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The molecular environment around supramolecular bonding
systems significantly affects their stability and the assembly of
host–guest complexes, most prominent for hydrogen bonds (H-
bonds). Hamilton receptor-barbiturate host–guest complexes
are well-known in solution, typically forming a 1 :1 molar ratio
complex. However, within a polymer matrix, these complexes
can form higher-order assemblies, deviating from the standard
1 :1 complex, which are challenging to characterize and often
require lab-intensive methods. In this study, a novel Hamilton
receptor (H) was equipped with cyclopentene moieties and
used as a host to form host–guest complexes (H� B) with
allobarbital (B), followed by covalent crosslinking. UV-Vis
spectroscopy titration experiments in different solvents and at

various temperatures revealed that polar solvents containing
additional H-bonding sites significantly reduce the formation of
the 1 :1 H� B complex, as indicated by a reduced association
constant. Higher-order aggregates (HH-dimer, HHH-trimer)
were subsequently detected via an alkene cross-metathesis
(CM) reaction to fix the assemblies covalently, followed by
analysis via electrospray ionization mass spectrometry (ESI MS).
This two-step method, firstly via CM fixation followed by ESI
MS, was extended to study the H� B model complex within a
polyisobutylene (PIB) matrix, presenting a direct method to
analyze the complex host–guest assembly in solvent-free
(polymer) environments.

Introduction

Supramolecular structures, such as hydrogen bonding (H-
bonding) systems, constitute highly relevant structural units of
molecular self-assembly, bridging biological and synthetic
sciences by implementing dynamic properties into materials
and molecules. Similar to their behavior in solution,
supramolecular bonds[1] in polymers also exhibit (partially)
reversible formation and reformation via host–guest complexes,
depending on their bonding strength, their exchange kinetics,
as well as influences from the surrounding micro- and nano-
environment. Phase segregation, crystallization, or the assembly
of polymers is an additional structural principle where often
limited diffusion is coupled to an anisotropic environment, with
only rudimentary knowledge about the formation of host–guest
complexes therein as both diffusion and spatial in-homogene-
ities, as well as anisotropy, prevail.[2] Therefore, when embedded
into polymers, many host–guest complexes display an essen-
tially modified exchange behavior compared to their solution

counterparts,[1b,c] often characterized by clustering and aggrega-
tion effects forming host–guest complexes different from the
expected 1 :1 stoichiometry.[3] Thus, for example, the effective
strength of H-bonds is influenced by a subtle interplay between
their intrinsic chemical structure (e.g., by substituent effects[4]),
the surrounding polarity of the medium, their concentration as
well as the microenvironment locally surrounding the H-
bonds.[1c] Clusters of H-bonds are often formed in solid
polymers, contributing most importantly to macroscopic effects,
such as self-healing and reformation of the initial
structures,[1c,3b,5] resulting in enormously different melt-flow
behavior of the materials by their now changed relaxation
behavior.[6] Whereas in most cases the same H-bonds, when
affixed to larger groups such as polymer chains, do not differ in
strength compared to the unsubstituted H-bond in well-
solvating solvents,[7] a significant effect on the formation of
different host–guest complexes observed from the local micro-
environment on the associating H-bonds in case of attached
polymers with reduced solubility.

We and others in the past have investigated the competing
phase segregation effects in supramolecular polymers bearing
H-bonds in both solutions and the solid state, wherein the
molecular recognition elements are based on multiple H-
bonding moieties (see Figure 1a), such as the thymine-
diaminopyridine (THY-DAP), the thymine-diaminotriazine (THY-
DAT), the ureidopyrimidinone dimers (UPy-UPy), and Hamilton-
receptor-barbiturate (HW� Ba) host–guest complexes.[1b,c,3,8] By
tuning the segregation between the polymer chains, H-bonded
supramolecular dendrons can be formed, displaying a complex
assembly behavior into nanophases or the formation of (chain-
extended) pseudo-block copolymers.[9] While attractive H-bond-
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ing in solution usually exceeds phase segregation effects
between the polymer chains, the situation is different in
polymers devoid of solvent, either in the melt state, the
(semi� )crystalline or liquid crystalline state,[10] as now segrega-
tion can become dominant over the attractive H-bonding, also
leading to clustering effects not observed in solution (see
Figure 1b). Methods to study dynamics and thermodynamics of
bond-breaking/reformation are currently only indirect ones,
mainly using melt rheology[11] or magic-angle spinning (MAS)
NMR spectroscopy[1b,12] with cluster sizes estimated by X-ray
techniques.[1b,6c,11a,h,13]

Multiple H-bonding systems, such as the UPy-UPy or the
HW� Ba, have become crucial for generating stable and
reversible bonds in bulk-polymers. The HW� Ba host–guest
complexes herein have been intensely studied in solutions,
displaying a strong and specific assembly with an association
constant Kassn. up to 106 M� 1[15] and a directional nature owing to
the stereo-specified sextuple H-bonds, resulting in distinct 1 : 1
complexes in solution. Various chemical modifications have
been accomplished to tune the assembly behavior of the HW
receptor by modifying substituents at the outer rim[13f,16] or
forming cyclic HW receptors.[16c,17] These modifications open the
possibility of embedding further functionalities for a subse-
quent covalent modification to study the assembly processes
between the HW� Ba system, as well as further by a covalent
fixation after H-bonding formation, a strategy similar to the
concept of Scherman and Meijer.[18] Herein, a cross-metathesis
(CM) chemistry of adjacent ene-functionalities linked to the HW
and Ba molecules was used to fix the specific H-bonded
assembly of the HW� Ba host–guest complexes. We here present
a method to investigate H-bond clustering effects in solutions

and bulk-polymers using covalent CM chemsitry to tether
transient or thermodynamically stable structures. This approach
provides direct information that often is not accessible through
spectroscopic methods. Our approach (see Figure 2) is based on
a combination of supramolecular assembly via sextuple H-
bonds between a novel Hamilton receptor (H) bearing cyclo-
pentene moieties at the outer rim, and allobarbital (B) with allyl
groups, followed by CM reactions to fix the formed assemblies
covalently, which were subsequently analyzed by electrospray
ionization mass spectrometry (ESI MS). We conducted this two-
step covalent-fixation-ESI-analysis in different solvents at vari-
ous concentrations of the H� B supramolecular binding partners
as a proof-of-principle study, followed by a preliminary
investigation inside a solvent-free polyisobutylene (PIB) matrix,
finally aiming to understand the behavior of such
supramolecular bonds in nonsolvating polymeric environments.

Results and Discussion

Model Hamilton Receptor-Barbiturate (H� B) Host–Guest
Chemistry in Solution

Since the first reports on synthesizing the Hamilton receptor for
barbiturates in the 1980s to 1990s,[15,19] variations of such
receptors have been generated with multifold structures and
functionalities.[13f,16b,d,17d,20] We herein designed a novel Hamilton
receptor H bearing cyclopentene moieties at its outer rim
(Figure 2), able to undergo a subsequent CM reaction with
Grubbs catalysts. The cyclopentene moieties at the outer rim of
the Hamilton receptor were expected to change the specific
formation of the desired host–guest complex with barbiturates
only slightly, analogous to other modifications of the Hamilton
receptors reported previously.[17d,20b,e,21] Similarly, the bis-allyl-
barbital B has been equipped with CM-reactive allyl groups on
the C5 position, prepared as described in the supporting
information (for the detailed synthesis, see Supporting Informa-

Figure 1. a) The molecular recognition elements of thymine-diaminopyridine
(THY-DAP), thymine-diaminotriazine (THY-DAT), ureidopyrimidinone dimer
(UPy-UPy), and Hamilton receptor-barbiturate (HW� Ba) host–guest com-
plexes based on multiple H-bonds (values of the association constants Kassn.s
were taken from ref. [14]); b) possible association between HW and Ba in
solution and bulk polymer forming aggregates and the backbone segrega-
tion during the assembly process.

Figure 2. a) Chemical structures and schematic illustration of the model
Hamilton receptor H and barbiturate B and their host–guest complex via
sextuple H-bonds; b) the concept of this work: upon concentrating, cooling,
or in a nonpolar environment, H and B associate to form a specific H� B
assembly and higher-order assemblies (=aggregates); upon diluting, heat-
ing, or in a polar environment, H and B dissociate and cross-metathesis (CM)
can be used to fix host/guest assemblies for subsequent ESI MS analysis.
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tion, SI 1.3). Conceptually, the 1 :1 H� B host–guest complex can
be fixed covalently after its formation. However, it also allows
the detection of other formed complexes of different stoichiom-
etry by ESI MS measurements to reveal their chemical nature
and relative amounts. In bulk polymers, then devoid of solvents,
we previously observed the formation of host–guest complexes
different from the 1 :1 stoichiometry in solution induced by
phase segregation effects from the polymer chains.[1b,3b,13d,22]

Here, the approach using covalent crosslinking via CM after
forming the host–guest complexes presents a first step to
reveal such host–guest structures inside the solvent-free
environment.

To explore the influence (solvents, temperature) on the
formation of the host–guest complexes of the modified H with
B, the association constant Kassn. of the H� B complex was
determined in various solvents. As reported previously,[24]

titration, in-situe followed by UV-Vis spectroscopy was em-
ployed due to its fast and sensitive determination and the low
demand on the amount of the substrates. As depicted in
Figure 3a), data collected from the UV titration were mathemati-
cally fitted to generate such a curve to obtain the Kassn. under
different conditions using the online program BindFit (available
via http://supramolecular.org;[24,25] for UV titration, fitting, and
method details, see Supporting Information, SI 2). All the

determined Kassn.s are listed in Table 1. In Figure 3b), the
association constants Kassn.s of H with B in various solvents are
plotted against their dielectric constants,[23] indicative of the
effects of solvent polarity on the stability of the H� B complex.
As expected, in toluene (Tol) the H� B host–guest complex
displays the highest stability with Kassn. equal to ~105 M� 1, while
in the halogenated solvents such as chloroform (CHCl3) and
dichloromethane (DCM), Kassn. is reduced by an order of
magnitude to ~104 M� 1. In 1,2-dichloroethane (DCE), the H� B
association is further weakened to Kassn.~10

3 M� 1. Interestingly,
in α,α,α-trifluorotoluene (TFT), a solvent comparable to Tol but
with an enhanced polarity and distinct fluorophilicity, the H� B
complex displays a surprising stability (see Entry S15 in Table 1),
aligning with previously reported solvophobic interactions[26]

that can enhance the H-bond strength. As expected, all other
polar solvents (such as 1,4-dioxane, hexafluoro-2-propanol,
isopropanol, acetonitrile, and THF, see Entry S4–S13) strongly
reduce the stability of the host–guest complex, with association
constants Kassn.s in the range of ~102 M� 1. To further examine
that the addition of extra donors/acceptors, besides polarity,
leads to the reduction of H-bond strength, Kassn. of the H� B
complex was determined in toluene-methanol mixtures with
increasing content of MeOH in Tol to detect the critical
concentration of MeOH required to reduce the stability of the

Figure 3. a) Data fitting from UV-Vis spectroscopy titration to determine the association constant Kassn. (figure-insert shows the UV-Vis spectrum at different
[H]:[B] ratios); association constants Kassns. of the H� B model host–guest complex in various solvents at 20 °C plotted against their dielectric constants taken
from the literature [23]; the detailed Kassn.s are listed in Table 1 (each determination was repeated 3–5 times to ensure reproducibility; for titration, fitting, and
method details, see Supporting Information, SI 2); c) association constants of the H� B model in toluene+methanol mixtures (the line is a guide for the eye
only; error bars are based on fitting errors); d) van’t Hoff plot of association constants of the model compounds in toluene (Tol) and 1,2-dichloroethane (DCE)
at various temperatures (grey curves and equations are from the fitting of data using a polynomial function; error bars are based on fitting errors; for fitting
details, see Supporting Information, SI 2.2).
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host–guest complex. As demonstrated in Figure 3c), as the
MeOH content increases up to a molar ratio of MeOH/Tol=0.03
(MeOH=0.03, Tol=1), the stability indicated by Kassn. is reduced
significantly by two orders of magnitude. A further increase of
the MeOH content to 0.2 equivalents further reduces the
stability (Kassn. to ~102 M� 1) comparable to that in other polar or
H-bonding-replacing solvents, such as HFiP, EA, and DMSO. This
extreme reduction in Kassn. upon the addition of MeOH to Tol
demonstrates that even a subtle change in the micromolecular
environment, from a purely nonpolar aprotic medium to a
slightly polar protic medium, can result in a significant
weakening of the H-bonds in the H� B model host–guest
complex.

To probe the impact of the micro-environment on the
thermodynamics of the H� B host–guest complex, van’t Hoff
plots were employed as outlined in Figure 3d) in two different
solvents (Tol, DCE) via temperature-dependent measurements.
Similar to previously reported studies utilizing van’t Hoff plot to
analyze the thermodynamics of supramolecular systems,[27]

including HW� Ba complexes,[28] the Kassn. of the H� B model
host–guest complex obtained from UV titrations at various
temperatures was fitted using a second-order polynomial
function. This approach accounts for the nonlinearity arising
from the non-constant standard enthalpy change over the
selected temperature range (for fitting details, see Supporting
Information, SI 2.2).[29] At temperatures of 20–40 °C the H� B
model complex remains stable with Kassn. unchanged but starts
to decline at temperatures above 40 °C, while in DCE, Kassn. is
steadily reduced as temperature increases, starting from 20 °C
and thereon, indicating different contributions from enthalpic
and entropic factors. Indeed, known from the enthalpy change
ΔH and the entropy change ΔS (see Table 2) obtained from the
fitting, at a temperature below 40 °C, the association of the H� B

model complex in Tol is largely entropy-driven, while that in
DCE is a largely enthalpy-driven process over the whole
temperature range (20–60 °C). Additionally, as temperature
increases, the absolute value of the Gibbs energy change ΔG
determined in Tol decreases, indicative of a reduced association
between the model H and B. However, the temperature effect
in DCE is less significant, evidenced by the barely changed ΔG
over the whole temperature range. Therefore, the molecular
surroundings indeed affect the thermodynamics of the H� B
model complex by altering the contribution of the enthalpy
and the entropy of the H-bonding process.

Probing Covalent Fixation of the H� B Host–Guest Complexes
via Cross-Metathesis (CM) Chemistry

Several reactions were carried out to covalently fix the H� B
model host–guest complexes with a 1 :1 stoichiometry [H]:[B]
and aggregates with different stoichiometries (e.g., dimer cm-
HH, trimer cm-HHH, and others as indicated) under various
conditions (see Table 3) using cross-metathesis (CM) reaction.
As illustrated in Figure 4a), the H and B model compounds, the
Grubbs catalyst (10%mol), and the degassed solvent were
placed in a vial in a glovebox with an N2 atmosphere. The vial
was heated for 24 hours before 1H NMR spectroscopy was used
to prove the conversion by monitoring the resonances of the
initial alkenes at δ=5.62, 5.36, 4.95, and 4.82 ppm vs. the newly
formed alkenes at δ=5.57, 5.25, and 5.19 ppm. Details of the
reaction, the conversion, the catalysts, and the concentrations
used are shown in Table 3. For Entry 1, the reaction was carried
out at 100 °C in Tol with 0.01 M as the concentration of H or B
in a ratio of 1 : 1. Grubbs catalyst 3rd generation (G3) was chosen

Table 1. Dielectric constants of solvents and association constants Kassn. and the Gibbs-energy (ΔG) of the H� B model host–guest complex in various
solvents.

Entry Solvent Abbreviation Dielectric Constant [a] Kassn. /M
� 1 [b] ΔG/kJmol� 1 [c]

S1 Chloroform CHCl3 4.8 4.13×104 � 25.9

S2 Dichloromethane DCM 8.9 4.12×104 � 25.9

S3 1,2-Dichloroethane DCE 10.4 3.78×103 � 20.1

S4 1,4-Dioxane Dioxane 2.2 7.02×102 � 16.0

S5 N,N-Dimethylformamide DMF 36.7 7.34×102 � 16.1

S6 Dimethyl Sulfoxide DMSO 46.7 5.96×102 � 15.6

S7 Ethyl Acetate EA 6.0 7.08×102 � 16.0

S8 Ethylene Glycol EG 37.0 6.46×102 � 15.8

S9 Hexafluoro-2-propanol HFiP 16.7 5.66×102 � 15.4

S10 2-Propanol iPA 17.9 9.99×102 � 16.8

S11 Acetonitrile MeCN 37.5 7.18×102 � 16.0

S12 Methanol MeOH 32.7 7.12×102 � 16.0

S13 Tetrahydrofuran THF 7.6 6.44×102 � 15.8

S14 Toluene Tol 2.4 4.69×105 � 31.8

S15 α,α,α-Trifluorotoluene TFT 9.2 1.67×105 � 29.3

* [a] The dielectric constants were taken from the ref. [23]; [b] determined by UV-Vis spectroscopy titration at 20 °C (each determination was repeated 3–5
times to ensure reproducibility; for details, see Supporting Information, SI 2); [c] calculated by ΔG=RT lnKassn.
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due to its known fast initiation for CM reactions, allowing an
efficient fixation of the H� B model complex and its potential
aggregates. As shown in Figure 4b), a complete conversion of
model compounds could be observed as evidenced by the
shifted 1H resonances of the alkenes (from δ=5.62 in the black
spectrum to δ=5.57 ppm in the red spectrum) and the
disappearance of the alkene protons (δ=5.36, 4.95, and 4.82 in
the red spectrum) and the newly formed alkene peak at δ=

5.58 ppm as compared to the control NMR spectrum in black.
At a reaction temperature of 100 °C, the stability of the H-bonds
is strongly reduced, as is consequently the formation of the
H� B host–guest complex. Therefore, a reaction at 50 °C with
other conditions was carried out, as shown in Entry 2. In
Figure 4b), the NMR spectrum (shown in blue) shows a
conversion of 89.4%, as demonstrated by the residual alkene
protons from B. Owing to the limited solubility of the
components at 50 °C, DCE was used as a non-H-bond-replacing
solvent to offer a higher concentration of the H and B (Entry 3),
expected to lead to higher stabilities of the host–guest complex

H� B. We also conducted a trial in MeOH (Entry 4), anticipated
to reduce the formation of specific H� B host–guest complexes.
Furthermore, Grubbs catalyst 2nd generation (G2) was also
tested (Entry 5), which showed a slightly higher conversion at
50 °C. We further conducted the CM reaction of the H and B
model compounds directly inside a bulk polyisobutylene (PIB)
devoid of solvent to probe the formation of aggregates inside a
solvent-free environment (Entry 6). In this reaction (see the
experimental setup in Figure 7), the H and B model compounds
were mixed with the Grubbs catalyst and the PIB polymer at
room temperature using THF to reach homogeneity, followed
by a quick evaporation of THF at room temperature in vacuum
to avoid CM in the solution state. Subsequently, the reaction
was heated at 50 °C in a glovebox under an N2 atmosphere for
24 hours, and the conversion of this reaction (see Table 3,
Entry 6) demonstrates a successful CM reaction inside the PIB.
Overall, the data indicate that a successful CM reaction can be
employed, both in solution and the solid state, to generate a
conversion of CM ranging from 78–100%, using either G3 or G2
catalysts at temperatures (50 °C) where the H� B host–guest
complexes are expected to be formed, together with potential
formation of other aggregates.

ESI MS Analysis of the Covalently Fixed Complexes from
Cross-Metathesis (CM) Reactions

Subsequently, the reaction mixtures were analyzed using ESI
MS to identify the products formed via the CM reaction.
Potentially, these products can consist of a) the cyclic reactants
(cm-H or cm-B) resulting from intramolecular CM reactions
(macrocyclization of individual H or B model compounds); and
b) from 1 :1 host–guest complexes (cm-HB) or from other
aggregates formed via H-bonds and fixed through intermolecu-
lar CM reactions (examples are cm-HH, cm-HHH). The analysis
by ESI MS was conducted firstly qualitatively to identify specific
forms. Using Entry 1 as an example, as shown in Figure 5a), the
products via the intramolecular CM were found as cyclized cm-
B and cm-H, resulting from the ring-closing of the allyl/

Table 2. Enthalpy ΔH, entropy ΔS, and the Gibbs energy ΔG of the H� B model host–guest complex in toluene (Tol) and 1,2-dichloroethane (DCE) at various
temperatures.

In Toluene (Tol) In 1,2-Dichloroethane (DCE)

T /°C T /K ΔH/kJmol� 1 ΔS
/kJmol� 1K� 1

ΔG
/kJmol� 1

ΔH
/kJmol� 1

ΔS
/kJmol� 1K� 1

ΔG
/kJmol� 1

20 293 58.06 0.30 � 29.47 � 11.88 0.03 � 20.06

30 303 7.30 0.13 � 31.59 � 20.16 0.00 � 20.20

40 313 � 40.22 � 0.03 � 32.09 � 27.91 � 0.03 � 20.07

50 323 � 84.79 � 0.17 � 31.12 � 35.18 � 0.05 � 19.70

60 333 � 126.68 � 0.29 � 28.81 � 42.01 � 0.07 � 19.12

70 343 � 166.13 � 0.41 � 25.28 – – –

80 353 � 203.35 � 0.52 � 20.63 – – –

* The enthalpy ΔH, the entropy ΔS, and the Gibbs energy ΔG of the H� B model host–guest complex were calculated from the constants obtained from the
fitting of the Figure 3d); for fitting details, Supporting Information, SI 2.2.

Table 3. Reaction conditions for the cross-metathesis (CM) reaction to fix the
H� B model complex and their possible aggregates, and the conversion
calculated by 1H NMR spectra.

Entry T/
°C

Solvent Concentration/
M [a]

Catalyst [b] Conversion [c]

1 100 Tol-d8 0.01 G3 100%.

2 50 Tol-d8 0.01 G3 89.4%

3 50 DCE 0.1 G3 89.5%

4 50 MeOD 0.01 G3 78.8%

5 50 DCE 0.1 G2 97.6%

6 50 PIB d) – G3 97.3%

* [a] Concentration refers to H or B in a 1 :1 ratio; [b] G3: Grubbs catalyst 3rd

generation; G2: Grubbs catalyst 2nd generation; catalyst load was kept at 10%
mol for all entries; all reactions were carried out in a glovebox under an N2

atmosphere; [c] the conversion was calculated by the ratio of the integral of
unreacted alkene and the product ene; for detailed calculations and NMR
spectra for all entries, see Supporting Information, SI 3; [d] PIB was used as the
reaction matrix; for detailed experimental conditions and process, see
Supporting Information, SI 1.3.
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cyclopentene moieties in a single molecule. As depicted in
Figure 5b), the model host–guest complex fixed by the CM

reaction was found as cm-HB. Although the temperature was
kept to 100 °C, a pretty harsh condition to maintain the host–

Figure 4. a) Schematic explanation to conduct cross-metathesis (CM) reactions to fix the H� B model complexes; forming oligomers (representative structures
cm (B, H, HB, HH, HHH) are shown) b) 1H NMR spectrum of the reaction mixture from Entry 1 and 2, see Table 3; The zoom-in of the double bond region of the
1H NMR spectrum.

Figure 5. Representative products from Entry 1 (experimental condition: Tol-d8, H or B in a 1 :1 ratio at 0.01 M, G3 catalyst) found by ESI MS using negative
modus without salt (for simulation of all ions, constitutional isomers, and intermediates from cross-metathesis reactions for all entries, see the attached
Supporting Information, SI 3 and SI PDF file: ESI Analysis_All Entries).
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guest complex, cm-HB, cm-HH, and cm-HHH complexes were
identified, with the dimers (cm-HH) and trimers (cm-HHH) being
present, beyond our expectation, which were identified by the
ESI MS analysis (the constitutional isomers of cm-HH and cm-
HHH can be found in Supporting Information, SI 3). These
oligomers can be attributed to the self-association of H and the
potentially higher reactivity of the cyclopentene moieties
compared to the allyl groups on B. Probing different reaction
conditions (see Table 3), we could identify all those products
with different temperatures and concentrations (as possible and
partially limited by the reduced solubility of H and B under
specific conditions). Nevertheless, the intermediate product
bearing a styrene residue from the Grubbs catalyst was found
for all entries, together demonstrating the successful CM
reactions affording the similarly fixed individual model com-
pounds and their possible aggregates (for the analysis of all
products and intermediates for all entries, see Supporting
Information, SI 3, and the attached PDF file: ESI Analysis_All
Entries).

We then went one step further to reveal the relative ratios
of the different ions of the different host–guest complexes since
ESI MS not only can qualitatively identify the products[30] but
also allows us to semi-quantitatively extract the relative ratios
among the CM products, which are essential to further study
changes in response to different reaction conditions (concen-
tration, solvent, temperature). In line with previous work on
protein/lipid complexes,[31] we used the intensity of individual
peaks representing a specific product to calculate the normal-
ized product percentage within one measurement, provided
that all CM products have similar structures and should
demonstrate equal ionization in the ESI process. As there are
multiple ions for one CM product, the intensity of all the
relevant ion couplings for this respective product was summed
as cumulative intensity and used for calculation (for calculation
details, see Supporting Information, SI 3).

Indeed, the fixed H-bond-mediated products demonstrate
different normalized product ratios due to the applied con-
ditions influencing the H-bonds. The calculation and the
analysis results for all entries are summarized in Table 4, with
the schematic formulas provided therein, focusing on the major
products detected and identified via ESI MS. In Entry 1–6, the
CM product of cm-B is present in only a negligible percentage.
This low percentage of cm-B could result from the low reactivity
of the allyl group to form the target cyclopentene ring,
impeding the ring-closing CM reactions catalyzed by the
Grubbs catalyst. By contrast, due to the relatively low concen-
tration applied and the high reactivity of cyclopentene moieties
driven by the ring strain, the cyclic product cm-H shows the
highest ratio among all products, ranging from 74.47% (Entry 4)
to 95.22% (Entry 5). As the temperature was decreased from
100 °C (Entry 1) to 50 °C (Entry 2), expected to promote the
formation of the H� B host–guest complex via the intermolecu-
lar H-bonds, the amount of cm-H shows a decreasing ratio from
91.89% to 75.96%, with a concomitant increase of the fixed
complex cm-HB from 1.62% to 4.62%. When concentration
increased from 0.01 M (Entry 2) to 0.1 M (Entry 3), the formation
of the H� B complex should be favored, visible by the now
changed product (cm-HB) ratio (4.62% vs. 9.07%), in line with
expectations.

The experimental conditions (solvents, temperature)
strongly influence the aggregation/association of the formed
CM products. In Figure 6, the ratio of the fixed aggregated
products, namely cm-HB, cm-HH for the dimer, and cm-HHH
for the trimer, were plotted to illustrate the obtained product
ratios. For Entry 1, using 100 °C in Tol-d8 to fix the aggregates
with a quantitative conversion, most H-bonds accounting for
the formation of the host–guest complexes were also de-
stroyed, showing the product cm-HB as a consequence with
the lowest percentage of 1.63%, comparable to that in Entry 4
where the H-bond-replacing solvent MeOD was used though at
50 °C. These two comparable amounts of the H� B host–guest

Table 4. Normalized product percentages calculated based on ESI MS intensities of each product.

Entry [a] Experimental Conditions cm-B cm-H cm-HH [b] cm-HHH [b] cm-HB

1 Tol-d8_100 °C_0.01 M 0.24% 91.89% 5.93% 0.23% 1.63%

2 Tol-d8_50 °C_0.01 M 0.31% 75.96% 12.81% 6.30% 4.62%

3 DCE_50 °C_0.1 M – 87.98% 2.55% 0.40% 9.07%

4 MeOD_50 °C_0.01 M 0.08% 74.47% 15.25% 8.35% 1.84%

5 DCE_50 °C_0.1 M_G2 – 95.22% 2.16% 0.32% 2.30%

6 PIB_50 °C 1.67% 81.12% 7.01% 2.92% 7.28%

* [a] The normalized percentages were calculated based on the cumulative intensity of the products in ESI MS spectra; for detailed calculation, see
Supporting Information, SI 3; [b] the structures of cm-HH and cm-HHH here were selected as representatives, and their constitutional isomers can be found
in the Supporting Information, SI 3.
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complex in Tol at 100 °C and in MeOH at 50 °C reveal that
elevation of temperature weakens the H-bonds and the
resulting host–guest complex in a similar manner as the change
of the solvent from an H-bond-maintaining Tol-d8 to an H-
bond-replacing MeOD. When the temperature was reduced to
50 °C (Entry 2), the percentage of the dimeric aggregate, cm-
HH, increased to 4.62%, as expected. Increasing the concen-
tration of the reactants H and B to 0.1 M (Entry 3) led to an
increase in the specific H� B host–guest complex, yielding cm-
HB with the highest percentage of 9.07% among all the
products. Owing to the promoted reactivity of cyclopentene
moieties on H in CM reaction compared to allyl groups on B, in
Entry 1, 2, and 4, the aggregated cm-HH and cm-HHH
demonstrate higher percentages than the associated cm-HB.
However, this ratio is lower than cm-HB if the solvent is
replaced by DCE (Entry 3 and 5). For Entry 4, though MeOH was
added to the reaction medium, cm-HH and cm-HHH are formed
in high percentages, which we attribute to the closer proximity
among the aromatic rings driven by hydrophobic interaction
from pi-pi stacking over the now strongly diminished H-bonds
as destroyed by the polar protic nature of MeOH.

Cross-Metathesis (CM) Reaction in a Solvent-Free Polymeric
Environment - inside a Polyisobutylene (PIB) Matrix

As described in Table 3 and Table 4, Entry 6 CM was conducted
to fix the H� B model host–guest complex and the possible
aggregates inside a PIB matrix and further subject to the ESI MS
analysis. As illustrated in Figure 7a), the H and B model
compounds, the G3 catalyst, and the PIB matrix (Mn=1300 Da)

were placed in a vial, and degassed THF was added. After all
components were dissolved, THF was removed at room temper-
ature using a rotary evaporator, followed by an ultra-high
vacuum to remove all THF residue. After refilling with argon,
the vial was heated at 50 °C in a glovebox to promote the CM
reaction. After 24 hours, the reaction was removed from the
glovebox and diluted with a minimum amount of THF, followed
by digestion in n-hexane and MeOH to separate the PIB matrix
from the formed CM products in a separation funnel. After
recovery from the MeOH phase, the herein soluble products
(devoid of the PIB matrix, which was selectively removed by the
n-hexane) were analyzed firstly via 1H NMR spectroscopy to
prove conversion (see Figures 7b&c). As the CM reaction was
conducted without a solvent, different ratios of the host–guest
complexes were expected to form. The chemical shifts of the
alkene moieties at δ=5.65 and 5.20 ppm of B vanished almost
completely, and a new singlet peak at δ=5.65 ppm was
formed, indicative of a successful CM reaction. In addition, the
starting resonances H at δ=5.74 ppm vanished, with a new
resonance appearing at δ=5.72 ppm, demonstrating the con-
version of the model compounds (97.3%, see Table 3, Entry 6).
Further, the fixed complexes/aggregates were analyzed by the
method developed previously using ESI MS. As depicted in
Figure 6, the fixed host–guest cm-HB demonstrates a product
ratio of 7.28%, comparable to that in Entry 3 using a 0.1 M
model compound concentration. The fixed dimer cm-HH was
found with a product ratio of 7.01% for the aggregated
products. In comparison, the fixed trimer cm-HHH demon-
strated the highest ratio of 2.92% among all entries due to the
promoted aggregation by the nonpolar and non-H-bond-
replacing PIB bulk.

Figure 6. Normalized percentage of selected products for Entry 1–6 (the normalized percentage was calculated based on the cumulative intensity of the
products in ESI MS spectra; for detailed calculation, see Supporting Information, SI 3; the structures of cm-HH and cm-HHH here were selected as
representatives, and their constitutional isomers can be found in Supporting Information, SI 3.)
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We further probed diffusion-ordered NMR spectroscopy
(DOSY) to distinguish the different products based on their
diffusion coefficients, similar to the reported identification of
complex mixtures without separation.[32] After the workup, as
described in Entry 6, the product mixture was directly probed.
As shown in Figure 8, the newly formed alkene resonance at
δ=5.65 ppm and the peak at δ=5.72 ppm can be clearly
distinguished on the DOSY spectrum. Indicated by the yellow
arrows, the resonances at δ=5.72&3.25 and δ=1.0–1.5 ppm
illustrate the CM products of barbiturate cm-B and the
aggregated oligomers with a diffusion coefficient of
6.50×10� 5 cm2s� 1. The alkene resonances at δ=5.68 ppm (see

green arrows), together with the phenyl-resonances (Ph� ) at
δ=7.5–8.5 ppm, demonstrate a reduced diffusion coefficient of
5.50×10� 5 cm2s� 1, which can be assigned to the fixed host–
guest complex cm-HB as well as the aggregated products cm-
HH and cm-HHH. Thus, with the assistance of DOSY, various
products can be further identified without separation. When
our method for aggregate analysis is applied to study H-bonded
aggregates in polymers, the resulting CM products with
polymeric backbones can be distinguished by DOSY, hence
facilitating the MS analysis which is typically more challenging
when dealing with polymers.

Figure 7. a) Schematic explanation of cross-metathesis (CM) reaction in a polyisobutylene (PIB) matrix and the workup to remove PIB matrix; b) 1H NMR (in
CDCl3) of the products mixture before the addition of catalyst and after workup to remove PIB matrix; c) zoom-in of the double bond region of the 1H NMR
spectrum; the vanish of the starting alkene shifts indicates the high conversion (97.3%) of Entry 6 (see Table 3).

Figure 8. a) Diffusion-ordered NMR spectroscopy (DOSY) spectrum of the products mixture from Entry 6 directly after workup; b) the zoom-in of the region of
product signals. (the alkene and other shifts referred by the yellow arrows are attributed to the fixed products of cm-B and possible aggregates as evidenced
by a lack of phenyl (Ph� ) shifts, while the alkene and other shifts referred by the green arrows are attributed to the fixed products cm-HB, as well as the
aggregated products cm-HH and cm-HHH).
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Conclusions

We here experimentally probed the formation of host–guest
complexes of Hamilton receptor-barbiturate (H� B) complexes,
formed in solution and inside a polymer matrix, to probe the
influence of a microenvironment on their supramolecular
association behavior. A new method was developed to firstly
covalently fix the H-bonded associates/aggregates via an alkene
cross-metathesis (CM) reaction, followed by analysis of these
then covalently linked aggregates using electrospray ionization
mass spectrometry (ESI MS). To this end, a novel Hamilton
receptor (H) was equipped with cyclopentene moieties and
used as a host to form host–guest complexes with allobarbital
(B), as studied via UV-Vis spectroscopy titration experiments in
different solvents and at various temperatures. These experi-
ments allowed us to validate the formation of the specific host–
guest complexes. Furthermore, it is observed that polar solvents
containing additional H-bonding sites significantly reduce the
formation of the 1 :1 H� B complex, indicated by an association
constant of H� B, weakened from Kassn.=~105 M� 1 in toluene, to
~104 M� 1 in halogenated solvents (chloroform, DCM), further to
~103 M� 1 in 1,2-dichloroethane, and finally, to ~102 M� 1 in polar
H-bonding-replacing solvents such as MeOH, HFiP, and DMSO.
In addition, the presence of 0.2 equivalents of methanol in
toluene significantly reduced Kassn. to ~102 M� 1, comparable to
other polar H-bonding-replacing solvents. To probe the cross-
metathesis (CM) chemistry for covalent fixation of the H-
bonded structures, we probed Grubbs 2nd and Grubbs 3rd

generation catalysts under several reaction conditions (solvent,
temperature, and concentration), identifying the optimal reac-
tion conditions at 50 °C. Higher-order aggregates (dimers cm-
HH and trimers cm-HHH, denoted after CM reactions) were
covalently tethered via CM reaction, followed by electrospray
ionization mass spectrometry (ESI MS) analysis. This two-step
method, first a covalent CM fixation followed by ESI MS, was
extended to study the H� B model complex within a poly-
isobutylene (PIB) matrix, presenting a method to analyze the
complex host–guest assemblies in solvent-free (polymeric)
environments. The results indicated a higher percentage of H-
bonded 1 :1 H� B assembly, cm-HB, and an increased amount of
dimers, cm-HH, and trimers, cm-HHH, due to the closer
proximity among the model compounds and the related
segregation effects from the surrounding polymer matrix. This
approach successfully established a two-step method to study
H-bonded assemblies, allowing to be identified via ESI MS
analysis, even inside concentrated or solvent-free systems, such
as in a model polymer (polyisobutylene, PIB). This approach,
therefore, opens a new perspective to reveal the formation of
aggregates and complex assemblies, potentially avoiding the
need for laborious physical characterizations such as SAXS/
WAXS.
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