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Abstract: An extremely strong H/D isotope effect observed in hydrogen bonded A-H…B
systems is connected with a reach diversity of the potential shape for the proton/deuteron
motion. It is connected with the anharmonicity of the proton/deuteron vibrations and of the
tunneling effect, particularly in cases of short bridges with low barrier for protonic and
deuteronic jumping. Six extreme shapes of the proton motion are presented starting from
the state without possibility of the proton transfer up to the state with a full ionization. The
manifestations of the H/D isotope effect are best reflected in the infra-red absorption
spectra. A most characteristic is the run of the relationship between the isotopic ratio H/D
and position of the absorption band shown by using the example of NHN hydrogen bonds.
One can distinguish a critical range of correlation when the isotopic ratio reaches the value
of ca. 1 and then increases up to unusual values higher than . The critical range of the
isotope effect is also visible in NQR and NMR spectra. In the critical region one observes a
stepwise change of the NQR frequency reaching 1.1 MHz. In the case of NMR, the
maximal isotope effect is reflected on the curve presenting the dependence of
Δon This effect corresponds to the range of maximum on the correlation
curve between  and ΔpKa that is observed in various systems. There is a lack in the
literature of quantitative information about the influence of isotopic substitution on the
dielectric properties of hydrogen bond except the isotope effect on the ferroelectric phase
transition in some hydrogen bonded crystals.
Keywords: hydrogen bonding; isotope effects; infrared spectra; NQR and NMR spectra;
ferroelectric properties
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1. Introduction
There is a rich literature devoted to various aspects of the hydrogen bond effects, including isotope
effects. This includes monographs [1–9], as well as critical reviews [10–21]. The specificity of isotope
effects in hydrogen bonded systems comes into prominence particularly due to an anharmonicity of the
potential for the hydrogen/deuteron motion as well as due to the tunneling effect. Such a specificity is
a result of the bridge atom motion in the A-H…B complex with the potential which can have different
shapes, as has been shown in Figure 1.
Figure 1. Potential energy (U) curves for the proton/deuteron motion depending on the
donor-acceptor ability going form weak bridges up to fully ionized state.

It seems that potential curves 1 and 3–4 possess particularly great importance. In the case of curve
number 1 we have to do with a single asymmetric minimum. This is a most popular case of hydrogen
bond. The examples 3–4 are related to symmetrical or close to symmetrical hydrogen bonds with two
minima and a low barrier (3) or with a single minimum (4). The three other remaining cases are, in
some way, a mirror reflection of hydrogen bonds when the hydrogen/deuteron atom is localized closer
to the acceptor atom B.

Molecules 2013, 18

4469

One should emphasize here that almost as a rule the deuterated bridges are weaker than protonated
ones, but this is not a general rule. In the case of harmonic or close to harmonic potential with a single
minimum the deuterated bridges are slightly stronger than protonated ones. This is reflected in Figure 2a.
Thus the zero point energy level of protonic vibrations is located above the level of deuteronic ones.
Figure 2. Confrontation of the harmonic (a) and anharmonic (b) curves with indication of
vibrational energy levels and positions occupied by protons and deuterons. Q represents
the coordinates of H/D atoms.

For both cases they are located close to the center of the potential curve. The difference in both
cases is however substantial enough: namely the amplitude of protonic vibrations is greater than that of
deuteronic ones. As a consequence this leads to the situation where a deuterated bridge is a little more
stable, but the most important fact is the difference in the amplitude of bending vibrations shown in
Figure 3. Undoubtedly the A-D bending vibrations make them a less stable then A-H do.
Figure 3. Illustration of the isotope H/D effect on the bending vibrations. The amplitude of
A–D vibration is less than that of an A-H one.

In Figure 2b we presented the case of anharmonic vibrations compared with the previous case. On
the zero point energy level of vibrations the A atom is shifted to the proton acceptor atom B, which
leads to a strengthening of the bridge. In the case of the double minimum potential (curve 3) which
takes place in the case of very strong, short bridges, the situation is as shown in Figure 4 according to [22].
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Figure 4. Potential energy curves for strong symmetrical double minimum hydrogen bonds
with indicated distances between minima.

The deuteration of the bridge causes on the one hand a separation of the energy minima and on the
other hand an increase of the barrier and lowering of the levels of the potential energy minima. These
effects are closely connected with the proton/deuteron tunneling ability. When the distance between
the A-B bridge atoms is very small, the square of the wave function for the proton can show one
maximum and an intense deuteron tunneling. In the case of the shortest bridges both hydrogen and
deuterium are characterized by a single maximum of the square of the wave function.
2. H/D Isotope Effects in Hydrogen Bonds Reflected in Infrared Absorption Spectra
Most sensitive and differentiated phenomena of the isotope effects in hydrogen bonded systems
A-H…B are the infra-red absorption spectra. In the case of harmonic vibrations (AH)/(AD) values
are close to . When hydrogen bonds are formed this ratio usually undergoes some reduction. When
the hydrogen bond is very strong the value of the isotopic ratio (ISR) reaches a minimum close to unity
and then starts to jump intensely.
In Figure 5 [23] three extreme examples of NHN hydrogen bonded systems characterized by
different anharmonicity are presented: (a) associates of diphenylamine, (b) quinuclidin-3-onehemiperchlorate, (c) HPF6 salt of 1,8-bis(dimethylamino)naphthalene; for NHN blue and for NDN red
curves. The positions of broad bands are estimated based on their gravity centers.
In Figure 6 [24] a correlation between the isotopic ratio ISR (NH)/(ND) from the literature data
for the NHN systems as a function of (NH) is presented.
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Figure 5. Illustration of the behavior of IR spectra for selected extreme examples of NHN
hydrogen bonds: (a) associates of diphenylamine; (b) quinuclidin-3-one-hemiperchlorate;
(c) HPF6 salt of 1,8-bis(dimethylamino)naphthalene; for NHN blue and for NDN red curves.

Figure 6. The correlation between the ISR value and (NH) for NHN systems.
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The figure seems to be a perfect example how the ISR value changes with an increase of the
hydrogen bond strength. The lowest ISR values (below unity) are related to the bridges with double
energy minimum and very low barrier for the proton transfer. Without doubts the isotopic ratio is an
important influence in short bridges that possess tunneling effects. Interesting results of studies on
XH…B complexes (where B means F, Cl, Br, I) performed in low temperature matrices are connected
with this problem. The results are used is searches for correlations between the relative change of ISR
defined as (ISRc-ISRo)/ISRo (ISRc and ISRo mean isotopic ratios for complexes and free molecules) and
normalized proton affinity (PA) defined by Pimentel as [25]:

where PA(B) and PA(X−) represent the proton affinity of a base B and anion X−. The correlation
between the relative isotopic ratio and normalized Pimentel parameter is presented in Figure 7 [25]. As
shown the positive extreme values of
correspond to a defined critical region which is
related for systems with ISR > .
Figure 7. Correlation between the relative isotopic ratio and the Pimentel parameter for
X-H…B complexes in argon matrices.

Information about isotopic effects affecting other parameters for hydrogen bonded systems can be
found in the review [12].
3. H/D Isotope Effects in NQR and NMR Spectra
One clearly observes the isotope effect in the nuclear quadrupole resonance (NQR) spectra as well
as in nuclear magnetic resonance (NMR) spectra, although not so intensively as in the infra-red
spectra. In the case of NQR spectra we decided to select as an example the dependence of the NQR
frequency on the value of
as shown in Figure 8 [26]. A critical ΔpKa
region where a stepwise decrease of the NQR value takes place is visible.
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Figure 8. The average value of NQR frequencies for 35Cl nuclei depending on ΔpKa in the
case of pentachlorophenol complexes with a number of various proton acceptors.

In Figure 8 points for deuterated systems in relation to points corresponding to nondeuterated ones
are presented. The differences are not giant but very well reflected. It is characteristic that in
agreement with the expectation, the differences of NQR frequencies after exceeding the critical region
are opposite compared to the subcritical region with higher NQR values. The highest difference of NQR
appeared for one complex from the critical region (ca 0.3 MHz). We would like to highlight that the
stepwise change of NQR frequency in the critical region reaches as much as 1.1 MHz. The curve
reminds one, according to the expectation, of the dependence of the dipole moment increase on ΔpKa.
The critical region of the dependence of NQR) on ΔpKa after deuteration for complexes of
pentachlorophenol can also be presented clearly in Figure 9 [26].
Figure 9. Diagram of the dependence of 35Cl NQR frequency after deuteration on ΔpKa for
hydrogen bonded complexes of pentachlorophenol.
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The influence of isotopic substitution is very well visible in NMR (both primary as well as
secondary effects). From among various quantitative analyzes we selected the example of correlation
between Δand for systems with OHO hydrogen bonds. Such a correlation is presented
in Figure 10 [27].
Figure 10. The dependence of Δon for hydrogen bonded systems.

The maximal isotope effect in the diagram takes place in the region of the maximum on the
correlation curve between and ΔpKa that is observed in various systems. The high values of
primary isotopic effect as in Figure 10 are interpreted in terms of the double minimum potential with
low barrier and as a consequence of the tunneling effect.
4. Ferroelectric Properties of Hydrogen Bonded Crystals
Spectacular isotope effects appear in ferroelectric crystals with hydrogen bonds. The phase
transition temperature ferroelectric-paraelectric phases is most frequently connected with ordering of
protons. In the paraelectric phase we have to do with a symmetric potential curve that implies a
disorder of protons, while in ferro- or antiferroelectric phases this curve becomes asymmetric: protons
are localized at particular bridge atoms (usually oxygen atoms). Deuteration leads as a rule to an
increase of critical temperature [28,29]. In the case of OHO bridges maximal effects one observes are
in the range of 2.5–2.6 Å length. In the case of very short hydrogen bonds we do not observe in general
the ordering of protons, even at the lowest temperatures. These spectacular isotope effects correlate
very well with neutron diffraction studies which show that the positions of potential minima after
deuteration are more separated. The interpretation of above phenomena was elaborated in [22] based
on the tunneling effect.
5. Conclusion
A variety of potential energy curves along the A-H…B bridges does exist depending on the proton
donor-acceptor ability of A and B atoms (Figure 1). The shapes of the potential curves express the fact
that the hydrogen bonds are extremely sensitive to the electron density distribution within whole
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molecules and to the environment. Among various systems particularly interesting seem to be the
hydrogen bonds with a double or single central minimum potential. These systems can be treated as critical
ones because they show unusual properties and difference between protonated and deuterated species.
Most characteristic is the H/D isotope effect in the infra-red absorption spectra. In the present
review we concentrated our attention among others on the NHN bridges showing the correlation
between the isotopic ratio ISR ν(NH)/ν(ND) and the ν(NH) value (Figure 6). This Figure is best
illustrative when analyzing the H/D isotope effect. The minimum on the curve (close to unity) can be
treated as a critical point. Critical points are also seen in correlation in Figures 7–10 showing
dependences of NQR and NMR data on the proton donor-acceptor ability parameters.
References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

12.
13.

14.
15.

Pimentel, G.C.; McClellan, A.L. The Hydrogen Bond; W.H. Freeman: San Francisco, CA,
USA, 1960.
Vinogradov, S.N.; Linnel, R.H. Hydrogen Bonding; Van Nostrand Reinhold: New York, NY,
USA, 1971.
Schuster, P., Zundel, G., Sandorfy, C. Eds. The Hydrogen Bond; North-Holland: Amsterdam,
The Netherlands, 1976; Volume 1–3.
Scheiner, S. Hydrogen Bonding. A Theoretical Perspective; Oxford University Press: Oxford,
UK, 1997.
Jeffrey, G.A. An Introduction to Hydrogen Bonding; Oxford University Press: Oxford, UK, 1997.
Hadži, D., Ed. Theoretical Treatments of Hydrogen Bonding; John Wiley & Sons: Chichester,
UK, 1997.
Grabowski, S.J., Ed. Hydrogen Bonding—New Insights; Springer: Dordrecht, The Netherlands,
2006.
Gilli, G.; Gilli, P. The Nature of the Hydrogen Bond; Oxford University Press: Oxford, UK, 2009.
Kohen, A., Limbach, H.H., Eds. Isotope Effects in Chemistry and Biology; Taylor & Francis,
CRC Press: Boca Raton, FL, USA, 2006.
Sobczyk, L. Hydrogen bonding: Selected problems. Wiad. Chem. 2001, 55, 593–627.
Mielke, Z.; Sobczyk, L. Vibrational Isotope Effects in Hydrogen Bonds. In Isotope Effects in
Chemistry and Biology; Kohen, A., Limbach, H.H., Eds.; Taylor & Francis, CRC Press:
Boca Raton, FL, USA, 2006; pp. 281–304.
Zeegers-Huyskens, T.; Sobczyk, L. Critical behaviour of strong hydrogen bonds and the isotopic
effects. J. Mol. Liq. 1990, 46, 263–284.
Denisov, G.S.; Mavri, J.; Sobczyk, L. Potential energy shape for the proton motion in
hydrogen bond reflected in infrared and NMR spectra. In Hydrogen Bonding—New Insights;
Grabowski, S.J., Ed.; Springer: Dordrecht, The Netherlands, 2006; pp. 377–416.
Sobczyk, L.; Czarnik-Matusewicz, B.; Rospenk, M.; Obrzud, M.H. Proton transfer equilibria and
critical behavior of H-bonding. J. Atom. Mol. Opt. Phys. 2012, 217932, 1–10.
Huyskens, P.L.; Sobczyk, L.; Majerz, I. On a hard/soft hydrogen bond interaction. J. Mol. Struct.
2002, 615, 61–72.

Molecules 2013, 18

4476

16. Hansen, P.E.; Rozwadowski, Z.; Dziembowska, T. Nuclear magnetic resonance spectroscopy of
hydroxy schiff bases. Curr. Org. Chem. 2009, 13, 194–215.
17. Perrin, C.L. Symmetry of hydrogen bonds in solution. Pure Appl. Chem. 2009, I, 571–583.
18. Limbach, H.-H.; Tolstoy, P.M.; Pérez-Hernández, N.; Guo, J.; Shenderovich, I.G.; Denisov, G.S.
OHO hydrogen bond geometries and NMR chemical shifts: From squilibrium structures to
geometric H/D isotope effects, With applications for water, protonated water, And compressed
ice. Isr. J. Chem. 2009, 49, 199–216.
19. Perrin, C.L.; Ohta, B.K. Symmetry of N-H-N Hydrogen Bonds in 1,8-Bis(dimethylamino)naphthalene .H+ and 2,7-Dimethoxy-1,8-bis(dimethylamino)naphthalene .H+. J. Am. Chem. Soc.
2001, 123, 6520–6526.
20. Ip, B.C.K.; Shenderovich, I.G.; Tolstoy, P.M.; Frydel, J.; Denisov, G.S.; Buntkowsky, G.;
Limbach, H.-H. NMR Studies of Solid Pentachlorophenol-4-Methylpyridine Complexes
Exhibiting Strong OHN Hydrogen Bonds: Geometric H/D Isotope Effects and Hydrogen Bond
Coupling Cause Isotopic Polymorphism. J. Phys. Chem. A 2012, 116, 11370–11387.
21. O´Leary, D.J.; Hickstein, D.D.; Hansen, B.K.V.; Hansen, P.E. Theoretical and NMR studies of
deuterium isotopic perturbation of hydrogen bonding in symmetrical dihydroxy compounds.
J. Org. Chem. 2010, 75, 1331–1342.
22. Matsushita, E.; Matsubara, T. Note on isotope effect in hydrogen bonded crystals. Prog. Theor.
Phys. 1982, 67, 1–19.
23. Sobczyk, L. On a “Critical” Behaviour of Strong Hydrogen Bonds. In Interactions of Water in
Ionic and Nonionic Hydrates. Proceedings of a Symposium in Honour of the 65th Birthday of
W.A.P. Luck Marbury/FRG, 2.–3.4. 1987; Springer Berlin Heidelberg: Berlin/Heidelbery,
Germany, 1987; pp. 283–286.
24. Grech, E.; Malarski, Z.; Sobczyk, L. Isotopic effects in nitrogen-hydrogen...nitrogen (NH...N)
hydrogen bonds. Chem. Phys. Lett. 1986, 128, 259–263.
25. Zeegers-Huyskens, T.; Sobczyk, L. Isotopic ratio HX/DX of hydrogen halide complexes in solid
argon. Spectrochim. Acta A 1990, 46A, 1693–1698.
26. Kalenik, J.; Majerz, I.; Malarski, Z.; Sobczyk, L. Isotopic effect on 35Cl NQR spectra of
pentachlorophenol-amine hydrogen-bonded complexes. Chem. Phys. Lett. 1990, 165, 15–18.
27. Gunnarsson, G.; Wennerstrom, H.; Egan, W.; Forsen, S. Proton and deuterium NMR of hydrogen
bonds: relationship between isotope effects and the hydrogen bond potential. Chem. Phys. Lett.
1976, 38, 96–99.
28. Ichikawa, M. The O-H vs O...O distance correlation, the geometric isotope effect in OHO bonds,
And its application to symmetric bonds. Acta Cryst. 1978, B34, 2074–2080.
29. Ichikawa, M. Correlation between two isotope effects in hydrogen-bonded crystals: Transition
temperature and separation of two equilibrium sites. Chem. Phys. Lett. 1981, 79, 583–587.
© 2013 by the authors; license MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).

