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Redox-Responsive H-Bonding: Amplifying the Effect of Electron 
Transfer Using Proton-Coupled Electron Transfer
Hyejeong Choi, Kiyeol Baek, Sean T. Toenjes, Jeffrey L. Gustafson and Diane K. Smith*

Department of Chemistry and Biochemistry, San Diego State University, San Diego, CA 92182-1030 USA

ABSTRACT: A new strategy to create highly redox-responsive H-bond dimers based on proton-coupled electron transfer is 
proposed that capitalizes on the importance of secondary H-bonds in determining overall binding strength in H-bond 
dimers. Electron transfer induced proton transfer across a H-bond can be used to significantly strengthen the overall 
binding by both creating strong ionic H-bonds and by changing the secondary H-bonds from unfavorable to favorable. The 
viability and potency of this approach is demonstrated with an electroactive DAD (A = H-acceptor, D = H-donor) array, 
H(MQ+)H, paired with an electroinactive ADA array, O(NH)O. NMR titration of H(MQ+)H with O(NH)O in 0.1 M 
NBu4PF6/CD2Cl2 gives a Kassoc of 500 M−1, typical of DAD-ADA dimers. However, upon two electron reduction in 0.1 M 
NBu4PF6/CH2Cl2, cyclic voltammetry studies indicate a 1.8×105 increase in binding strength, corresponding to a very large 
Kassoc of 9×107 M−1. The latter value is typical of DDD-AAA H-bond dimers, consistent with proton transfer across the central 
H-bond upon reduction.

This paper introduces a new method to achieve highly 
redox-responsive H-bonding by utilizing electron transfer, 
ET, to initiate proton transfer, PT, across a H-bond in a 
linear H-bond array. Creation of stimuli-responsive 
systems in which application of an external signal causes a 
desired change in the structure and properties of a 
supramolecular assembly is a current focus in 
supramolecular chemistry.1-5  ET is one possible signal,6-10 
which, if done electrochemically, offers several unique 
attributes, including no chemical waste generation, high 
selectivity and surface sensitivity, and the possibility of a 
straightforward interface with current electronic devices.11

As with other stimuli, the key is that ET perturbs the 
strength of the weak interactions controlling the 
supramolecular structure. Due to their strength and 
directionality, H-bonds are one of the most important of 
these interactions. As a result, H-bond complexes have 
played12-21 and continue to play a very significant role in 
the development of supramolecular chemistry.22-31 Because 
of their substantial electrostatic character, it is also 
straightforward to perturb the strength of H-bonds using 
ET. This trait has found particular application in the design 
of anion receptors,32 however, redox-responsive H-
bonding is not commonly used in other supramolecular 
applications. There are some notable exceptions, such as 
Leigh’s H-bond based molecular shuttle,33-34 Zimmerman’s 
demonstration of controlled gelation using a redox-active 
4 H-bond array,35-36 and Diederich’s molecular grippers.37 
However, ET is more commonly used to perturb other 
types of weak interactions, particularly electrostatic, 
solvation, pi donor-acceptor and metal-ligand 
coordination. The amazing things that can be accomplished 
using these strategies are epitomized by the Nobel prize 
winning work of Stoddart38 and Sauvage39 on molecular 
switches and machines. However, given the unique 
attributes of H-bonding, greater use of redox-responsive 

H-bonding in supramolecular chemistry could be highly 
advantageous, leading to new design possibilities for 
stimuli-responsive devices and materials. To that end, 
there is a need for innovative strategies that produce 
redox-responsive H-bonding systems with greater 
selectivity and greater differences in binding strength 
between oxidation states, coupled with good 
electrochemical reversibility.

For a number of years now, our group40-45 and others46-52 
have worked on the development of electroactive H-bond 
systems in which ET changes the charge on the atoms 
involved in the H-bonds and by doing so either strengthens 
or weakens the primary H-bond interactions. However, it 
is well-known that in linear H-bond arrays with multiple, 
closely-spaced H-bonds, it is not only the number and 
strength of the H-bonds that affect the overall binding 
strength, but also the H-bond pattern.53-54 The strongest 
binding is always observed when all the H-donors (D) are 
on one side and all the H-acceptors (A) are on the other. 
The standard explanation for this involves the secondary 
H-bonds.53-57 In the above case, not only are the primary 
(linear) H-bonds favorable, but also all the secondary 
(diagonal) H-bonds are favorable. In contrast, if D’s and A’s 
alternate, then, even though the primary H-bonds are 
favorable, all the secondary H-bonds are unfavorable. 
Recently it has been suggested that the real reason for this 
phenomenon is that grouping D’s and A’s together leads to 
a larger build-up of charge, which strengthens both the 
electrostatic and covalent components of the H-bonds.58 
Whatever the cause, the effect is real, and as a result, Kassoc 
values for DDD-AAA H-bond complexes59-60 are typically 
>105 times larger than DAD-ADA complexes.56, 61

Given the above, we hypothesized that ET that leads to 
PT across the H-bond could lead to a much larger change in 
binding strength than ET alone. The basic concept is 
illustrated in Scheme 1 for a reduction that increases the 
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negative charge on A. This will create a stronger primary 
H-bond. However, if the increase in charge also leads to PT, 
then a change in the H-bond pattern will also result. As 
illustrated in Scheme 1(a), if the secondary interactions are 
favorable to begin with, they will become unfavorable after 
PT. So, if the objective of the ET was to strengthen the H-
bond, the PT in this case will undermine that goal. 
However, if the secondary interactions are unfavorable to 
begin with, Scheme 1(b), then the PT will switch the 
secondary interactions to favorable, thus further 
strengthening the H-bonding.
Scheme 1. Effect of PCET on H-Bond Dimer Strength
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To test this idea, an electroactive derivative of the well-
studied 2,6-diamidopyridine DAD-type H-bond array was 
formed by attaching a pyridinium group to the 4-position 
of the pyridine via a Suzuki coupling reaction. Complete 
details on the synthesis and characterization of this 
compound, H(MQ+)H, are provided in the Supporting 
Information (SI). For this study, the uracil derivative, 
O(NH)O, was chosen as an electroinactive ADA-type 
binding partner for H(MQ+)H.
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Dimerization of O(NH)O and H(MQ+)H was first 
confirmed by 1H NMR titration. As shown in Figure S6 in 
the SI, 1H NMR titration of H(MQ+)H with O(NH)O under 
electrochemical conditions (0.1 M NBu4PF6/CD2Cl2) results 

in a significant downfield shift of the amide NH’s as 
expected if they are H-bonding to the carbonyl O’s of the 
added O(NH)O. The observed shifts fit well to a 1:1 binding 
isotherm, Figure S7, giving a Kassoc of 505 M−1. This is a 
typical value for a DAD-ADA array, in which the 
unfavorable secondary H-bonds offset the three strong 
primary H-bonds.
Scheme 2. Monoquat Redox Reactions
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The electroactive motif in H(MQ+)H is the central N-
methyl-4,4’-bipyridinum, which is commonly called 
“monoquat”, MQ+. As shown in Scheme 2, MQ+ undergoes 
two sequential one electron reductions in aprotic solvents 
forming first the uncharged radical and then the quinoidal 
anion. A small increase in the basicity of the pyridine N 
would be expected upon reduction to the radical, followed 
by a much larger increase in basicity upon formation of the 
quinoidal anion.
Scheme 3. General Scheme for Reduction of MQ+ in the 
Presence of O(NH)O
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Possible redox reactions that could occur upon addition 
of O(NH)O to MQ+ (or H(MQ+)H) are outlined in Scheme 3. 
Given the large increase in basicity upon reduction of MQ 
to MQ−, the strongest interaction between O(NH)O and 
either MQ+ or H(MQ+)H will be in the fully reduced anion 
state. This interaction could either be formation of a H-
bond, HB, complex (with or without PT) or full PT resulting 
in the formation of the solvent-separated conjugate acid 
and base. In either case, with one equivalent of O(NH)O 
added, the second reduction will occur at potential E3, 
corresponding to the red diagonal in Scheme 3. E3 will be 
positive of E2 due to stabilization of the fully reduced MQ− 
by HB or PT. However, since the overall reaction has 
O(NH)O as a reactant, from the Nernst equation, addition 
of more O(NH)O will shift the observed E of the second 
reduction further positive until it reaches E4. At this point, 
the observed E quits changing, since the overall reaction 
(bottom row in Scheme 3) no longer involves O(NH)O 
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directly, being either reduction of the already formed HB 
complex or reduction of the already protonated radical, 
MQH+.

The difference between HB and full PT is where E4 falls 
relative to E1. If it is PT, E4 will be positive of E1, since it 
will be easier to reduce the radical cation than the original 
cation; if it is HB, E4 will be negative of E1, because it will 
be harder to reduce the overall zero charge H-bond 
complex than the original cation. This means full PT will 
lead to the second reduction shifting into the first, 
eventually resulting in a single two electron transfer, but 
HB will not. With HB, the maximum potential shift of the 
second reduction will stop short of the first reduction.

Figure 1. Background-subtracted CV’s of MQ+ with added 
O(NH)O in 0.1 M NBu4B(C6F5)4/CH2Cl2.

Since MQ+ just has one strong H-bonding group (the 
pyridyl N), full PT leading to the solvent separated 
conjugate acid and conjugate base is much more likely than 
formation of a strong H-bond complex. This hypothesis 
was tested by recording cyclic voltammograms (CV’s) of 
MQ+ with increasing concentrations of O(NH)O in CH2Cl2, 
Figure 1. In the absence of O(NH)O, two sequential 
reductions, Ic and IIc, are observed, black trace. The first 
reduction is completely reversible if the scan direction is 
reversed before the second reduction, but the second 
reduction is irreversible as indicated by the absence of the 
corresponding oxidation peak. Similar behavior is 
observed with H(MQ+)H in CH2Cl2, Figure 2. However, in 
acetonitrile, both reductions of MQ are completely 
reversible, Figure S8, so we attribute the irreversibility of 
the second reduction to reaction of the anion with CH2Cl2.62

As expected, addition of O(NH)O to MQ+ has a significant 
effect on the voltammetry. With addition of just 1 
equivalent there is a +380 mV shift in the E1/2 of the second 
reduction (now labeled wave III) accompanied by a switch 
from irreversible to reversible behavior, indicating 
reaction of the anion with the solvent has been prevented. 
There is little change in E1/2 of the first reduction but there 
is a small increase in current. As more O(NH)O is added, 
wave III continues to shift positive while wave I continues 
to increase in current. Additions were stopped at 128 
equivalents due to the onset of electrode fouling, but 
clearly there is no indication that wave III has reached its 
maximum shift As discussed above, this is exactly the 

behavior expected if full PT occurs between MQ− and 
O(NH)O leading to the solvent-separated MQH and 
O(N−)O.63

Figure 2. Background-subtracted CV’s of H(MQ+)H with added 
O(NH)O in 0.1 M NBu4PF6/CH2Cl2.

For comparison, Figure 2 shows CV’s resulting from 
addition of O(NH)O to H(MQ+)H under similar conditions.64 
As with MQ+, addition of only one equivalent of O(NH)O, 
red trace, causes little change in E1/2 of the first reduction, 
but the second reduction shifts positive by a substantial 
amount and becomes fully reversible. However, unlike 
MQ+, further additions of 2, 4 and 8 equivalents of O(NH)O, 
only lead to a slight further positive shift in E1/2 of the 
second reduction. Beyond that, there is no significant 
further shift, indicating that the maximum E1/2 shift has 
been reached long before the second CV wave merges with 
the first. In contrast to the behavior observed with MQ+ 
and O(NH)O, this behavior is consistent with the formation 
of a very strong 1:1 H-bond complex between the fully 
reduced H(MQ−)H and O(NH)O rather than formation of  
the solvent separated conjugate acid and conjugate base.

(1)
𝐾𝑟𝑒𝑑

𝐾𝑜𝑥
= 10

∆𝐸𝑚𝑎𝑥
0.0592 𝑉

The simplest reaction scheme that can account for the 
observed voltammetry of H(MQ+)H in the presence of 
O(NH)O in CH2Cl2 is given in Scheme 4. Estimates of the 
Kassoc values in the different oxidation states can be made 
using the relationship between the maximum ∆E1/2 and the 
ratio of the equilibrium constants for a square scheme, eq 
1. From the NMR titration, Kox = 505 M−1. Since there is no 
significant E1/2 shift in the first reduction upon addition of 
O(NH)O, Krad must also be close to 505 M−1. However, Kred 
shows a significant positive shift with ∆E1/2, max = 0.311 V 
(average of 5 independent runs). From eq 1, this 
corresponds to a 1.8×105-fold increase in binding constant, 
making Kred = 9×107 M−1. This very large value is consistent 
with those reported for DDD-AAA H-bond dimers,59-60 
suggesting that, as predicted, PT across the H-bond occurs 
upon addition of the second electron to give the 
H(MQH)H–O(N−)O dimer. That PT should occur is also 
consistent with the observed voltammetry of MQ+ and 
O(NH)O, which indicates that the fully reduced MQ− is a 
strong enough base to deprotonate O(NH)O. Finally, UV-vis 
spectroelectrochemical studies described in the SI strongly 
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support the hypothesis that the fully reduced complex 
involves H(MQH)H and O(N−)O, rather than H(MQ−)H and 
O(NH)O.

Scheme 4. Reduction of H(MQ+)H in the Presence of 
O(NH)O in CH2Cl2
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In conclusion, this study demonstrates a powerful new 
PCET-based strategy for creating highly redox-responsive 
H-bond dimers through cooperation between electron 
transfer and proton transfer. Strong, selective stimuli-
responsive bonding, such as that demonstrated with 
H(MQ+)H-O(NH)O, is key to  many supramolecular 
applications under current investigation, e.g., those 
involving the controlled release/uptake of chemicals, as 
well as future applications involving molecular machines. 
Whether H(MQ+)-O(NH)O has the long-term stability for 
practical application remains to be seen, but the principles 
are not unique to this system, and undoubtably there are 
even better PCET-based redox-responsive H-bonding 
systems out there awaiting discovery.
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