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Understanding the forces governing hydrophobically driven inclusion provides a path for aimed
utilization of non-polar synthons and provides insights into the related hydration thermodynamics.
To shed light on the factors that determine the stability of complexes with large, rigid guests, we studied
the temperature and the solvent effect on the hosting of diamantane alcohols with heptameric and
octameric cyclodextrins and cucurbiturils. The smaller cyclodextrin was a more efficient binder of the
explored guests, while inclusion within y-CD was observed solely in water. The higher stability of -CD
complexes in this solvent (298 K) was due to the strongly exothermic, entropically opposed inclusion,
whereas endothermic hosting of alcohols by y-CD was observed in all cases except for diamantan-1-ol.
The entropically more demanding dehydration of the B-CD cavity hence masks the positive entropy
changes accompanying the removal of guest-hydrating water. A strong decrease in AH°(T) for all
studied systems was noticed in water. In the case of cyclodextrins, the phenomenon shifts the driving
force from completely or predominantly classical towards non-classical. Conversely, due to the
particularly poor structuring of cucurbituril-confined water, the binding remained essentially non-
classical over the explored temperature range. Unlike complexation in water, the complexation in
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Introduction

Water still has some surprises left for us despite its familiarity
and ubiquity. The small size of the H,O molecule, its bent
shape, and the difference in electronegativity of the constituent
atoms enable the assembly of complex three-dimensional,
hydrogen-bonded networks that are responsible for unique
and remarkable solvation properties."™ These are perhaps most
evident in the case of hydrophobic species, whose introduction
into water leads to elaborate solvent reorganization.">® Two
different types of hydrophobic hydration have been recognized
over the years, the classical and the non-classical. The former is
related to the exothermic, entropically unfavorable dissolution
of simple gases and hydrocarbons in water,” ! which is typi-
cally rationalized by the formation of ordered hydration shells
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formamide and ethylene glycol was entirely enthalpy-driven and weakly temperature-dependent.

around the non-polar species.'> The latter concerns the

endothermic hydration of non-polar pockets and cavities which
contain hydrogen-bond deficient water.”>™*® Thus, hydrogen
bond patterns realized in contact with non-polar functionalities
proved to be of considerable importance for supramolecular
chemistry since they can be a powerful driving force for hydro-
phobic association. Based on this, it has been established that
the association of aliphatic chains (micellization) in water at
ambient temperature (298 K) usually bears the blueprint of
the classical hydrophobic effect (endothermic process),"”>°
whereas the inclusion of hydrophobic species within suitable
receptors is predominantly a non-classical hydrophobic effect
process type.>*

Turning our attention to the host molecules of interest,
natural cyclodextrins (CDs) are the most frequently explored
receptors for hydrophobic species in water,*"**?* while cucur-
biturils (CB[n]s) seem to be the most efficient ones.'*?*°
Compared to cyclodextrins that consist of an equal number of
monomers, rigid cucurbiturils contain more water molecules in
the inner cavity, which are also less associated.'® The inclusion
of non-polar moieties within CB[n] (n = 5-8) is therefore far
more enthalpically favorable, which results in signifi-
cantly higher complex stabilities.">*****! Among the smaller
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homologues in both receptor classes, the heptamers (CB[7] and
B-CD) are finely tuned in terms of both the number of cavity
H,O0 molecules and their “frustration”, resulting in the most
pronounced non-classical hydrophobic effect.'®> Namely, smaller
family members contain less associated water molecules but their
number is rather low, while the opposite holds true for macro-
cycles consisting of more than seven monomers.

Another important difference between CB[n]s and CDs
should be mentioned. The electron-rich portals of cucurbiturils
can serve as efficient cation binding sites,>* so that the
presence of positive group(s) on a hydrophobic backbone of
the guest leads to higher complex stability**~*” when compared
to neutral analogues.®® The opposite appears to hold true for
cyclodextrins, which contain poorer electron-donating hydroxyl
groups. Strong hydration of the directly attached charged
functionality usually reduces the inclusion depth of hydro-
phobic subunits within these receptors, thus lowering the guest
binding affinity.>'***

Rigid diamantanes*"*® seem to be almost custom-tailored
for constrained, barrel-shaped cavities of CB[n]s. This fact,
combined with peculiar hydration of the host cavities and the
guest, leads to remarkable complex stability in water. For
example, logK > 7 for hosting of neutral diamantane-based
guests with both CB[7] and CB[8] has been reported.*®*® While
the exact influence of neutral guest-solubilizing groups on
complex stability remains elusive, their structural analogues
containing two positively charged solubilizing functionalities
(e.g., tetraalkylammonium groups) generate complexes with
even higher stability (log K > 16).***” As expected, the smaller
CB[7] more readily accommodates apical diamantane deriva-
tives, while the larger CB[8] prefers the medially substituted
scaffolds. As far as cyclodextrins are concerned, B-CD is more
compatible with adamantane-based guests, whereas vy-CD
prefers the larger diamantane derivatives.*******® Somewhat
surprisingly, both p- and y-CD did not bind the permethylated
4,9-diammonium diamantane derivative?® for which the octa-
meric, and particularly, the heptameric cucurbiturils exhibited
especially high affinity.>**”

The properties of y-CD receptor are particularly intriguing
with respect to the influence of guest dehydration on the
complexation equilibrium. Compared to smaller cyclodextrins
and cucurbiturils (especially CB[7]), its binding thermo-
dynamics at 298 K seems to be most consistent with the
classical hydrophobic effect (endothermic, entropy-driven
inclusion)."**>?' Since complexation is accompanied by a
reduction in the translational entropy of the system and since
the investigations of cyclodextrin-confined water indicate that
the included solvent is both enthalpy- and entropy-rich,'® the
positive A.S° accompanying the inclusion can be ascribed to the
release of the guest-hydrating water. Intriguingly, our investiga-
tions of the temperature effect on the hosting of adamantane-
based guests with B-CD revealed that the driving force of
complexation for this bulky guest shifts from predominantly
classical towards non-classical as temperature increases (the
reversal of A.S° at T ~ 305 K was observed).”® Considering that
small positive heat capacities accompany the expulsion of
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cyclodextrin-confined water®' as well as the establishment of
dispersive host-guest interactions,®® the pronounced AH°(T)
decrease must be predominantly due to the gradual disordering
of guest hydrating water. However, negative reaction heat
capacities for hosting of smaller cyclic and linear aliphatic
compounds by both a- and B-CD have been reported from the
mid-1990s onwards.?>**~>> The A H°(T) dependence was found
to be far less pronounced compared to those of adamantane-
based guests, and the authors concluded that the negative A, C,
is consistent with the temperature dependence of the enthal-
pies for the transfer of aliphatic chains from water to a hydro-
carbon environment (weak contribution of van der Waals
interactions to reaction heat capacities was confirmed by
Olvera® in 2008). Almost simultaneously with our research,
Schonbeck et al. reported similar A.CY, for the inclusion of
adamantane derivatives within p-CD.’® To answer the question
of whether the inclusion of non-polar species is a strictly water-
limited phenomenon, we also explored the inclusion of
adamantane-based guests within B-CD in organic hydrogen-
bonded and weakly associated solvents (e.g., ethylene glycol,
formamide, and N-methylformamide).>® Although the inclusion
was observed in all solvents whose molecules form a network of
hydrogen bonds, the cyclodextrin affinity for the guests was consider-
ably lower compared to water. Furthermore, the binding was entropi-
cally unfavorable throughout the explored temperature range (278-
338 K) and the temperature dependence of the standard thermody-
namic complexation parameters was weak. Considering the larger size
of ethylene glycol and formamide molecules, it remains to be answered
whether the inclusion of larger hydrophobic moieties could lead
to a stronger A,H°(T) dependence, perhaps revealing the classi-
cal solvation of the guests in organic solvents. In addition, to
our knowledge, the influence of temperature on the hosting of
guests larger than adamantane by cyclodextrins and by cucur-
biturils in water remained unexplored.

Neutral, diamantane-based compounds are arguably the
perfect guests to address these questions for two main reasons.
First, we wanted to avoid all contributions to complexation
thermodynamics apart from those associated with the hydro-
phobic effect as much as possible. Second, these guests are
structurally highly compatible with heptameric and octameric
cyclodextrins and cucurbiturils, which is reasonably expected to
result in extensive dehydration of rather large hydrophobic
subunits and the receptor cavities. We therefore embarked
on studying the temperature and solvent effect on the binding
of the rigid diamantane alcohols 1-DAOH, 4-DAOH and 4,9-
DA(OH), (Fig. 1) as well as adamantan-1-ol (1-AdOH) with
B- and y-CD in water, formamide and ethylene glycol. Their
complexation (apart from 1-DAOH) with CB[7] and CB[8] in
aqueous medium was recently reported by Grimm et al. at
298 K.*® It was found that the affinities of both cucurbiturils for
diamantane alcohols were rather similar (logK ~ 7); however,
the position of the OH group affected the A,H° and A,S° values
considerably. The highest complex stability constant was obtained
for 1-AdOH-CB[7], which the authors attributed to the thermo-
dynamically unfavorable dehydration of carbonyl portals concomi-
tant with the inclusion of larger diamantane-based alcohols.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 1 Structures of diamantane alcohols used in this study.

It is also noteworthy that the binding thermodynamics did
not follow the general Rebek and Mecozzi packing coefficient
rule.’’

Experimental

The guest molecules 1-DAOH, 4-DAOH and 4,9-DA(OH), were
synthesized and purified according to a previously published
procedure.’® 1-AdOH (99%), B-CD (HPLC grade, >98%), y-CD
(>99.9%), and CB[7] (hydrate) were purchased from Sigma
Aldrich and used as received. CB[8] was synthesized according
to the previously published procedure.”® Apart from water
(MiliQ), formamide (FMD, Sigma Aldrich, spectrophotometric
grade, >99%) and ethylene glycol (EG, Sigma Aldrich, 99%)
were used without further purification.

Microcalorimetric investigations

ITC measurements were performed using Microcal VP-ITC
(Veenn = 1.45 mL) and PEAQ-ITC (Ve = 0.205 mL) calorimeters.
All titrations were carried out by stepwise addition of the host
solution to a solution of the prepared diamantane derivatives.
The concentration (¢, from 3 x 107 to 3 x 10~> mol dm )
and volume (V,qqition from 10 to 30 pL (VP-ITC), 1.0 to 2.6 uL
(PEAQ-ITC)) of the host (titrant) were varied depending on the
concentration of the guest (titrand) solution (¢, from 1 x 107>
to 5 x 107" mol dm ). The only exception is the reverse
titrations (titration of the host solution with guests) conducted
in the case of sparsely soluble CB[8]. For these experiments,
the concentration of the host was kept constant (2 x
10" mol dm~?), whereas the guest concentrations ranged from
2 x 107* to 4 x 10~* mol dm>. Constant stirring was applied,
and depending on the temperature and solvent, the time
between additions varied from 300 to 600 s (VP-ITC) or 100 to
200 s (PEAQ-ITC). Blank experiments were carried out for each
experiment and the heats of the titrant dilution were subtracted
from those measured in the titration experiments.

Microcal OriginPro 7.0, Microcal PEAQ-ITC Control Software,
and Microcal PEAQ-ITC Analysis Software, all supplied by the
manufacturer, were used for data acquisition and processing.
The experimental data were fitted to a 1:1 (host:guest) complex
stoichiometry. All ITC titrations were conducted at least in tripli-
cate and the determined thermodynamic parameters are reported
as mean values with the standard errors of the mean provided as a

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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measure of uncertainty. The reactants and the products were
neutral species and the concentrations of the titrand and titrant
solutions were low in all experiments, so that the values of
determined equilibrium constants correspond to K°. Isobaric
reaction heat capacities (A;C}) were determined by weighted
linear regression analysis of AH° vs. T dependence.

The calorimeters were calibrated electrically, and their relia-
bility was assessed according to Briggner and Wads6.°® The
thermodynamic complexation parameters for the reaction of
18-crown-6 (18C6, Sigma Aldrich, 99%) with BaCl, (Sigma
Aldrich, 99.9%) at 298 K, obtained using Microcal VP-ITC
(A:H° = —32.19 k] mol™'; —TA.S° = 10.73 k] mol™; AG° =
—21.45 k] mol™"; K = 5738 mol ™" dm™*) and PEAQ-ITC (AH° =
—31.70 k] mol™ —TA$° = 10.17 k] mol™; AG° =
—21.47 k] mol™%; K = 5772 mol™' dm™3), were in excellent
agreement with the literature values (A.H° = —31.42 k] mol %;
—TAS° = —9.90 k] mol™% AG° = —21.52 k] mol™%; K =
5900 mol " dm™?).

NMR investigations

NMR experiments were performed in deuterated water (D,0) at
25 °C using a Bruker AV600 NMR spectrometer equipped with
a 5 mm diameter probe. The chemical shifts (6/ppm) in the "H
spectra were referred to as the D,O signal ("H: § = 4.80 ppm).
The structure of the complexes was investigated using 2D
ROESY NMR spectra with water suppression (Bruker pulse
program: roesygpph19.2) with 2k data points in f2 dimension,
256 increments, 32 scans, 500 ms mixing time and a relaxation
delay of 2 s.

Computational investigations

In addition to experimental investigations, the packing coeffi-
cients for the optimized complex geometries were computed
using the Conformer-Rotamer Ensemble Sampling Tool (CREST)
based on the GFN methods®"®> by applying iterative meta-
dynamic sampling for noncovalently bound complexes, clusters
or aggregates (NCI-iMTD mode). The analytical linearized
Poisson-Boltzmann (ALPB) solvation model was used to
account for the implicit influence of water in the XTB computa-
tions. The packing coefficients were assessed using the
approach of Zhao et al.®® and the CD cavity volumes from the
work of Szejtli.®*

Results and discussion
The hosting of diamantane alcohols in water

The temperature and solvent effects on the complexation of
diamondoid alcohols with cyclodextrins were studied using
ITC (Fig. 2 and Fig. S1-S31, ESIf). This enabled a complete
thermodynamic characterization of the binding event, i.e., the
determination of all standard thermodynamic complexation
parameters. The titration curves were processed by a 1:1
(host:guest) binding model, resulting in a very good agreement
between experimental and fitted data. In the case of reactions
with B-CD as a host (e.g., Fig. 2a), the complex stoichiometry

New J. Chem., 2023, 47,18745-18755 | 18747
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Fig. 2 Microcalorimetric titration of 4,9-DA(OH), (co = 1 x 10~* mol dm~%) with (a) B-CD (c = 3 x 10> mol dm~>) and (b) y-CD (c = 5 x 10> mol dm~3)

in H,O at 298 K.

Table 1 Thermodynamic parameters for complexation of diamondoid
alcohols with B-CD and y-CD in H,O at 298 K?

AG°/ AH°/ —TA.S°/
Host  Guest log K K mol™* kjmol™*  kjmol*
p-CD  1-AdOH” 4.66(1) —26.38(3) —21.86(6)  —4.53(5)
1-DAOH 491(1) —28.02(6) —37.2(2) 9.2(2)
4-DAOH 5.54(1) —31.61(1) —36.0(1) 4.4(2)
4,9DA(OH), 5.02(1) —28.67(4) —34.5(2) 5.8(2)
y-CD  1-AdOH 2.59(1) —14.75(6)  11.5(3)  —26.3(3)
1-DAOH 4.48(1) —2557(5) —10.8(2)  —14.7(2)
4-DAOH 4.32(5) —24.6(3) 1.36(9) —26.0(2)
4,9-DA(OH), 3.64(3) —20.8(2) 2.76(7)  —23.5(1)

¢ Uncertainties of the last digit are given in parentheses as standard
errors of the mean (N = 3-5). ” From ref. 50.

was also evident from a clear break in the titration curve at the
equimolar reactant ratio. The microcalorimetrically determined
AX° (X =G, H, S) and log K° values for all studied complexations
in water at 298 K are listed in Table 1.

The inclusion within B-CD was enthalpically considerably
more favorable in all cases while the opposite holds for the
accompanying entropy changes. This resulted in partial
enthalpy-entropy compensation, thus lowering the differences
in stability constants among the B-CD and y-CD complexes.
Despite this fact, y-CD was an inferior host for all examined
hydrophobic alcohols. As can be seen from the data, p-CD
preferred the diamantane-based alcohols over 1-AdOH due to
considerably more favorable complexation energetics (A(AH")
~ —(12-15) kJ mol ). Given the fact that the number and
position of the hydroxyl group(s) on diamantane alcohols
rather weakly influences the complexation thermodynamics
with p-CD, the binding is predominantly due to the hydropho-
bic effect, i.e., the inclusion of non-polar moieties within the
receptor cavity. We can therefore ascribe the enthalpically least
favorable inclusion of 1-AdOH to the shallower inclusion of the
adamantyl moiety in the cyclodextrin and weaker host-guest
dispersive interactions. The correlations between the 'H signals
of the guest and host cavities in the ROESY spectra of the

18748 | New J Chem., 2023, 47,18745-18755

mixtures containing 1-AdOH/4,9-DA(OH), and f-/y-CD (Fig. 3
and Fig. S32, S33, S38, S39, ESI{) are in line with these
conclusions. Although the results of computational studies
(including the ALPB solvation model to account for the implicit
influence of water) of B-CD complexes with diamondoid
alcohols most likely somewhat exaggerate the importance of
host-guest hydrogen bonds for the studied hosting reaction,
the minimized geometries of the products (Fig. 4 and Fig. 540,
ESI{) are consistent with the results of spectroscopic and ITC
investigations.

Note that the binding of 1-AdOH by B-CD was the only
entropically favorable reaction with this host. As far as entropy
changes accompanying the inclusion are concerned, the asso-
ciation of host and guest molecules results in a strong decrease
in translational entropy. Likewise, the entropy of poorly asso-
ciated B-CD cavity water was reported to be higher compared to
the bulk solvent at 298 K."* Consequently, the positive A.S° for
the reaction of 1-AdOH with B-CD seems to be a consequence of
the dehydration of the adamantyl subunit. This finding is
in line with the exothermic and entropy-opposed (classical)
hydration of linear and cyclic hydrocarbons (up to six carbon
atoms) at 298 K."' The negative A.S° for the complexation of
diamantane-based guest can be rationalized by their bulkiness.
Namely, the ability of water to organize around the guest should
decrease with the size of the hydrophobic solute,"***% so the
dehydration of diamantanols could result in lower entropy
changes (hence lower A.S°) compared to 1-AdOH even though
their hydration spheres contain more water molecules.

In contrast to reactions with B-CD, the hosting of all guests
with y-CD was accompanied by positive entropy changes,
whereby the binding of 1-AdOH, 4-DAOH and 4,9-DA(OH),
was endothermic. The higher complexation enthalpies with
diamantane-based alcohols can be explained by a stronger
association of the water in the y-CD cavity. According to MD
investigations,'? each molecule within f-CD realizes an average
of 1.9 hydrogen bonds, whereas this number amounts to 2.2 in
the case of y-CD. In comparison, the water bulk is more
strongly associated (3.6 hydrogen bonds per water molecule)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 3 Partial contour plot of the 2D ROESY NMR spectra of mixtures
containing guest (1-AdOH or 4,9-DA(OH),) and host (- or y-CD) at 298 K
in D,O. The 600 MHz *H NMR spectrum is shown partially at the top and
fully at the left edge.

c)

Fig. 4 Representations of the minimized geometries of the studied p-CD
complexes with diamondoid alcohols (side view): (a) 1-AdOH-B-CD; (b) 1-
DAOH-B-CD:; (c) 4-DAOH B-CD; and (d) 4,9-DA(OH),-p-CD.

at 25 °C.>"® The poorer organization of the solvent inside -CD
therefore leads to an enthalpically more favorable binding of all
guests, even though y-CD contains more water molecules that
can be released (especially in the case of diamantane alcohols).

The position of the OH group(s) on a diamantyl scaffold
affected the binding thermodynamics with y-CD more than in
the case of B-CD. With this respect, the exothermic inclusion of
1-DAOH can be explained by the complete burial of its hydro-
phobic subunit within y-CD, resulting in the most favorable

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2023
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Fig. 5 Representations of the minimized geometries of the studied y-CD
complexes with diamondoid alcohols (side view): (a) 1-AdOH-y-CD; (b) 1-
DAOH-y-CD; (c) 4-DAOH-y-CD; and (d) 4,9-DA(OH),-y-CD.

host-guest interactions, while the OH alcohol group protrudes
from the cavity into the bulk. In contrast, the endothermic
complexation of 4-DAOH and 4,9-DA(OH),, accompanied by
rather similar A;H° and A.S° values, suggests a different orien-
tation of the included diamantane subunit. More specifically,
the hydrophobic part of the guest is buried within the cavity
while the apical hydroxyl guest group(s) are situated at the
receptor rim(s). The strong cross-peaks between the equatorial
protons of the 4,9-DA(OH), and inward-oriented protons of the
host (Fig. 3 and Fig. S39, ESIY) are in line with these conclu-
sions, as are the minimized geometries of the y-CD complexes
with diamantane-based alcohols (Fig. 5d) and Fig. S40h (ESIt).

The enthalpically favorable complexation of 1-DAOH serves
as a clear evidence that the dispersion interactions, when
optimized (large contact surface area and host-guest size
compatibility), stabilize the product considerably. In fact, jud-
ging by the enthalpies of condensation of hydrocarbons,®® the
realized host-guest interactions are expected to be rather
favorable for size compatible host-guest systems; however,
their contribution to complexation enthalpy is more or less
compensated by the endothermic dehydration of the guest. For
instance, the enthalpy of vaporization of cyclohexane (the
disruption of the corresponding dispersion interactions) is
33.05 kJ mol ™" and its enthalpy of hydration (the dissolution
of gas in water) is —33.2 kJ mol " at 298 K."® The removal of
cyclohexane from water and its placement inside a non-polar
receptor (roughly equal to —A,,H —ApyqH") is therefore nearly
isoenthalpic. However, compared to the cyclohexyl group, the
bulky hydrophobic subunit of 1-DAOH can realize substantially
more contacts with the y-CD cavity atoms which, combined
with the enthalpically beneficial removal of frustrated water,
leads to its exothermic hosting.

The predominantly or completely entropically driven host-
ing by y-CD can be rationalized by the entropically beneficial
release of water surrounding the adamantyl and diamantyl
subunits, ie., their classical hydration. As discussed earlier,
Priya et al.™® reported that dehydration of the cyclodextrin cavity
is accompanied by negative entropy changes, whereby the
entropic penalty per released water molecule decreases with
the size of the macrocycle. Consequently, if present, the

New J. Chem., 2023, 47,18745-18755 | 18749
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classical hydration of guests should be most evident in the
case of y-CD which contains the most bulk-resembling solvent.
Our experimental findings support the results of the above-
mentioned computational studies, thereby revealing the
classical (AnyaS° < 0) hydration of adamantyl and diamantyl
subunits at 298 K.

The least entropically beneficial, exothermic binding of
1-DAOH indicates that the most favorable host-guest interac-
tions are realized at the expense of entropy. Such a relationship
between A.H° and A.S° can be explained by the induced fit of
the guest causing the entropically unfavorable conformational
changes of the macrocycle and the restricted mobility of the
included diamantyl subunit. Moreover, the A.S° for binding of
1-AdOH and apical diamantane alcohols is rather similar even
though the inclusion of the latter guests results in more
extensive dehydration of the reactants. This finding, combined
with solely positive A.S° for hosting of 1-AdOH by smaller -CD,
indeed suggests that the entropic favorability of guest dehydra-
tion decreases with their size.

The temperature effect on the binding of 1-AdOH and
diamantane alcohols with both cyclodextrins is particularly
strong (Fig. 6 and Fig. S5, S10, S15, S20, S27, Tables S1, S2, ESIt). The
AH" for the binding of 1-DAOH with y-CD decreased by an astonishing
40 IJ mol ™' from 278 K to 338 K (A,C5 = —715 J K~ ' mol 7).
Still, even in this case, the opposing temperature influence on A.H”
and A.S° resulted in almost complete entropy-enthalpy compensa-
tion (the A,G° decreased only slightly over the studied temperature
range). As mentioned in the Introduction, negative A,C’, values of
cyclodextrin inclusion reactions have long been associated with the
transfer of non-polar surfaces from the aqueous medium to the
hydrocarbon environment (receptor interior).**®” Since small and
positive values of the reaction heat capacities accompany the
realization of host-guest dispersive interactions and dehydra-
tion of the cyclodextrin cavity,”> a sharp decrease in A.H°(T)
(therefore A.S°(T)) is primarily a consequence of the influence
of temperature on the organization of the guest-hydrating
water.>® The reason why the complexation thermodynamics
of the studied alcohols is so severely affected by the
temperature-induced disordering of the guest hydrating water
lies in the bulkiness of the corresponding non-polar subunits

20+ ) a)
- NN
—_— o L]
S 10 " AH _—
E . s
= 1-DAOH-y-CD
~ 0 T
3 340
< 0] T/K
-204
—— 0 _
-30- ™~
-40 T
5 DM /K mol™ = -0.715(37) T/ K +202(11)

View Article Online

NJC

(large number of hydrating water molecules). Namely, the so far
carried out studies of cyclodextrin complexation properties
revealed that the corresponding A;C, values decrease with
the size of included hydrophobic moieties.>*">> However, most
of the investigated inclusion reactions involved linear guests
and a-CD whose binding was characterized by weaker AH°(T)
and A,S°(T) dependence over the examined (and rather narrow)
temperature range.*> In contrast, the complexation of
4-DAOH (Fig. S27, ESIf) and 4,9-DA(OH), (Fig. 6b)) with y-CD
shifts from completely classical (endothermic) in low-tem-
perature towards non-classical (exothermic and accompanied
by small A.S°) in high-temperature water (Tables S2 and S3,
ESIT). As expected, the ArC;’, values for the inclusion of
diamantane-based alcohols within B-CD are higher compared
to analogous reactions with y-CD due to lower extent of guest
dehydration in the case of a smaller receptor. On the other
hand, the A;C7, values for binding of 1-AdOH by both receptors
were highly similar. This strongly supports the conclusion that
the pronounced A.H°(T) dependence is primarily associated
with the removal of guest hydrating water®® (the contributions
arising from dispersive interactions®> and the cavity
dehydration®' are rather low). The reaction heat capacities for
binding of diamantane-based alcohols with y-CD are informative
with respect to the orientation of the included hydrophobic moiety
within the cavity. Namely, the lowest A;C, for the binding of 1-
DAOH with this cyclodextrin indicates the most extensive burial of
its non-polar subunit within the receptor. Such findings strongly
support the aforementioned conclusions regarding the different
orientations of apical and equatorial diamantane-based alcohols
within the larger cyclodextrin (Fig. 5).

As stated in the Introduction, Grimm et al.*® recently studied
the complexation of 1-AdOH, 4-DAOH and 4,9-DA(OH), with
CB[7] and CB[8] at 298 K. The cucurbiturils exhibited larger
affinities for all investigated guests compared to p-CD and y-CD
due to far more favorable complexation energetics (Fig. S41-S64
and Tables S3, S4, ESIT). On the other hand, they were entro-
pically inferior hosts to cyclodextrins. This is to be expected
considering that the entropic penalty of cyclodextrin cavity
dehydration per included solvent molecule decreases as the
included water molecules become more associated, i.e., from

b)

10+ "~

4,9-DA(OH),'y-CD
300 . 320 ]

280 340

AX [k mol™
o

T/K
-10+ /

2204

-3041

20 AH° / kI mol™ =-0.440(11) T/ K + 134(3)

Fig. 6 The temperature dependence of standard complexation parameters of (a) 1-DAOH and (b) 4,9-DA(OH), with y-CD in H,O.
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a- to y-CD."® Namely, the water within cucurbiturils is particularly
hydrogen bond deficient," so its expulsion into the bulk should
be more entropically unfavorable compared to the analogous
process involving cyclodextrins. The more exothermic but also
more entropically unfavorable hosting of all alcohols with smaller
CB[7] (containing more frustrated water than CB[8]) is also in line
with this rationale. It therefore seems that the differences in the
thermodynamic potential of water confined within heptameric
and octameric macrocycles are, on a relative scale, preserved in
both receptor classes. Specifically, the expulsion of more ordered
or bulk-resembling water out of larger family members results in
higher complexation entropies compared to smaller receptors.
It should also be noted that both cyclodextrins exhibited a larger
affinity for diamantane-based alcohols, whereas a considerable
preference of CB[7] for 1-AdOH over all other guests was observed
(AlogKk® > 4). As in the case of cyclodextrins, the differences in
AH° and A,S° for the complexation of 4-DAOH and 4,9-DA(OH),
were low, suggesting a weak involvement of the OH groups in the
complexation process.

Generally, the herein determined A;C, values for the inclu-
sion within cucurbiturils were lower than for cyclodextrins
consisting of an equal number of subunits, especially in the
case of diamantane alcohols. The exceptions were the reaction
of 4-DAOH with heptameric receptors for which the associated
standard deviations were substantial, and the binding of 1-AdOH
with octameric receptors where the low reaction heats with CB[8]
prevented the reliable determination of ArC;. The observed
difference in A C, values for reactions involving two macrocyclic
classes is in accord with the higher compatibility of barrel-shaped
cucurbiturils and diamantyl subunits (i.e. more extensive dehy-
dration of the guest in the case of cucurbiturils). Still, in contrast
to cyclodextrins, the inclusion remained predominantly enthalpy-
driven over the entire temperature range. This clearly indicates
that the removal of high-energy water is the main driving force for
the inclusion of hydrophobic moieties within cucurbiturils irre-
spective of temperature, at least for those composed of seven and
eight subunits.

Lastly, the obtained values of packing coefficients for com-
plexes with - and y-CD range between 43 and 58% (Table S5,
ESIt) and are seemingly in line with the 55 + 9% Rebek and
Mecozzi packing coefficient rule.’” However, it was previously
demonstrated that packing coefficients, and consequently,
their indirect measure of host-guest interactions, are not
always a straightforward way to assess high-affinity binding
(e.g., CB[n] complexes with diamondoid alcohols as guests).*®
When comparing the measured binding parameters and the
calculated packing coefficients for the analogous - and y-CD
complexes studied here, one does not find a straightforward
correlation between them, leading us to again conclude that the
most extensive dehydration coupled with sufficiently strong
host-guest interactions leads to the most stable complexes.

The hosting of diamantanes in formamide and ethylene glycol

The binding of hydrophobic alcohols with y-CD in formamide
(FMD) and ethylene glycol (EG) was not observed calorimetri-
cally; however, the titrations of guests with §-CD (Fig. S65-S71,
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S73-S75, S77-S82, S84-586, ESIt) over the 278-338 K tempera-
ture range resulted in measurable enthalpy changes in both
explored solvents. The experimental data could be satisfactorily
processed according to a 1: 1 binding model, which yielded the
complex stability constants and the AH° and A.S° values
(Tables S6 and S7, ESIt). The stabilities of complexes with
B-CD in studied solvents and the standard thermodynamic
reaction quantities at 298 K are compared in Fig. 7. Water
was obviously the most efficient complexation medium, fol-
lowed by FMD and EG. The complex stability in formamide
decreased as follows: 4-DAOH > 4,9-DA(OH), > 1-AdOH >
1-DAOH, while in ethylene glycol it amounted to: 4-DAOH >
4,9-DA(OH),, > 1-DAOH. The heptameric cyclodextrin exhibited
a rather similar affinity for studied guests in both solvents. In
agreement with our previous studies,’® the hosting was accom-
panied by far lower (negative) entropy changes but was more
enthalpically favorable compared to water. The only exception
is the binding of 1-DAOH which was more exothermic in
aqueous medium than in formamide. The highly energetically
beneficial and entropy-opposed inclusion of guests in organic
solvents can be explained by the chaotropic behavior of both
the cavity and the explored guests. Namely, formamide and
ethylene glycol form stronger hydrogen bonds than water
(AvapH(H,0, 298 K) = 43.99 kJ mol ',°® A,,,H(FMD, 298 K) =
62.2 k] mol™',*% A,,H(EG, 298 K) = 65.6 k] mol ' ’°), whereas

logK*
g 5.54
5+ H,0
4.91 5.02
4.66
4
FMD
3.56 3.48
3] 3.32 -
' 291 EG
2.72
21 2.14
T T T T
1-AdOH 1-DAOH 4-DAOH  4,9-DA(OH),
H,0 FMD EG
o 342
©°
E 244
= - - .
2 = | z
~ o (=] o
o 11.44 K z K
} 3 Y S
0.0 i < < Ny
-11.44
-22.8
-34.24
-45.7 4 L8

Fig. 7 Thermodynamic parameters for complexation of 1-AdOH and
diamantane alcohols with p-CD in water (H,O), formamide (FMD), and
ethylene glycol (EG) at 298 K.
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their ability to organize around the solutes is far lower com-
pared to water. For instance, the dissolution of aliphatic
hydrocarbons (n-hexane, cyclohexane and n-heptane) in forma-
mide at 298 K is considerably more endothermic than in
water.””? Still, their introduction into FMD is entropically
favorable,”"”> whereas the opposite holds true for water, lead-
ing to their overall better solvation in formamide. In contrast to
water, this leaves the guest- and the cavity-solvating molecules
hydrogen-bond deficient which, combined with the decrease
in translational entropy, results in negative AH° and A.S°
at 298 K.

Unlike in water, the A,H°(T) (hence A.S°(T)) dependence in
FMD and EG was rather weak. Such behavior was also reported
for the binding of adamantane-based guest molecules with
B-CD.>° Apparently, the decrease in temperature cannot induce
the energetically favorable organization of these solvents, even
in the case of larger diamondoids, which in principle could be
wrapped in organized shells more readily than a smaller
adamantane. This is clear evidence that the small size and
shape of water molecules results in truly unique solvation
properties. Consequently, the solvophobic effect in H,O bears
a different thermodynamic signature than in other strongly
hydrogen bonded solvents, resulting in considerably larger
complex stabilities in aqueous media.

Finally, a few words about the classical hydration of the
guest non-polar moieties. Although the results of thermody-
namic investigations undoubtedly reveal exothermic, entropi-
cally unfavorable hydration of lower hydrocarbons and simple,
non-polar gases in ambient and sub-ambient temperature
water, this phenomenon is still the subject of many investiga-
tions. According to some researchers, thermodynamic,"”*7>
spectroscopic’®®! as well as many computational results™”*8>784
indicate that water molecules form more ordered tetrahedral
networks around spherical and linear hydrophobic functionalities
in low-temperature water. In agreement with the particularly
strong temperature dependence of the enthalpy and entropy of
hydration (ApyaC, > 0),”* the probability of their formation
diminishes with temperature, eventually leading to complete
disordering of hydration water. However, it has been pointed
out that the negative hydration entropies could be primarily due
to the excluded volume effect (the reduction in translational
degrees of freedom of the solvent due to the introduction of
non-polar moieties), enhanced by the small size of a water
molecule.®’*®® Recent investigations indicate that this may indeed
be so, further revealing that the enhanced hydrogen bonding of
the hydrating water occurs in the secondary rather than the
primary hydration sphere of the lipophilic functionalities.®***°
Conversely, in quite a few investigations very weak or no ordering
of the hydrating water was observed, either experimentally® " or
computationally.®*°> Perhaps the reason lies in the literal inter-
pretation of the classical iceberg model. A relatively large number
of water molecules are involved in the hydration of bulky hydro-
phobic solutes, e.g., approx. 20 in the case of adamantane. Given
the large enthalpy of vaporization of water, A,,,H(H,0, 298 K) =
43.99 k] mol ",®® and that water forms on an average of
3.62 per molecule at this temperature,*® it is sufficient that
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each hydrating molecule forms on average 0.1 hydrogen bonds
more compared to bulk to result in a remarkable increase in
the enthalpy of complexation by 24 k] mol . In other words,
the more pronounced stratification of guest-hydrating water
compared to the bulk must be rather subtle and, most likely,
unobservable using most experimental methods. In line
with that, a particularly strong temperature dependence of
cyclodextrin binding thermodynamics can provide valuable
information regarding the organization of water around non-
polar moieties.

Conclusions

More efficient binding of diamondoid alcohols by smaller §-CD
was a consequence of enthalpically more favorable inclusion
within this receptor, whereas the opposite holds true as far as
complexation entropies are concerned. This can be explained
by poorer organization of the cavity water, which also accounts
for the lower complexation entropies compared to inclusions
with y-CD. In other words, energy-rich cavity water is also
entropy-rich water, more so in the case of the smaller receptor.
In contrast, the completely entropically driven complexation of
all guests with y-CD, with the exception of 1-DAOH, indicates
that removal of guest-hydrating water is accompanied by posi-
tive entropy changes. This can be explained by the more
pronounced organization of water molecules around the non-
polar functionalities of the guests (classical hydrophobic
effect). The solely exothermic, entropically unfavorable hosting
of 1-DAOH can serve as a reminder of how important disper-
sion interactions can be for complexes involving larger guests
and macrocycles. These are however realized at the expense of
entropy, most likely due to the conformational changes of
the macrocycle that accompany the complete inclusion of the
diamantyl subunit.

The temperature effect on the binding thermodynamics was
particularly strong due to the large dehydrated hydrophobic
surface. In line with our previous findings,’ large negative
reaction heat capacities indicate that the guest hydrating water
experiences gradual disordering with temperature, thereby
shifting the driving force from more (or completely) classical
at 278 K towards predominantly non-classical at 338 K.
In contrast to cyclodextrins, the hosting of diamondoid alco-
hols by analogous cucurbiturils was predominantly non-
classical over the 278-338 K range. Moreover, the cucurbiturils
were entropically inferior hosts compared to cyclodextrins,
meaning that dehydration of their cavities results in consider-
ably lower entropy changes.
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