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Abstract. Hydrophobic or hydrophilic substituents have different effects on the binding
dynamics of pyrene derivatives with a 2:1 capsule formed from two octaacid cavitands, showing
a subtle interplay of different kinetic factors. Anchoring of the methyl group of 1-methylpyrene
within one cavitand slowed the association and dissociation dynamics of the 1:1 complex by at
least 1,000 times when compared to the 1:1 complex for pyrene. This slow down for the transient
formation of the 1:1 complex is responsible for the overall increase in stability of the 2:1
complex without affecting the overall capsule dissociation. For 1-pyrenemethanol, its residence
time in the 2:1 capsule is shorter compared to pyrene despite both guests having similar
equilibrium constants for the binding of the second cavitand, suggesting that the hydroxymethyl
substituent close to the equatorial region of the capsule can interact with water during the partial

opening of the capsule.
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Container molecules provide the ability to control chemistry in constraint environments. Self-
assembled containers with the ability for controlled cargo release are of importance for
functional materials targeted for separations, catalysis, transport or drug delivery." The self-
assembled octaacid cavitand (OA, Chart 1)’ has been used to alter the reactivity of complexed
guests,”® achieve the physical separation of gases,” and recognition of alkane and halo-alkane
isomers'®, as well as the kinetic resolution of constitutional isomeric esters."" In such cases the
structure of the guest dictates the number of guests encapsulated’ and their packing affects the
outcome of reactions within the capsule.” Spatial restrictions and guest-capsule interactions
influence the mobility of the guest, where rotation along the long axis of the guest can occur in
nanoseconds,'> while the partial opening at the equatorial region of the capsule (so-called capsule
“breathing””) which enables the entry of small molecules like oxygen, occurs in the microsecond
timescale.”"* In contrast, complete dissociation of the capsule with release of the guest is much
slower, which in the case of pyrene (Py) occurred in 2.7 s." Controlling guest dissociation is of
relevance for applications where the release from the capsule is related to the observed reactivity,
as was the case for the kinetic resolution of esters,'' or where release of a product is desired, such
as for the photorelease of water soluble products from hydrophobic precursors.'®"’ Furthermore,
singlet oxygen reactivity has provided indirect evidence that the capsule opening time is
dependent on the structure of the guest.”” The objective of the present study was to determine
how hydrophobic and hydrophilic substituents affect the OA-guest capsule dynamics and how
these changes are related to the overall stability of the capsule; to accomplish this we used
stopped-flow fluorescence experiments to circumnavigate the issue that kinetic pathways cannot

be inferred from the determination of equilibrium constants.*



Chart 1. Chemical structures of octaacid (OA), pyrene (Py), 1-pyrenemethanol (PyMeOH) and
I-methylpyrene (MePy).

A combination of optimal filling and attractive interactions between host and guest result in the
terminal moiety of chains, or protuberances on a ring of the guest, locating into the narrow, base
region of the cavitand.”'*" Consequently, these terminal groups or protuberances can act as
anchors and control guest orientation within the capsule. Based on this idea, we chose 1-
methylpyrene (MePy) and 1-pyrenemethanol (PyMeOH) (chart 1) as guests to probe how guest
orientation influences the capsule assembly kinetics. These guests are of lower symmetry than
Py and can form two different 1:1 complexes with different orientations for the guests with

respect to the host (Scheme 1, (G:OA),, and (G:OA),,,). As we show, anchoring of the

hydrophobic methyl group in the base region slowed the dynamics of (MePy:OA),, by at least
1,000 times compared to the formation of the 1:1 complex for Py, while the hydroxymethyl
substituent did not significantly affect the binding dynamics for the 1:1 complex. The slow
down for the transient formation of (MePy:OA),, translates into the higher stability of the

OA:MePy:OA capsule without significantly affecting the overall capsule dissociation, providing

an example of the uncoupling between the kinetics and thermodynamics of a host-guest system.



Scheme 1. Formation of orientational isomeric 1:1 complexes between OA and formation of the
corresponding 2:1 capsule.
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Binding isotherms were determined from changes in the intensities of emission or excitation
fluorescence spectra (see the Supporting Information for experimental details) based on similar
changes observed for Py (K,, = (4.5+0.6) x 10° M, K,, = (7 £ 1) x 10° M™")."" For PyMeOH,
isoemissive points were observed for some of excitation and emission spectra, but not all (Fig.
la, Fig. S1 in the Supporting Information), suggesting the presence of more than two emissive
species corresponding to free PyMeOH and different OA complexes. The binding isotherm
could not be fit to a sequential model (Fig. S2, see the Supporting Information for all models
used for the fits of binding isotherms and kinetics), suggesting that the individual complexes
could not be resolved. The overall equilibrium constant, £3,,, for OA:PyMeOH:OA (Fig. 1b) of
(1.18 £0.04) x 10'> M is lower compared to the value for Py ((3.19 + 0.06) x 10> M?),"
suggesting that the presence of the hydroxymethyl group destabilizes the capsule. The K, value
for PyMeOH of (1.2 +0.3) x 10° M"' was determined from kinetic studies (see below) and when

this value was fixed for the fit of the binding isotherm a value of (1.4 +0.2) x 10’ M was



recovered for K,, which led to a calculated overall binding constant (f,, = K,, X K,;) of (1.7 +

0.3) x 10"> M consistent with the 3, value obtained from the overall binding model.
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Figure 1. (a) Fluorescence emission spectra (A, = 340 nm) for 0.2 uM PyMeOH in the absence
(i, black) and presence of up to 7.1 uM OA (ii to x). (b) Fit and the corresponding residuals for
the dependence of emission intensity on OA concentration for 0.2 uM PyMeOH to an overall 2:1
complex binding model. (c) Fluorescence excitation spectra (A, = 374 nm) for 0.2 uM MePy in
the absence (i, black) and presence of up to 4.2 uM OA (ii to x). (d) Fits and the corresponding
residuals for the dependence of integrated intensities on OA concentration for 0.2 yM MePy to a
sequential binding model where the increasing (peak at 349 nm) and decreasing (peak at 340 nm)
intensities of the excitation spectra were fit simultaneously using global analysis. The amplitudes
for binding isotherms are normalized. (e) Orientation of MePy inside OA capsule derived from
'H NMR studies.



The presence of isoemissive points when MePy was bound to OA was also dependent on the
excitation and emission wavelengths (Fig. S3 in the Supporting Information), but in contrast to
PyMeOH the binding isotherm fit with a sequential model (Fig. 1c, d, Fig. S4 in the Supporting
Information) yielding K, and K, values of (1.6 £0.5) x 10°M" and (1.4 +0.1) x 10’ M. The
calculated £,, value of (2.2 +0.7) x 10" M for OA:MePy:OA shows that binding of this guest is

stronger than the binding of Py or PyMeOH to the capsule.

The orientation of MePy in the OA capsule was studied using 'H NMR, where all guest signals
were identified by a combination of COSY and NOESY (Figs. S5, S6 in the Supporting
Information). Calculation of the difference between the "H NMR peak positions of the guest in
the free (1:1 D,0-DMSO-d;) and the bound state (Ad) prove useful because the truncated cone
shape of the pocket means that, to a first approximation, the deeper the position of an atom of the
guest inside the pocket, the greater its upfield shift.” However, NMR revealed no evidence for
the presence of the 1:1 complex. For the 2:1 complex, it was found that the signals from the 6-,
7-, and 8-positions (Fig. le) were the most upfield shifted (Ad =-4.01,-3.24 and -2.67
respectively), followed by the signals for the 1-Me and 2-position (Ad = -2.55 and -2.76
respectively), and then the signals corresponding to the H-atoms at positions 4- and 9- (A = -
0.74 and -1.33 respectively). The overall peak shifts suggest a preferred binding orientation
within the nano-space in which the 6-, 7- and 8- protons are most deeply located in the cavity of
one host, the protons on the methyl, 2- and 3- positions less so in the other “hemisphere”, and the

H-atoms at positions 4- and 9- located in the equatorial region (Fig. 1e).

The kinetics of systems with multiple species leads to several relaxation processes.” The

dynamics of the 1:1 Py:OA complex is faster than the 1 ms time resolution of the stopped-flow



experiment leading to an immediate off-set in intensity when the solutions of Py and OA are
mixed.” The K, value (Table 1) was determined from the binding isotherm constructed from
these off-sets. The off-set is followed by first-order kinetics for the formation of the 2:1 capsule.

The association rate constant (k3;) was determined from the global analysis of the kinetics at

varying OA concentrations, while the dissociation rate constant (k,,) was calculated from the
values of k3, and K,,."” The binding kinetics of PyMeOH with OA also showed an intensity off-
set followed by first-order kinetics (Fig. 2a, Fig. S7 in the Supporting Information), suggesting
that two relaxation processes occurred. The K|, value of (1.2 +0.3) x 10° M (Table 1)
determined from the binding isotherm (Fig. 2b) was used to calculate a K,, value of (1.0 £ 0.3) x
10’ M from the f3,, value ((1.18 +0.04) x 10> M) (Table 1). The kinetics after the off-set were
fit using global analysis to a model where a fast equilibrium is followed by capsule formation
(Fig. 2c,d). The K|, values were fixed between the limits determined by the error of this
parameter leading to k3; and k3; values that were averaged (Table S1 in the Supporting
Information). The averages from two independent experiments for k7, and k5, are (7 +2) x 10°
M’ s"and (0.7 £0.1) s"'. The value for K, calculated from the ratio of these rate constants ((1.0
+0.3) x 10’ M) is the same as the one obtained from the analysis of the binding isotherm (Table
1). The analysis for the kinetics of OA:PyMeOH:OA formation differed from the analysis for
the binding with Py because of the explicit inclusion of k3, in the model. Analysis of the
PyMeOH kinetics using the previous method" (Scheme S1 and Table S2 in the Supporting
Information) led to the same rate constants ensuring that the differences in these values for Py

and PyMeOH were not because we used different models.



Table 1. Equilibrium constants and association and dissociation rate constants for the binding of
Py, PyMeOH and MePy with the OA cavitand in a 1:1 complex and with the OA capsule (2:1
complex).

parameters Py* PyMeOH MePy
By / 10 M™ 3.19+£0.06 1.18 +£0.04 22+7
K, /10°M"' 45+0.6 1.2+0.3° 16+5
K, /10°M" 7+1 10 + 3¢ 14+1
ki, /10°M"' s 26+0.2 7+2 0.153 £ 0.002°
6.8+0.1
ks, /s 0.37+£0.06 0.7+0.1 -
Ty, | S° 27+04 14+02 -

* from reference 14;" °, calculated from K, and K,, values; ¢, obtained from kinetic studies; ¢,

calculated from K|, and f3,,; ¢, value for the reaction of (MePy:OA), ; !, value for the reaction of

(MePy:0A),,; &, 1/k5;.
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Figure 2. Binding of PyMeOH with OA: (a) Mixing of a PyMeOH solution (0.2 yM) with a
solution in the absence (i-black) and presence of OA (0.7, ii-blue; 1.0 iii-red; 2.0, iv-green; 3.0,
v-black; 4.0, vi-blue and 5 yM, vii-red). All concentrations are final ones after mixing. (b)
Binding isotherm fit to a 1:1 complex binding model obtained from the offsets for the initial
intensities (inset) for the stopped-flow experiment. (c) Model used in the global analysis of
kinetic traces. (d) Residuals obtained for the global analysis using the model in (c) for the data in
(a). From bottom (i) to top (vi) panel the concentration of OA increases from 0.7 to 5 yM.

The K, value for PyMeOH is smaller by a factor of 3.8 when compared to Py. K, corresponds to
the sum of the equilibrium constants for the formation of (PyMeOH:OA),, and (PyMeOH:0A),,,.
Based on previous precedent, which showed that hydrophilic moieties are located at the opening
of OA >* and the fact that one relaxation process follows the formation of the 1:1 complex,
(PyMeOH:0A),,, is likely the predominant 1:1 complex formed. In this case, the value for K|, is
expected to be lower by a factor of two,” since only one extremity binds to the OA cavitand,
while for Py both extremities can bind. This prediction is in line with the lower K, value

observed for PyMeOH. The higher k3; and k3; values for PyMeOH compared to Py indicate

that the dynamics for the capsule containing PyMeOH is faster than for Py, resulting in a shorter

10



residence time for PyMeOH (1.4 s) than for Py (2.7 s) probably because during the many
“breathing” motions of the capsule water has access to the guest and solvates the alcohol moiety
leading to the break up of the capsule. However, since both the association and dissociation
processes are faster for PyMeOH, the similar K,, values for PyMeOH and Py stress that the value
of this equilibrium constant is not a good predictor of the residence time of the guest in the

capsule.

The kinetics for the binding of MePy with OA (Fig. 3a) shows a smaller off-set than measured
for Py or PyMeOH followed by kinetics that could not be fit to a mono-exponential function.
The kinetics were adequately fit to the sum of two exponentials indicating that binding of MePy
to OA has three relaxation processes, where one process is fast and two processes are slow. The
kinetics fit well using global analysis (Fig. 3c) to a model (Fig. 3b) where one 1:1 complex is
formed in fast equilibrium followed by the formation of the second 1:1 complex and the 2:1
capsule (see the Supporting Information for possible models considered that are not consistent

with the data). The fast equilibrium was assigned to the formation of (MePy:OA),,, in analogy to

out
the inclusion of Py. The small amplitude observed for the off-set precluded the determination of
K" (Fig. S8 in the Supporting Information). This small amplitude is consistent with the
formation of only one of the 1:1 complexes during the mixing time of the stopped-flow
experiment. If the formation of both 1:1 complexes occurred during the mixing time then a

higher intensity would be expected for the off-set based on the changes seen for the fluorescence

binding studies.
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Figure 3. Binding of MePy with OA: (a) Mixing a MePy solution (0.2 xM) with a solution in the
absence (i-black) and presence of OA (1.0, ii-blue; 2.0, iii-red; 3.0, iv-green; 4.0, v-black and 5.0
uM, vi-blue) at OA concentrations close to the saturation of the binding isotherm (Fig. 1d). All
concentrations are final ones after mixing. (b) Model used for the analysis of the kinetics. (c)
Residuals obtained for the global analysis using the model in (b) for the data in (a). From bottom
(i) to top (v) panel the concentration of OA increases from 1.0 to 5.0 yM.

The two relaxation processes following the initial off-set correspond to the formation of the
(MePy:OA),, 1:1 complex and the 2:1 capsule in processes that are coupled. This fact precludes
the assignment of the individual relaxation processes to the formation of individual complexes.
The model that adequately fits the data (Fig. 3b, c; see the Supporting Information for other
models that did not fit; Fig. S9, S10; Scheme S2, S3, S4) includes the fast and slow formation of
the two 1:1 complexes and the formation of the capsule from both 1:1 complexes. Inclusion of
dissociation rate constants into the model did not lead to the recovery of these parameters
because they were too low. Formation of the capsule only from the most stable (MePy:0A),,
complex led to inadequate fits. The value for K} was fixed in the fit to the value determined

for PyMeOH (1.2 x 10° M), which corresponds to the lower limit for this parameter. Fixing

12



K" to the higher limit defined by the K|, value for Py led to inconsistent association rate
constants. The association rate constant for (MePy:OA),, formation (k;;) varied between 2 x 10’
and 8 x 10° M s for two independent experiments. This variability reflects the small
contribution of the formation of (MePy:OA),, to the amplitude of the overall kinetics. The range
from 0.1 to 0.7 s™" was calculated for the dissociation rate constant of (MePy:0A),, from K1 (1.6
+0.5) x 10°M" and the range of k;;values. The dynamics for (MePy:0A),, formation is slowed
by at least 1,000 times compared to Py:OA and k{; is lower than the association rate constant of
the second OA in the case of Py:OA. This result shows that the nesting of the methyl group in
the OA cavitand requires a higher activation free energy than for the incorporation of Py.
However once formed, (MePy:OA),, is more stable than the 1:1 complexes with Py and
PyMeOH leading to a residence time of MePy in the (MePy:OA),, 1:1 complex that is of the

same order of magnitude as for the 2:1 capsules containing Py or PyMeOH.

The association rate constant of the second OA to (MePy:0A),, is lower than for (MePy:OA),,,
suggesting that the positioning of the methyl group inside the OA cavitand for (MePy:0A),,
rigidifies the complex slowing the binding of the second OA. This slow down is likely due to
required distortions of the cavitand or introduction of repulsive interactions to achieve the
capping of the (MePy:OA),, 1:1 complex by the second OA. The slow capsule formation from
(MePy:0OA),, makes possible the transient observation of (MePy:OA),,. Further analysis of the
dynamics for capsule formation is hampered by the unavailability of the individual dissociation

rate constants of the 2:1 capsule to form each of the 1:1 complexes.

The slow down of the binding dynamics for (MePy:OA),, is reflected in the higher K, value for

this complex suggesting that it might be detectable at low OA concentrations (Fig. S11 in the

13



Supporting Information). Differentiation of fluorescent species in different environments is
possible with time-resolved experiments when excited-state quenchers have different access to
the fluorophores in the different environments.” Quenching of PyMeOH by nitromethane, a
known quencher for Py,” in the presence of OA showed that the quenching rate constant for the
capsule was 500 times lower than for PyMeOH in water (Figs. S12, S13 and Table S3 in the
Supporting Information). In the case of MePy three species were observed where one species
had an intermediate quenching efficiency between that for MePy in water and in the capsule,
showing that (MePy:OA),, was observable as predicted from the kinetic complex formation

studies (Figs. S14, S15 and Table S4 in the Supporting Information).

3235 where

Our findings are relevant to the development of tools in the area of systems chemistry,
the ultimate objective is to build up and control the emergent properties of a system, de novo. As
described here, the introduction of substituents on Py lowers its symmetry and increases the
complexity for the speciation in the host-guest system from three (free Py, 1:1 and 2:1
complexes), to four (free guest, two 1:1 complexes and 2:1 complex). The effects of this are not
directly observable from thermodynamic analyses. Thus the formation of the (MePy:OA),, is
relatively slow, and the association and dissociation dynamics for the formation of the 2:1
PyMeOH complex from the corresponding 1:1 complex are relatively fast, but neither are
evident from the overall equilibrium constants for all three complexes discussed here. These

results underscore the power of structure-dynamics relationship studies to further the

understanding of how systems chemistry and complexity can be controlled.
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