics that was
driven by the dispersion force, indicating an incompatibility
between the aromatic molecules and the siloxane solvents. In
fact, block co-polymers of poly(dimethylsiloxane) and polystyrene,
which have an aromatic moiety, are well-known to phase separate

This journal is © The Royal Society of Chemistry 2021
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into nanoscale morphologies owing to their incompatibility.'2**>?
As the solubility trend was consistent with that of the association
constants between PyCé6 and PMDIC6, the incompatibility of the
siloxanes to the aromatics could accelerate the D-A interactions as
well as the self-aggregation.

Bis(trimethylsilyl)methane has a higher surface tension
(19.1 mN m™') than hexamethyldisiloxane (16.2 mN m™'),
implying that an increase in the intermolecular force is observed
upon replacing the Si-O-Si bond with a Si-C-Si bond.'® As
expected, a lower association constant between PyC6 and
PMDIC6 was observed in bis(trimethylsilyl)methane (45 M)
compared to that in hexamethyldisiloxane (88 M~ "). In addition,
bis(trimethylsilyl)methane was a good solvent for PyCé and
PMDIC6 compared with hexamethyldisiloxane (Table S1, ESIf).
This result supports the hypothesis that the incompatibility
between the aromatic and siloxane molecules induces higher
association constants. It can be noted that the surface tension is
not directly correlated with the association constant owing to the
molecular weight dependence of the surface tension.’”

To evaluate the effect of the side chains, PMDISi and PySi
with a tris(trimethylsilyloxy)silyl moiety were synthesized
(Fig. 1). The charge-transfer absorption of the PMDISi-PySi pair
showed significant stability and depended on the solvents
similar to the PMDIC6-PyC6 pair (Fig. S2 and S3, ESIt). The
solubility test clearly showed higher solubility of PMDISi and
PySi compared with PMDIC6 and PyCé, indicating the high
compatibility of the tris(trimethylsilyloxy)silyl moiety with
PDMSs and ODMSs (Table S1, ESIt). Nevertheless, the associa-
tion constants between PMDISi and PySi in siloxanes were three
to five times higher than those in n-hexane (Table 2). This
difference is consistent with the solvent effect of the media for
the PMDIC6-PyC6 pairs. Remarkably, the solvent effects for the
association constants of the PMDIC6-PySi and PMDISi-PyC6
pairs were almost identical to those of the PMDIC6-PyC6 and
PMDISi-PySi pairs, although the association constants in the
same solvents depended on the combination of the donor and
the acceptor (Table S2, ESIt). The dependence of the associa-
tion constant on the D-A combination may be attributed to the
geometric preference for stacking between the aromatic cores
as a result of the steric hindrance of the side chains, or to the
difference in the electrostatic properties of the aromatic cores
by the side chains. It is significant that the side chains affected

Table 2 Association constants and the Gibbs free energy of formation
between PMDISi and PySi in n-hexane, PDMSs and ODMSs at 25 °C

Solvent K, MY —AG® (k] mol ™)
n-Hexane 23 (0.3) 7.8
Hexamethyldisiloxane 72 (0.9) 10.6
Octamethyltrisiloxane 81 (1.8) 109
Decamethyltetrasiloxane 91 (0.8) 11.2
Dodecamethylpentasiloxane 96 (0.9) 113
Poly(dimethylsiloxane) (M;, 2000 ¢ mol™") 130 (1.4) 12.1
Poly(dimethylsiloxane) (M, 28 000 g mol ) 140 (3.9) 12.3

¢ Association constants were calculated by using non-linear least
squares curve fitting a 1:1 binding model. ? Standard error for non-
linear least squares in parentheses.
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the association constants but not the solvent effect of the siloxanes.
These findings show the generality of the solvent effect and the
crucial role of the incompatibility between the solvent and the
aromatic core rather than the side chains for the solvent effect.

In conclusion, we demonstrated the solvent effects of PDMS
and ODMS on aromatic D-A interactions by evaluating the
association constants between PMDI and Py derivatives in
various solvents. The siloxanes induced higher association
constants in non-polar environments. The solvent effect may
originate from the incompatibility between the aromatic cores
and the siloxane molecules owing to the weak dispersion force.
Recently, there has been a debate on the exact mechanism of
the interaction between aromatic molecules.” These findings
may help elucidate the origin of aromatic D-A interactions and
n—-m interactions. The cause of the solvent effect of the siloxanes
on the D-A interaction requires further investigation using
various donor and acceptor molecules.
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