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ABSTRACT: Cooperative H-bonding interactions are a feature of
supramolecular networks involving alcohols. A family of phenol
oligomers, in which the hydroxyl groups form intramolecular H-
bonds, was used to investigate this phenomenon. Chains of
intramolecular H-bonds were characterized using nuclear magnetic
resonance (NMR) spectroscopy in solution and X-ray crystallog-
raphy in the solid state. The phenol oligomers were used to make
quantitative measurements of the effects of the intramolecular
interactions on the strengths of intermolecular H-bonding
interactions between the H-bond donor on the end of the chain
and a series of H-bond acceptors. Intramolecular H-bonding
interactions in the chain increase the strength of a single
intermolecular H-bond between the terminal phenol and quinuclidine by up to 14 kJ mol−1 in the n-octane solution. Although
the magnitude of the effect increases with the length of the H-bonded chain, the first intramolecular H-bond has a much larger effect
than subsequent interactions. H-bond cooperativity is dominated by pairwise interactions between nearest neighbors, and longer
range effects are negligible. The results were used to develop a simple model for cooperativity in H-bond networks using an empirical
parameter κ to quantify the sensitivity of the H-bond properties of a functional group to polarization. The value of κ measured in
these systems was 0.33, which means that formation of the first H-bond increases the polarity of the next H-bond donor in the chain
by 33%. The cumulative cooperative effect in longer H-bonded chains reaches an asymptotic value, which corresponds to a
maximum increase in the polarity of the terminal H-bond donor of 50%.

■ INTRODUCTION
H-bonding is one of the most important noncovalent
interactions in supramolecular chemistry.1 H-bonds are
involved in molecular recognition, protein folding,2 DNA
duplex formation,3 and catalysis.4,5 There is evidence that H-
bonds become stronger upon the formation of a network,
suggesting that the interaction energies in complex systems are
nonadditive.6−10 H-bond cooperativity in water networks was
first postulated in 1957,11 but it took more than 10 years for
experimental evidence to appear for positive cooperativity in
H-bonding interactions involving hydroxyl groups. Infrared
studies indicate that the formation of a H-bond between an
alcohol and a H-bond acceptor increases the strength of the H-
bonding interaction with a second hydroxyl group.12−15 These
cooperative effects have important consequences for the
solvation properties of alcohols because the presence of self-
associated H-bonded networks means that alcohols are
significantly more polar solvents than the H-bonding proper-
ties of monomeric alcohols would suggest.16−18

Despite many theoretical studies,7−10 experimental quanti-
fication of the magnitude of cooperative effects on the free
energy changes associated with the formation of H-bond
networks has proved elusive. Synthetic molecular torsion
balances have been used to measure intramolecular H-bonding
interactions between a formamide H-bond acceptor and a

series of phenol H-bond donors.19 Catechol, which has an
intramolecular hydroxyl−hydroxyl H-bond, was found to make
a significantly stronger H-bond with the amide group than a
simple phenol. However, the two hydroxyl groups in catechol
are directly conjugated, so it is difficult to disentangle the
contributions due to polarization via the covalent bonding
framework from cooperative effects due to the intramolecular
H-bond. Here, we describe a new approach to direct
measurement of cooperativity in H-bonded networks and
show that cooperative effects due to H-bonding interactions
between hydroxyl groups can increase the strength of a single
intermolecular H-bonding interaction by up to 14 kJ mol−1.

■ APPROACH
The approach is shown in Figure 1. Figure 1a shows a
bisphenol, which makes an intramolecular hydroxyl−hydroxyl
H-bonding interaction that alters the properties of the green
phenol H-bond donor. The association constant (K) measures
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the intermolecular H-bonding interaction of the green
hydroxyl group with quinuclidine. Figure 1b shows the
corresponding equilibrium for the interaction of quinuclidine
with a reference phenol, which does not have an intramolecular
H-bond (K′). The effect of the blue intramolecular H-bond on
the H-bond donor properties of the green phenol can be
quantified by measuring the ratio of the two association
constants (K/K′).
Three important features of this particular system simplify

the analysis of the results: (1) the two phenol groups are
separated by a methylene group, which prevents any through
bond polarization via the covalent framework; (2) the t-butyl
group sterically inhibits intermolecular H-bonding interactions
with the second phenol group;20 (3) the use of a nitrogen H-
bond acceptor removes any ambiguity in the structure of the
complex (if an oxygen H-bond acceptor is used, the
intramolecular H-bond can be broken and replaced by a
second intermolecular interaction with the oxygen acceptor).19

This approach can be extended to longer H-bonded chains
using compounds 3 and 4 (Figure 2). Compounds 5 and 6 in
Figure 2 serve as reference molecules that will allow us to rule
out alternative H-bonding modes by quantifying the strengths
of possible intermolecular H-bonding interactions with H-
bond donor sites that have substitution patterns that
correspond to the phenol groups in the middle of the H-
bonded chains.

■ RESULTS AND DISCUSSION
Synthesis. Compounds 2, 3, and 4 were synthesized using

procedures based on the literature (see Figure S1).20−22

Compounds 1, 5, and 6 were commercially available.
Intramolecular H-Bonding Interactions. The X-ray

crystal structures of 2, 3·MeCN and 4 were obtained and
confirmed the anticipated presence of the network of
intramolecular H-bonds in the solid state (Figure 3).20 In all
cases, the phenol with the ortho t-butyl group acts as an
intramolecular H-bond donor, and the phenol at the other end
of the chain acts as an intramolecular H-bond acceptor. Thus,
there is only one H-bond donor site, which does not make an
intramolecular interaction: the phenol at the end of the chain
of intramolecular H-bonds.
NMR spectroscopy was used to confirm that the

conformations observed in the solid state persist in solution.
It was possible to assign all of the signals in the 1H NMR

spectra of compounds 2−4 in deuterochloroform using a
combination of two-dimensional (2D) experiments: COSY,
HSQC, and HMBC (see Figures S2−S16). The signals due to
the nonequivalent phenol hydroxyl groups were clearly
resolved and could be individually assigned. Differences in
the chemical shift between different phenol hydroxyl groups
indicate the extent to which they are involved in intramolecular
H-bonding interactions. For example, for compound 2, the
hydroxyl donor that is involved in an intramolecular H-bond in
the X-ray crystal structure appears at 6.5 ppm, and the
hydroxyl donor that does not form an intramolecular H-bond

Figure 1. Quantification of cooperative effects on an intermolecular phenol·quinuclidine H-bond. (a) Interaction of a H-bonded phenol with
quinuclidine. (b) Reference interaction of a non-H-bonded phenol with quinuclidine.

Figure 2. Chemical structures of phenols 1-6. The 1H nuclear
magnetic resonance (NMR) labeling scheme for the hydroxyl groups
is shown.
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in the X-ray crystal structure appears at 5.5 ppm (see Figure
S2). The difference of 1 ppm in the chemical shift suggests that
the intramolecular H-bond observed in the solid state is also
present in solution.23,24 Similar results were obtained for
compounds 3 and 4 (Figures S7−S16), confirming that the
chains of intramolecular H-bonding interactions shown in
Figure 3 persist in deuterochloroform solution.
1H NMR spectra of compounds 1−4 were also recorded in

n-octane using WET solvent suppression,25 and the spectra
were very similar to those recorded in deuterochloroform,
allowing direct assignment of the signals. Figure 4 shows the
region of the spectra where the phenol hydroxyl groups appear.
In each case, the signal due to the hydroxyl donor that is not
involved in an intramolecular H-bond (a) appears at the lowest
chemical shift (<6 ppm), and the chemical shifts of the signals
due to the hydroxyl donors that are involved in intramolecular
H-bonds are up to 5 ppm higher. As the length of the H-
bonded chain increases, the chemical shifts of the hydroxyl
donors involved in intramolecular H-bonds increase from 6 to
9 ppm.26 In addition to increasing the chemical shift of the
hydroxyl group that acts as a donor, the formation of an
intramolecular H-bond causes a smaller increase in the
chemical shift of the hydroxyl group that acts as an acceptor.
For example, comparing compound 2 with compound 1, the
chemical shift of the hydroxyl group that acts as the donor in
the intramolecular H-bond in compound 2 increases by 2 ppm
(b), and the chemical shift of the hydroxyl group that acts as
the acceptor increases by 1 ppm (a). Thus, the hydroxyl groups
in the middle of the H-bonded chain in compound 4 (signals b
and c) show significantly larger increases in the chemical shift
than either the donor or the acceptor on the ends of the chain
(signals a and d).
Intermolecular H-Bonding Interactions. The formation

of intermolecular H-bonds with quinuclidine was investigated
using 1H NMR spectroscopy. 1H-NMR dilution experiments in

Figure 3. Molecular structures of (a) 2, (b) 3, and (c) 420 taken from
X-ray crystal structures. Intramolecular H-bonding interactions are
shown as dotted lines. The terminal hydroxyl group of 3 forms an
intermolecular H-bond to a molecule of acetonitrile present in the
crystal (see below).

Figure 4. Partial 500 MHz 1H NMR spectra of 0.24 mM solutions of 1, 2, 3, and 4 recorded at 298 K in n-octane with WET solvent suppression.
Signals due to hydroxyl protons are labeled (see Figure 2 for the labeling scheme), and the asterisk indicates an impurity present in the solvent.
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n-octane show that there is no self-association at millimolar
concentrations. Figure 5 shows data from a 1H-NMR titration
of quinuclidine into a solution of 2 in n-octane. The addition of
quinuclidine catalyzed the chemical exchange of the hydroxyl
protons, resulting in fast exchange spectra where the individual
hydroxyl signals were not resolved and could not be separately
monitored in titrations. Figure 5c shows that the changes in
the chemical shift observed for all of the signals due to CH
protons fit well to a 1:1 binding isotherm. One signal showed a

much larger change in the chemical shift than any of the other
signals. This signal is due to proton f, which is ortho to the only
phenol H-bond donor not involved in an intramolecular H-
bond, suggesting that quinuclidine binds to this phenol group.
A NOESY spectrum provided further evidence for this
interaction: Figure 5a illustrates the intermolecular NOE that
was observed between proton f and the quinuclidine
methylene group in a NOESY spectrum of a 1:1 mixture of
quinuclidine and 2. NOESY spectra recorded for 1:1 mixtures

Figure 5. 1H NMR titration of quinuclidine into a 1.22 mM solution of 2 in n-octane at 298 K. (a) Structure of the 1:1 complex showing the
proton labeling scheme. The intermolecular NOE observed in a NOESY spectrum of a 1:1 mixture of quinuclidine and 2 is indicated. (b) 500 MHz
1H-NMR spectra recorded with WET solvent suppression. (c) Lines of best fit of the 1H-NMR data (points) to a 1:1 binding isotherm.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.2c08120
J. Am. Chem. Soc. 2022, 144, 19499−19507

19502

https://pubs.acs.org/doi/10.1021/jacs.2c08120?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08120?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08120?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.2c08120?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c08120?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of 1, 3, or 4 and quinuclidine all showed the corresponding
NOE, that is, a cross-peak between the signal due to the
aromatic CH proton ortho to the terminal phenol hydroxyl
group and the signal due to the quinuclidine methylene group
(see Figures S41−S44).27,28 These observations indicate that
quinuclidine binds to the end of the chain of intramolecular H-
bonded phenols in all cases.
When quinuclidine was added to 3 in chloroform solution, a

1:1 complex precipitated. The X-ray crystal structure of this
complex is shown in Figure 6. The chain of intramolecular H-

bonds observed in the X-ray crystal structure of 3 (Figure 3b)
is also present in the complex, and quinuclidine is H-bonded to
the terminal phenol. The positions of protons Ha and Hc were
clearly visible from the X-ray data, with the latter transferred to
quinuclidine to form a salt in the solid state. The position of
Hb was less clearly defined, with the electron density appearing
to be distributed between the central and terminal oxygen
atoms. Periodic dispersion-corrected density functional theory
(DFT-D) calculations support that the complex exists as a salt
in the solid state and suggest that the minimum-energy
location of Hb is indeed close to the midpoint of the central
and terminal oxygen atoms (see SI for details).
H-Bond Donor Parameters. The H-bond donor proper-

ties of compounds 1−4 were determined by measuring the
association constants for the formation of 1:1 complexes with
three different H-bond acceptors, quinuclidine (Quin), n-
heptylamine (HeptNH2), and tri-n-octylamine (Oct3N), in n-
octane. UV−vis dilution experiments in n-octane show that
there is no self-association of compounds 1−4 at the
concentrations used to carry out the titrations. The addition
of the H-bond acceptors to solutions of the phenols led to the
appearance of a blue-shifted band in the UV−vis absorption
spectra, which is characteristic of the formation of a H-bonded
complex (see SI). The UV−vis absorption titration data fit well
to a 1:1 binding isotherm in all cases, and the association
constants are reported in Table 1. The presence of intra-
molecular H-bonding interactions in compounds 2−4 leads to
large increases in the association constant compared with 1.
Compounds 5 and 6 are simple phenols, which have the same
substitution pattern as the phenol units in the middle of the
chains of intramolecular H-bonds in compounds 2−4. The
association constants determined for the formation of 1:1
complexes between quinuclidine and compounds 5 and 6 are
an order of magnitude lower than the corresponding values
measured for compound 1 (see Table S2). This result supports

the conclusion that H-bond acceptors interact with the
terminal phenol donor in compounds 2−4 and not with the
other phenol units, which are involved in intramolecular H-
bonds and are intrinsically weaker H-bond donors.
Figure 7 shows the relationship between the association

constant and the number of phenol units in the H-bonded

chain (N). The presence of a single intramolecular H-bond in
2 increases the association constant for the complex formed
with quinuclidine by two orders of magnitude compared with
compound 1. Cooperative effects in compound 2 increase the
strength of the intermolecular H-bond by 10 kJ mol−1. The
addition of the second intramolecular H-bond in 3 leads to a
further increase in the association constant, but the increase in
H-bond strength is smaller (4 kJ mol−1). The addition of the
third intramolecular H-bond in 4 does not result in any further
changes.
The association constant for the formation of a H-bonded

complex can be written in terms of the H-bond parameters for
the H-bond donor, α, the H-bond acceptor, β, and the solvent,
αS and βS (eq 1).29

= +RT Kln /kJ mol ( )( ) 61
S S (1)

Using literature values for the solvent parameters (αS = 1.2, βS
= 0.6)30 and the H-bond acceptors (β = 9.0 for Quin,31,32 β =
7.5 for HeptNH2,

33,34 β = 6.8 for Oct3N33,34), it is possible to
use the experimental values of the association constants in
Table 1 to determine the H-bond donor parameter α for each
of compounds 1−4 (eq 2).

Figure 6. X-ray crystal structure of the 3·quinuclidine complex. The
location of the proton on the quinuclidine nitrogen was deduced from
the X-ray data and supported by DFT-D calculations.

Table 1. Association Constants (M−1) for the Formation of
1:1 Complexes Measured by UV−Vis Absorption Titrations
in n-Octane at 298 Ka

Acceptor

Donor Quin HeptNH2 Oct3N

1 (1.8 ± 0.1) × 102 46 ± 9 <5
2 (9.1 ± 0.3) × 103 (1.1 ± 0.1) × 103 (3.3 ± 0.1) × 102

3 (4.5 ± 0.5) × 104 (3.3 ± 0.2) × 103 (6.7 ± 0.3) × 102

4 (3.9 ± 0.5) × 104 (3.9 ± 0.2) × 103 (7.6 ± 0.2) × 102
aErrors are the standard error of the mean of three independent
experiments.

Figure 7. Association constants for the formation of 1:1 complexes,
log(K/M−1), plotted as a function of the number of phenols present
in the H-bonded chain (N).
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= + +RT K6 ln
( )S

S
(2)

The results are shown in Table 2. The values of α
determined using different H-bond acceptors are consistent,
which shows that eq 1 provides an accurate description of the
behavior of these systems. The presence of the intramolecular
H-bond in compound 2 causes a large increase in the H-bond
donor parameter compared with compound 1. The second H-
bond in the chain in compound 3 causes a smaller increase in
α, and the third H-bond in the chain in compound 4 has
minimal impact. Theoretical values of H-bond donor
parameters can be obtained from the maximum in the
molecular electrostatic potential calculated on the van der
Waals surface using ab initio methods (see SI pages S71−
S72).35 The calculated values of α for compounds 1−4 are
listed in Table 2 and agree well with the experimental results.
Thus, gas phase ab initio calculations of molecular electrostatic
potential appear to provide an accurate description of the
effects of H-bond cooperativity on the free energies of solution
phase interactions.

The effects of H-bond cooperativity clearly attenuate with
the length of the H-bonded chain. A simple model that
accounts for this observation is to assume that the magnitude
of the cooperative effect depends on the polarity of the H-bond
donor that makes the intramolecular H-bond. The idea is
illustrated in Figure 8a. A free hydroxyl group has a H-bond
donor parameter α0, but the interaction with a second H-bond
donor DH, which has a H-bond donor parameter αD, leads to
an increase in the polarity of the hydroxyl donor. The H-bond
donor parameter of the H-bonded hydroxyl group, α, is given
by eq 3, where κ is a functional-group-specific parameter that
quantifies the sensitivity to cooperative effects.

= +0 D (3)

Figure 8b shows how this idea translates to the H-bonded
chains of phenol units investigated here. The H-bond
parameter αN describes the polarity of the phenol unit on
the end of a H-bonded chain of N phenols. The H-bond
parameter αN−1 describes the polarity of the intramolecular
donor (cf. αD in Figure 8a). The H-bond parameter α1
describes the polarity of a free phenol, that is a chain length
of one. Thus, applying eq 3 to the phenol oligomers shown in
Figure 8b gives eq 4.

= +N N1 1 (4)

The H-bond donor properties of the intramolecular donor that
causes the cooperative effects can be described in the same way
by considering this group as the phenol unit on the end of a H-
bonded chain of N − 1 phenols (eq 5).

= +N N1 1 2 (5)

Assuming that each of the phenol units in the H-bonded chain
would have the same H-bond donor parameter when they do
not make intramolecular H-bonds, that is, α0, then eqs 4 and 5
can be generalized to describe the H-bond donor properties of
the end of a chain of any length in terms of just two parameters
(eq 6).

=
=

N
n

N
n

0
1

1

(6)

Figure 9 shows that the experimental data obtained for
compounds 1−4 are described accurately by eq 6 using a value
of α0 = 3.5 and κ = 0.33. In other words, the effects of
cooperativity on the H-bonding properties of a network can be
understood based on the sum of nearest-neighbor pairwise

Table 2. H-Bond Donor Parameters (α)

Experiment

Acceptor

Donor Calculated Quin HeptNH2 Oct3N

1 3.7 3.5 3.5
2 4.7 4.6 4.6 4.5
3 5.0 5.1 5.0 4.8
4 5.1 5.0 5.1 4.8

Figure 8. (a) When a hydroxyl group interacts with a H-bond donor
(DH), the H-bond donor parameter (α) increases relative to a non-
H-bonded hydroxyl group (α0). (b) H-bond donor parameter of the
green phenol on the end of a H-bonded chain (αN) is increased
relative to a non-H-bonded phenol (α1) by an amount that depends
on the polarity of the phenol that makes the blue intramolecular H-
bond (αN−1).

Figure 9. Relationship between the H-bond donor parameter and the
number of phenol units in the H-bonded chain (N). The experimental
values determined using quinuclidine and n-heptylamine are shown as
points, and the line corresponds to eq 6 with α0 = 3.5 and κ = 0.33.
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interactions, and longer range multibody effects are negligible.
In the limit of an infinite chain, the series in eq 6 simplifies to
eq 7. Using κ = 0.33 in eq 7 implies that the maximum increase
in H-bond donor strength that will be observed at the end of a
long chain of H-bonded phenols is 50%. The value of α∞ is 5.2,
which is effectively reached in compound 3 (α = 5.1) when the
chain length is only three phenol units long.

=
1

0
(7)

The intramolecular H-bonding interactions investigated here
all involve an eight-membered ring containing a conforma-
tionally flexible methylene group. It is unlikely that conforma-
tional entropy makes a contribution to the measured
association constants because there is no change in
conformation or in conformational flexibility on binding, and
the same intramolecular H-bonding network is present in both
the free and bound states. However, it is possible that the
geometry of the intramolecular H-bonds affects the magnitude
of the cooperative effects observed. The eight-membered ring
allows the H-bonds to attain an optimal alignment of the
hydroxyl groups with OH···O bond angles close to 180°.
Studies of H-bonded systems with different ring sizes and bond
angles would be required to establish the significance of this
parameter.
There are two different factors that contribute to H-bond

cooperativity in these systems, bond polarization, and
secondary electrostatic interactions. H-bonding polarizes the
electron density in an OH bond, increasing the size of the
effective positive charge on the hydroxyl proton and the dipole
associated with the OH bond.36Ab initio calculations indicate
that the Mulliken charge on the terminal hydroxyl proton
increases from 0.339 for compound 1 to 0.352 for compound
2, 0.354 for compound 3, and 0.357 for compound 4 (see SI
pages S72). In addition to the primary interaction between the
H-bond acceptor and the terminal phenol group, direct long-
range secondary electrostatic interactions with the hydroxyl
protons of the other phenol groups further along the H-
bonded chain can stabilize the complexes. Figure 10a shows
the distances between the phenol protons and the nitrogen
atom of the H-bonded acetonitrile molecule in the X-ray
crystal structure of 3·MeCN. The second hydroxyl group in the
chain is twice as far away (3.87 Å) as the H-bonded proton
(1.95 Å) but close enough to be considered a contact with the
acetonitrile, and the third hydroxyl proton is much further
away (5.65 Å). In multiple H-bonded donor-acceptor arrays,
each attractive secondary electrostatic interaction contributes a
factor of about 3 to the stability of the complex, but the
distances involved are considerably shorter (3.0 Å).37−39 The
contribution due to secondary electrostatic interactions is
therefore unlikely to account for the 250-fold increase in the
stability of the 3·Quin complex compared with the 1·Quin
complex, and bond polarization must play a major role.
Comparison of the cooperativity observed in compounds 1−

4 with the torsion balances reported by Cockroft provides
further insight.19 There are important differences between the
two systems because the H-bonds measured with the torsion
balances involve a different H-bond acceptor, different solvent,
and different substituents on the phenol groups, and the
geometries of the intramolecular interactions between the
hydroxyl groups are different (see Figure 10). However, in
both cases, the strength of the interaction with the terminal H-
bond donor increases significantly when it is involved in an

intramolecular H-bond with a second hydroxyl group: the 2·
Quin complex is 50 times more stable than the 1·Quin
complex in n-octane; in the torsion balances, the formamide·
catechol H-bond is five times more stable than the formamide·
phenol H-bond in chloroform. An overlay of the three-
dimensional structures of the 3·MeCN complex and the
pyrogallol torsion balance (Figure 10c) shows that the
geometry of the H-bond network is quite different in the
two systems. The fact that both types of networks lead to
substantial positive cooperativity suggests that H-bond
cooperativity is not a sensitive function of the precise
arrangement of the H-bonded groups. The torsion balance
geometry illustrated in Figure 10b reinforces the idea that
polarization of the OH bond, and not secondary electrostatic
interactions, is the major source of cooperativity in these
systems because the distances between the formamide oxygen
atom and the second and third phenol protons in the H-
bonded chain are even longer than in the 3·MeCN complex as
shown in Figure 10a.
The formamide·pyrogallol H-bond in the torsion balance

shown in Figure 10b is actually less stable than the
corresponding formamide·catechol H-bond in chloroform. In
contrast, the presence of the third hydroxyl group in the H-
bonded chain stabilizes the 3·Quin complex by a factor of five
times compared with the 2·Quin complex in n-octane. There
are two possible reasons for this discrepancy. First, the three
hydroxyl groups in the torsion balance are conjugated through
the same aromatic ring, and the H-bond donor properties of
the terminal hydroxyl group in the H-bonded chain are
perturbed by through-bond polarization effects as well as by

Figure 10. Comparison of the geometry of the H-bonded network in
3·MeCN with the Cockroft torsion balance. (a) Distances between
the acetonitrile nitrogen atom and H-bond donor protons (red), and
OH···O bond angles for intramolecular H-bonds (blue) in the X-ray
crystal structure of 3·MeCN. (b) Distances between the formamide
oxygen atom and H-bond donor protons (red), and OH···O bond
angles for intramolecular H-bonds (blue) in the DFT structure of a
torsion balance (B3LYP-D3 6-31G*). (c) Overlay of the three-
dimensional structures obtained by aligning the C-OH···N and C-
OH···O atoms involved in the H-bond indicated in black. Intra-
molecular H-bonds between hydroxyl groups are highlighted in gray
for 3·MeCN and green for the torsion balance.
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through-space effects due to intramolecular H-bonding.
Second, the geometries of the intramolecular H-bonds in the
torsion balance are suboptimal with OH···O bond angles of
113−114° (Figure 10b) compared with the almost linear
geometries in compound 3 (168−171° in Figure 10a). These
two factors are difficult to disentangle but appear to suppress
cooperative effects in the pyrogallol torsion balance.

■ CONCLUSIONS
In conclusion, we have developed a supramolecular approach
to measuring cooperativity in H-bonded networks. The
presence of chains of intramolecular H-bonding interactions
between hydroxyl groups in a family of phenol oligomers was
established through NMR spectroscopy and X-ray crystallog-
raphy. These intramolecular interactions persist when a 1:1
complex is formed with a H-bond acceptor in n-octane, and
there is a clear relationship between the stability of this
complex and the number of intramolecular H-bonding
interactions. The presence of intramolecular H-bonds between
hydroxyl groups increases the H-bond donor strength of the
terminal phenol donor in the chain, resulting in an increase of
up to 14 kJ mol−1 in the strength of a single intermolecular H-
bond formed with a H-bond acceptor. H-bond donor
parameters α were determined for the phenol oligomers
using the experimental association constants for complexation
with three different amine acceptors. The values increase from
3.5 for a simple phenol to 5.0 for a donor on the end of a chain
of four H-bonded phenol units. These results are consistent
with theoretical values obtained from molecular electrostatic
potential surfaces calculated in the gas phase using ab initio
methods. Intramolecular H-bonding interactions could in-
crease the polarity of the terminal H-bond donor by secondary
electrostatic interactions, but the results indicate that polar-
ization of the OH bond plays a major role.
There is a large increase in H-bond donor strength

associated with the formation of the first intramolecular H-
bond in the chain, but the increase in H-bond donor strength
becomes lower as the number of intramolecular H-bonds in
the chain grows. The results can be explained by a model that
assumes that cooperativity is dominated by pairwise inter-
actions between nearest neighbors in the chain. We propose a
parameter κ, which quantifies the sensitivity of the H-bond
properties of a specific functional group to cooperative effects.
For the phenol hydroxyl group, the value of κ is 0.33, which
means that the formation of a H-bond with a donor with an α
value of 3.0 increases the H-bond donor strength of the phenol
by 1.0 (=0.33 × 3.0). This approach can be extended to other
systems, and we are collecting experimental data to determine
the values of κ for a range of different functional groups.
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