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Abstract: In this paper we describe H/D isotope effects on the chemical shifts of intermolecular hydrogen-bonded
complexes exhibiting low barriers for proton transfer, as a function of the position of the hydrogen bond proton.
For this purpose, low-temperature (100-150 K) 1H, 2H, and15N NMR experiments were performed on solutions of
various protonated and deuterated acids AL (L) H, D) and pyridine-15N (B) dissolved in a 2:1 mixture of CDClF2/
CDF3. In this temperature range, the regime of slow proton and hydrogen bond exchange is reached, leading to
resolved NMR lines for each hydrogen-bonded species as well as for different isotopic modifications. The experiments
reveal the formation of 1:1, 2:1, and 3:1 complexes between AH(D) and B. The heteronuclear scalar1H-15N coupling
constants between the hydrogen bond proton and the15N nucleus of pyridine show that the proton is gradually
shifted from the acid to pyridine-15N when the proton-donating power of the acid is increased. H/D isotope effects
on the chemical shifts of the hydrogen-bonded hydrons (proton and deuteron) as well as on the15N nuclei involved
in the hydrogen bonds were measured for 1:1 and 2:1 complexes. A qualitative explanation concerning the origin
of these low-barrier hydrogen bond isotope effects is proposed, from which interesting information concerning the
hydron and heavy atom locations in single and coupled low-barrier hydrogen bonds can be derived. Several
implications concerning the role of low-barrier hydrogen bonds in enzyme reactions are discussed.

Introduction

The nature of low-barrier hydrogen bonds is an old problem
of experimental and theoretical chemistry.2 The interest in this
problem has recently been revived because of the presumed role
of these bonds during emzyme catalysis.3 Therefore, all
techniques which can give novel information on low-barrier

hydrogen bonds are of importance. One method which has not
yet been fully exploited is nuclear magentic resonance (NMR)
spectroscopy. By using NMR of organic solids, novel informa-
tion concerning the dynamics of proton and deuteron transfer
in weak as well as moderately strong hydrogen-bonded systems
has been obtained.4 Recently, this method has also been applied
to the case of low-barrier hydrogen bonds embedded in the solid
state.5 In this paper, we describe new NMR stratagems for the
study of low-barrier hydrogen bonds in the liquid state. The
first stratagem is based on performing experiments in the
temperature range between 100 and 120 K using special
solvents.3o,6 Under these conditions, various hydrogen-bonded
complexes can then be observed in slow exchange within the
NMR time scale. The solvents employed consist of liquified,
deuterated compounds which are gaseous at room temperature,
e.g. a freonic mixture such as CDClF2/CDF3. The second
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stratagem consists of performing NMR experiments on com-
plexes partially deuterated in the mobile proton sites. Therefore,
because of the slow hydrogen bond exchange, it becomes
possible to detect hydrogen/deuterium isotope effects on NMR
chemical shifts of intermolecular low-barrier hydrogen-bonded
systems. These isotope effects contain interesting information
on the hydrogen bond properties. So far, with exception of the
very strong FHF-/FDF- hydrogen bond,7 we are only aware
of isotope effects on chemical shielding of intramolecular
hydrogen bonds.8

Since we were looking for a series of neutral hydrogen-
bonded complexes with different proton locations as models
for snapshots of proton transfer, we decided to study a variety
of organic acids interacting with pyridine. A number of
spectroscopic investigations have been carried out on these
compounds.9 In a preliminary low-temperature NMR study,
we showed recently that acetic acid forms not only 1:1
complexes with pyridine-15N in CDClF2/CDF3 but also 2:1 and
3:1 complexes which exchange slowly on the NMR time scale
at 110 K.3o The values of the intrinsic proton chemical shifts
and the scalar coupling constant1J1H-15N indicated a proton
displacement toward pyridine as the number of acetic acid
molecules increased. In this paper, we describe H/D isotope
effects on the intrinsic chemical shifts of the nuclei involved in
the low-barrier hydrogen bonds between several acids and
pyridine-15N using low-temperature1H, 2H, and15N NMR, from
which some interesting qualitative conclusions about the
hydrogen bond geometries can be obtained.
This paper is organized as follows. After a short experimental

section, a general section is included in which the origin of H/D
isotope effects on chemical shielding is discussed in a qualitative
way, with a special emphasis on low-barrier hydrogen bonds.
The effects of H/D substitution in the mobile proton sites of
hydrogen-bonded complexes between acids and pyridine in
freonic solutions at low temperature are then described and
discussed.

Experimental Section

All experiments reported in this paper were performed on a 500
MHz Bruker NMR spectrometer AMX 500; the deuterated freon solvent
mixture CDClF2/CDF3 (2:1) freezes below 90 K. It was synthesized
as described previously3o at 100°C and elevated pressures (between

30 and 60 bar) from CDCl3 via fluorination with SbF3/SbCl5, a
modification of the recipe proposed by Siegel et al.10 The solvent was
handled on a vacuum line which also served to prepare the samples
using well-established techniques.4a Its composition was checked by
NMR. Pyridine-15N (95% enriched) was purchased from Chemotrade,
Leipzig, Germany.

General Section

In the past, two kinds of H/D isotope effects on chemical
shifts of proton transfer systems have been discussed, i.e.
intrinsic and equilibrium isotope effects,7 as illustrated in Figure
1. Intrinsic isotope effects are induced by changes of molecular
geometries via H/D substitution, whereas equilibrium isotope
effects arise from isotopic fractionation between different sites11

which interconvert rapidly in the NMR time scale. In this
section we firstly discuss the origin of both effects and then
describe H/D isotope effects on low-barrier hydrogen bonds
representing an intermediate between the intrinsic and equilib-
rium isotope effects.
Equilibrium H/D Isotope Effects on Chemical Shifts. The

occurrence and the theory of equilibrium isotope effects11mainly
arising from mass effects on zero-point energies are well-known.
The vibrational contribution is schematically illustrated in Figure
1a for the simplest case of slowly exchanging diatomic
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Figure 1. Origin of H/D isotope effects on chemical shifts of two-
atomic molecules AL (L) H, D). Vibrational states are represented
by the squares of the corresponding wave functions positioned at the
corresponding energy. Average positions are symbolized by small
vertical lines. (a) No intrinsic isotope effect on the chemical shifts arises
in the case of the harmonic oscillator because the average distances
〈rAH〉 and 〈rAD〉 are equal. Due to the different zero-point energies in
AL and BL, the energy differences, i.e. equilibrium constants of the
tautomerism, are different for the protonated and the deuterated
systems.11 (b) In the anharmonic case,〈rAH〉 is larger than〈rAD〉 and an
intrinsic isotope effect on the chemical shift arises. Equilibrium isotope
effects are superimposed to the intrinsic effects.
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molecules AH+ B a A + BH and AD + B a A + BD,
characterized by the equilibrium constantsKH ) xBHxA/xAHxB
and KD ) xBDxA/xADxB. If the vibrations are harmonic, the
squares of the vibrational wave functions, i.e. the probability
of finding a hydron L) H, D at a given location, are very
similar. In particular, the average hydron positions〈rAH〉 and
〈rAD〉 are equal, as illustrated in Figure 1a by vertical bars. The
average chemical shifts of AH and AD will therefore also be
similar, i.e. intrinsic H/D isotope effects on chemical shifts are
absent. When the hydron is transferred to the base B, the force
constant of the B-H stretching vibration may be smaller, as
shown on the right-hand side of Figure 1a, leading to a reduction
of the zero-point energies. Figure 1a thus explains why the
equilibrium constantKH is larger thanKD. In the case of fast
proton transfer, the average chemical shift of a nucleus i) A,
B, H, D in the system is given by

where δi(AL or B) and δi(A or BL) represent the intrinsic
chemical shifts of i in the different molecules. SinceKH >
KD, δi will be different for L ) H and D. It will moreover
strongly depend on temperature because of the temperature
dependence ofKL. Finally, we note that an equilibrium constant
K ) KD/KH can be defined for the equilibrium AD+ BH a
AH + BD. This constant is generally called the “fractionation
factor”.11

Intrinsic H/D Isotope Effects on Chemical Shifts. If the
potential is anharmonic as indicated in Figure 1b, the proton
and deuteron wave functions and their squares are substantially
different, leading to a larger value for〈rAH〉 as compared to
〈rAD〉. Therefore, intrinsic H/D isotope effects on the chemical
shifts of the nuclei studied will result, as chemical shielding is
strongly dependent on the nuclear geometries. In principle, the
intrinsic isotope effects are independent of temperature as long
as vibrational excitation and other temperature-dependent
changes of the nuclear geometry are negligible. Generally, only
the sum of equilibrium and intrinsic isotope effects can be
measured. According to the literature8b one defines

as the “primary” H/D isotope effect, i.e. the chemical shift
difference between the proton and the deuteron.

represents the chemical shift difference of nucleus A in the
protonated and the deuterated molecule. Usually, the superscript
n refers to the number of covalent chemical bonds between the
observed nucleus A and the site of isotopic substitution.
Throughout this paper, we treat intermolecular hydrogen-bonded
complexes like single molecules and include inn also the
intermolecular hydrogen bonds.
Low-Barrier Hydrogen Bond H/D Isotope Effects on

Chemical Shifts. In the case of low-barrier hydrogen bonds
between an acid AL and a base B, it is very difficult to know
whether H/D isotope effects on chemical shifts are caused by
intrinsic or equilibrium isotope effects. Consider for example
the simplest case of a linear 1:1 hydrogen-bonded complex
between an acid AL and a base B. We label the distance
between A and L asr1 and the distance between L and B asr2,
and neglect the bending vibration. The potential energyV(r1,r2)
of the nuclear motion is not harmonic and contains anharmonic

coupling terms.2 A typical two-dimensional potential energy
surface is depicted schematically in Figure 2, where we use as
coordinates the sumr1 + r2 and the differencer1 - r2. r1 + r2
is the distance between the two heavy atoms of the hydrogen
bond. r1 - r2 is a natural coordinate describing the progress
of proton transfer. Ifr1 - r2 < 0 the proton is near A, atr1 +
r2 ) 0 in the center between A and B, and atr1 + r2 > 0 near
B. It is possible to calculate the two-dimensional vibrational
wave functions and their squaresΨA-L‚‚‚B

2 (r1-r2,r1+r2) ac-
cording to the literature12 and the average nuclear positions. Such
a calculation would show that even in the vibrational ground
state the geometries of A-D‚‚‚B and A-H‚‚‚B are different.
In particular, the average value〈r1+r2〉D will be larger than
〈r1+r2〉H. On the other hand,〈r1-r2〉H will be less negative than
〈r1-r2〉D. In other words, the heavy atom distance between A
and B is larger in A-D‚‚‚B than in A-H‚‚‚B, but the distance
between A and D of the covalent bond is shorter than between
A and H as indicated schematically in Figure 2. The increase
of the distance between A and B upon deuteration was observed
experimentally in a number of crystalline salts by Ubbelohde14a

and has been studied theoretically by several authors.14b,c

The one-dimensional potential functions and the one-
dimensional vibrational square functions or hydron density
distribution functionsΨA-L‚‚‚B

2 (r1-r2) in the groundstate at the
fixed average heavy atom distances〈r1+r2〉D > 〈r1+r2〉H are
slightly different for A-H‚‚‚B and A-D‚‚‚B, as depicted on
the right-hand side of Figure 2, but this result does not mean a
different total potential energy surface for both species. In
conclusion, when H is replaced by D, the smaller heavy atom-
hydron distance decreases but the larger distance increases even
more, leading to a widening of the hydrogen bond. When
bending vibrations are included, this Ubbelohde effect may be
more complicated and even reverse.14
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δi ) 1

KL - 1
δi(AL or B) + KL

KL - 1
δi(A or BL),

L ) H, D (1)

p∆H(D) ) δ(AH) - δ(AD) (2)

n∆A(D) ) δ(AH) - δ(AD) (3)

Figure 2. Contour plot of a two-dimensional potential energy surface
of the hydron L) H, D motion in a linear hydrogen-bonded complex
A-L‚‚‚B as a function of the variablesr1 - r2 andr1 + r2. The two-
dimensional vibrational wave functions not shown lead to different
average proton and deuteron distances〈r1-r2〉L and〈r1+r2〉L as indicated.
On the right side, the one-dimensional projections including the wave
functions for the average values〈r1+r2〉D (top) and〈r1+r2〉H (bottom)
are shown.

4096 J. Am. Chem. Soc., Vol. 118, No. 17, 1996 SmirnoV et al.



The question now arises as to how the hydrogen bond
geometry and the isotope effects on this geometry change when
the proton is transferred from A to B, i.e. when the zwitterionic
complex is formed. This transfer may be achieved by various
means, e.g. the increase of the acidity of the proton donor or
the basicity of the acceptor, a change of the solvent polarity,
temperature, etc. A qualitative answer to this problem can be
obtained by correlations of Steiner et al.13a,b and Gili et al.13c

between the two average distances〈r1〉 and〈r2〉 of a number of
neutron crystal structures containing O‚‚‚H‚‚‚O (A, B ) O) and
N‚‚‚H‚‚‚N (A, B ) N) hydrogen bonds.13 A similar correlation
can be expected for the less symmetric O‚‚‚H‚‚‚N (A ) O, B
) N) hydrogen-bonded systems. By interpolation from the
O‚‚‚H‚‚‚O and N‚‚‚H‚‚‚N data of Steiner et al.,13a,b one can
easily derive the equation

where〈r1°〉 and〈r2°〉 represent the average OH and NH distances
in the absence of hydrogen bonding andbi ) {[〈r1+r2〉min -
2〈r i°〉]/ln 4}. 〈r1+r2〉min represents the minimum average heavy
atom distance. The correlation between〈r1〉 and〈r2〉 according
to eq 4 is depicted in Figure 3. This signifies that an increase
of the acidity of AH which increases the average distance〈r1〉
is accompanied by a decrease of the distance〈r2〉. In a way
similar to that discussed above, the difference〈r1-r2〉 ≈ 〈r1〉 -
〈r2〉 is the reaction coordinate representing in a series of
complexes AHB the progress of the average proton positions.
〈r1-r2〉 is negative for the molecular complex A-H‚‚‚B and
positive for the zwitterionic complex A-‚‚‚H-B+. The comple-
mentary variable is then the heavy atom distance〈r1+r2〉 ≈ 〈r1〉
+ 〈r2〉. The correlation of eq 4 then signifies a contraction of
the hydrogen bond during the transfer of the proton from A to
B. In the symmetric O‚‚‚H‚‚‚O and N‚‚‚H‚‚‚N bonds, the
contraction is maximal at〈r1〉 ) 〈r2〉, but in the case of the
O‚‚‚H‚‚‚N bonds the shortest hydrogen bond is realized at〈r1-
r2〉 < 0, where the distance between O and H is smaller than
between H and N,13 as illustrated in Figure 3. In the following
we call this point the “quasi-midpoint”.
By introducing the results of Figure 2 into Figure 3, it

immediately becomes evident that the distance between A and
L decreases when H is replaced by D in the molecular complex

and increases in the zwitterionic form. In both cases the distance
between A and B increases. Therefore, at the quasi-midpoint,
only a small or even no geometric H/D isotope effect is
expected. Some experimental5b and theoretical evidence15 exists
for the absence of geometric isotope effects at least in the case
of extremely small or absent barriers for the proton motion.
The geometric changes associated with an increase of the

acidity of AH and with deuteration can also be plotted
schematically in a reaction path diagram as indicated in Figure
4 where the associated one-dimensional potential functions and
the proton and deuteron density distribution functions in the
vibrational ground state are included. The absence of a
geometric isotope effect at the quasi-midpoint is evident in
Figure 4b as the proton and deuteron density distribution
functions are similar. By contrast, in the case of a symmetric
double well, the functions are different and the proton is on
average located closer to the hydrogen bond center than the
deuteron as indicated in Figure 4a; consequently, a widening
of the hydrogen bond is expected in the case of a double well.

Results

1:1 Complexes of Carboxylic Acids with Pyridine-15N. In
Figure 5, some low-temperature NMR spectra of samples of
AH o-toluic acid (a-c) and of 2-thiophenecarboxylic acid (d-
f) in the presence of a small excess of pyridine-15N dissolved
in CDClF2/CDF3 (2:1) are shown. The deuterium fraction in
the mobile proton sites was about 80%. Under the conditions
employed, hydrogen bond exchange is slow on the NMR time
scale. The signals of the H-bond protons are split into doublets
by scalar coupling with15N. The coupling constant1J1H-15N is
relatively small (12 Hz) in the case ofo-tolylic acid as proton
donor, indicating that the proton is preferentially localized near
A, but is much larger (57 Hz) in the case of 2-thiophenecar-
boxylic acid, indicating that the proton is located near B.

(15) Almlöf, J. Chem. Phys. Lett.1972, 17,49.
(16) (a) Witanowski, M.; Stefaniak, L.; Webb, G. A.Annual Reports on

NMR Spectroscopy, 11 B; Academic Press: New York, 1981. (b) Martin,
G.; Martin, M. L.; Gouesnard, J. P.NMR-Basic Principles and Progress;
Springer: Heidelberg, Germany, 1989; Vol. 18(15N NMR Spectroscopy)
and references cited therein.

(17) (a)Handbook of Chemistry and Physics, 63rd ed.;CRC Press Inc.:
Boca Raton, FL, 1982-1983. (b) Kortüm, G.; Vogel, W.; Angrussow, K.
Dissociation constants of organic acids in aqueous solution; London:
Butterworths, 1961.

Figure 3. Correlation between the average hydrogen bond distances
〈r1〉 and 〈r2〉 in Å, according to eq 4, adapted from refs 13. This
correlation implies an equivalent correlation between the proton transfer
reaction coordinate〈r1-r2〉 ≈ 〈r1〉 - 〈r2〉 and the average heavy atom
distance〈r1+r2〉 ≈ 〈r1〉 + 〈r2〉. In the case where A≡ oxygen and B≡
nitrogen, the quasi-midpoint where the minimum of〈r1+r2〉 occurs is
realized at〈r1〉 < 〈r2〉, where the proton is closer to oxygen than to
nitrogen. The dotted lines indicate the correlations of Steiner et al.13a,b

for O-H‚‚‚O (top line) and N-H‚‚‚N (bottom line) hydrogen-bonded
systems.

〈r2〉 ≈ 〈r2°〉 - b2 ln{1- exp[(〈r1°〉 - 〈r1〉)/b1]} (4)

Figure 4. One-dimensional hydron (L) H, D) potentials and
geometric changes during the transfer of a hydron from A to B
characterized by the reaction coordinate〈r1-r2〉. The squares of the
wave functions of the vibrational ground states for H and D, i.e. the
proton and deuteron distribution functions, are included; however, for
the sake of clarity, the difference in the one-dimensional potential
functions for H and D according to Figure 2 is omitted. (a) A barrier
at the quasisymmetric midpoint leads to a small H/D isotope effect on
the geometry absent in the case (b) with a very low barrier.
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2-Thiophenecarboxylic acid, therefore, has a greater acidity or
proton donating power in comparison too-toluic acid. More-
over, the hydrogen bond is longer in the case ofo-toluic acid
compared to 2-thiophenecarboxylic acid, as indicated by the
low-field shift from 18.68 to 21.33 ppm. The2H NMR spectra
(Figure 5b,e) of the same samples reveal primary upfield isotope
shifts p∆H(D) ) δ(AHB) - δ(ADB) for the hydrogen bond
hydron of about+1 ppm in the case ofo-toluic acid and of
+0.5 ppm in the case of 2-thiophenecarboxylic acid, indicating
that in both cases the hydrogen bond is weakened. The15N
spectra give interesting additional information. Firstly, hydrogen
bonding and proton transfer to pyridine leads to a high-field
shift of the pyridine15N signal, where the chemical shift scale
of Figure 5 refers to the absorption of free pyridine. These
high-field shifts are in accordance with the increase of1J1H-15N.
However, in the 80% deuterated samples, two lines appear where
the more intense line arises from the deuterated complexes ADB
and the smaller line from AHB which are in slow exchange.
We observe that the one-bond isotope effect across the hydrogen
bond,n∆15N(D) ) 1∆15N(D) ) δ(AHB) - δ(ADB), is negative
in the case ofo-toluic acid, wheren) 1 signifies the hydrogen
bond, but positive in the case of 2-thiophenecarboxylic acid,
wheren ) 1 signifies a covalent bond between15N and the
hydron.
Qualitatively, these effects can be explained in terms of

Figures 2-4. In both cases, the hydrogen bond is widened upon
deuteration, as expressed in a positive primary H/D isotope
effect p∆H(D) ) δ(AH) - δ(AD) > 0. In the case of the
molecular complex A-H‚‚‚B, where AH≡ o-toluic acid, the
distance between the hydron and the15N is increased by

deuteration, leading to a negative value1∆15N(D) ) δ(AHB)
- δ(ADB) < 0; on the other hand, in the case of the zwitterionic
complex A- ‚‚‚H-B+, where AH≡ 2-thiophenecarboxylic acid,
the distance between the15N nucleus and the hydron is decreased
by deuteration, leading to a positive value of1∆15N(D).
The results of a series of measurements where the acid AL

was varied in a wide range are assembled in Table 1 and
depicted in Figure 6. The15N chemical shiftδ15N is conve-
niently used as a measure of the proton transfer coordinate〈r1-
r2〉 from the acid to pyridine. When the proton-donating power
of AH is increased, the hydrogen bond proton signal shifts to
low field, goes through a maximum, and then shifts back again
to high field. At the same time, the scalar coupling constant
1J1H-15N increases from almost 0 to about 90 Hz. The
dependence of the primary isotope effectsp∆H(D) as a function
of δ15N is always positive but contains two maxima of unequal
height. The one-bond isotope effect on1∆15N(D) exhibits a
dispersion-like structure. We note that the all chemical shifts
and isotope effects are independent of concentration but
dependent on temperature; however, it is remarkable that
temperature variations lead only within the margin of error to
shifts along the solid lines in Figure 6.

Isotope Effects on Chemical Shifts of 2:1 and 3:1 Com-
plexes of Acetic Acid with Pyridine. As shown recently,3o

carboxylic acids may form not only 1:1 complexes but also
longer linear hydrogen-bonded chains with pyridine in freons
at low temperature. Here we describe long-range isotope effects
on chemical shifts of nuclei as far as two hydrogen bonds away

Figure 5. 15N NMR (a, d),2H NMR (b, e), and1H NMR (c, f) spectra
(1H Larmor frequency 500.13 MHz) of solutions of pyridine-15N (B)
and carboxylic acids (AL, L) H, D) in a 2:1 mixture of CDClF2/
CDF3 at a deuterium fraction in the mobile proton sitesD ) 0.8. (a-
c) 125 K,CB ) 0.033 M,CAH + CAD ) 0.028 M. (d-f) 110 K,CB )
0.045 M,CAH + CAD ) 0.035 M. The15N chemical shifts are referred
to internal free pyridine, whereδ(CH3NO2) ) δ(C5H5N) - 69.2 ppm
andδ(NH4Cl) ) δ(CH3NO2) - 353 ppm.16

Figure 6. 1H chemical shifts and1J1H-15N coupling constants (a),
primary H/D isotope effects on chemical shifts (b), and one-bond H/D
isotope shifts on the15N atom of pyridine-15N (c) in 1:1 complexes
with carboxylic acids at low temperature. The curves were constructed
from the data of Table 1 stemming from different acids and temper-
atures.
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from the isotopic substitution site. Figure 7a shows a low-
temperature15N NMR spectrum of a mixture of acetic acid and
pyridine in CDClF2/CDF3 (2:1). We observe three signals
which were assigned previously3o to linear complexes of the
type AHB, AHAHB, and AHAHAHB, as indicated at the top
of Figure 7. The corresponding1H NMR spectrum with the
assignments of all hydrogen bond protons is shown in Figure
7d. The1J1H-15N coupling constants and the proton and nitrogen
chemical shifts indicate a gradual proton transfer to pyridine
due to an increase of the acidity or proton-donating power of
acetic acid clusters in the order of AH< AHAH < AHAHAH.
Either a fast intramolecular rearrangement shown at the top of
Figure 7 or a bifurcated hydrogen bond between AHAHA- and
HB+ renders the two OHO protons equivalent unless they
exhibit the same intrinsic chemical shifts. Deuteration in the
mobile proton sites leads to additional isotopic species assigned
in Figure 7.

1:1 Complex. The one-bond shift1∆15N(D) ) δ(AHB) -
δ(ADB) is negative in the case of the molecular complex ALB,
indicating that the proton is close to the oxygen. The situation
resembles the case discussed in Figure 5a-c.

3:1 Complex. The isotope shift1∆15N(D) ) δ(ALALAHB)
- δ(ALALADB) for the zwitterionic 3:1 complex is positive
(Figure 7b,c), indicating that the pyridine is fully protonated.
The situation is similar to the case discussed in Figure 5d.
Isotopic substitution in the remote oxygen sites has no observ-
able influence. Minimal effects are observed in the1H NMR
spectra (Figure 7e,f). Successive deuteration in neighboring
hydrogen bonds leads to small low-field shifts of the protons
monitored. Therefore, any weakening of a neighboring hydro-
gen bond by substitution of H by D leads to a strengthening of
the hydrogen bond containing the proton monitored, i.e. to an
anticooperativity of both hydrogen bonds.

2:1 Complex. The effects of anharmonic coupling are greater
in the 2:1 complex. The15N NMR spectra indicate different
chemical shifts for the species AHAHB, AHADB, ADAHB,
and ADADB. The assignment of Figure 7b,c was achieved
without uncertainty by taking spectra at different deuterium
fractions. There are two different positive hydrogen bond shifts
1∆15N(D) ) δ(AHAHB) - δ(AHADB) ) 8.5 ppm and
1∆15N(D) ) δ(ADAHB) - δ(ADADB) ) 8.2 ppm and two
different negative five-bond shifts5∆15N(D) ) δ(AHAHB) -

Table 1. Low-Temperature NMR Parameters of 1:1 Complexes of Protonated (AH) and Deuterated Acids (AD) with Pyridine-15N (B)
Dissolved in a 2:1 Mixture of CDClF2/CDF3a

AH pKa (25° C) CA (M) CB (M) D δ15N(H) δ15N(D) 1∆15N(D) δ1H δ2H p∆1H(D) J (Hz) T (K)

4-tert-butylphenol >10 0.015 0.018 80 -16.16 -15.49 -0.67 13.2 0 117
acetic acid 4.75 0.037 0.07 35-27.14 -23.19 -3.95 17.51 0 115.5

-26.84 -23.02 -3.82 17.47 0 117.6
-26.17 -22.62 -3.55 17.31 0 125.6

0.034 0.02 42 -27.91 -23.62 -4.29 0 107.2
0.08 0.04 46 -27.37 -23.26 -4.11 17.65 0 110.5
0.05 0.03 50 -28.37 -24.0 -4.37 17.76 0 102
0.05 0.06 80 -27.4* 17.57 16.80 0.77 0 110.6

-26.8* 17.45 16.72 0.73 0 117
o-toluic acid 3.91 0.028 0.033 80-34.06 -26.7 -7.36 19.24 un. 105.3

-32.35 -25.8 -6.55 18.97 un. 113.6
-30.35 -24.66 -5.69 18.65 un. 124.8
-30.35 18.68 17.65 1.03 12 124.5
-31.9* 18.91 17.84 1.07 13.4 116.3

3-bromopropionic acid 3.99 0.013 0.02 64-41.0 -32.8 -8.2 19.9 18.7 1.2 un. 108.7
-43.9 -35.9 -8 20.2 un. 100

benzoic acid 4.19 0.033 0.035 60-47.16 -40.3 -6.8 20.7 un. 104.2
-41.5 -33.6 -7.9 20.16 un. 115.4
-37.9* 19.87 18.60 1.27 un. 122.6

formic acid 3.75 0.015 0.021 70-58.8 -58.8(?) ≈0 21.10 20.4 0.7 40.5 104.5
2-thiophenecarboxylic acid 3.48 0.035 0.045 80-69.2 -77.3 8.1 21.33 20.8 0.5 57.2 110
2-furoic acid 3.17 0.04 0.05 88-69.8 -78.1 8.3 21.48 58.1 110.2

-68.2 -76.2 8.1 21.47 56.7 115.3
-67.9* 21.43 20.8 0.6 54 116.3

chloroacetic acid 2.85 0.021 0.023 65-77.4* 20.94 20.23 0.71 64.1 116.6
0.066 0.08 52 -78.9 -86.3 7.4 20.87 65.2 109.9

dichloroacetic 1.48 0.03 0.03 83-86.5 -90.0 4.5 20.01 19.57 0.43 77.8 148
acid -87.4 -91.6 4.2 19.92 19.48 0.44 78.5 137.7

-88.7 -92.6 3.9 19.74 19.39 0.34 79.6 119
-89.6 -93.1 3.5 19.63 79.7 103.6

HCl <1 0.034 0.034 40 -95.1 -96.75 1.64 17.32 88.24 133.5
-95.5 -97.1 1.60 17.25 88.46 124
-95.9 -97.5 1.57 17.17 88.66 113

74 -91.58 -93.5 1.92 202.7
30 17.58 17.48 0.10 82.7 168

17.48 17.41 0.07 87.1 158
17.42 17.33 0.09 87.7 147

-95.0* 17.34 17.28 0.06 87.4 137
-95.4* 17.26 17.25 0.01 88.1 126

HNO3 <1 0.02 0.02 70 -99.36 -100.94 1.58 17.39 89.3 144.5
-99.70 -101.22 1.52 17.32 89.3 134.1
-100.46 -101.89 1.43 17.16 17.1 ≈0 90.8 112.0

a CA ) CAH + CAD: total acid concentration in mol L-1 (M); CB: total pyridine concentration in mol L-1 (M); D: deuterium fraction in the
mobile hydron sites;δ15N(H), δ15N(D): pyridine15N chemical shifts of the protonated and the deuterated 1:1 complexes in the pyridine ppm-scale;
1∆15N(D) ) δ15N(H) - δ15N(D), δ1H andδ2H: chemical shifts of the H-bond proton and deuteron;p∆1H(D) ) δ1H - δ2H; J: scalar coupling
constant between1H and15N; T: temperature, un.: unresolved; *: result of extrapolation. The pKa values were taken from ref 17.
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δ(ADAHB) ) -2.8 ppm and5∆15N(D) ) δ(AHADB) -
δ(ADADB) ) -2.3 ppm. The isotope effects on the1H NMR
signals of the 2:1 complex are also noteworthy. The signal
ALAHB is slightly shifted, and the signal AHALB is strongly
shifted to low field by deuteration of the neighboring hydrogen
bond, i.e.4∆H(D) ) δ(AHAHB) - δ(ADAHB) ) 0.15 ppm
and4∆H(D) ) δ(AHAHB) - δ(AHADB) ) 0.54 ppm.

Discussion

We have described H/D isotope effects on the chemical shifts
of low-barrier hydrogen-bonded 1:1 complexes between acids
AL (L ) H, D) and a base B (pyridine-15N) in the liquid state
at low temperatures, as a function of the proton-donating power
of the acid employed. The observation that the spectral
parameters obtained are independent of concentration indicates
that complications arising from a possible aggregation especially
of the zwitterionic complexes can be neglected in good
approximation. It is interesting that all chemical shift values
of Figure 6 are located on master curves, independent of the
type of acid chosen or on temperature.
Although extended theoretical work will be necessary in order

to give a quantitative description of the data obtained, we will
try to give a tentative, qualitative explanation based on some
simple assumptions. Firstly, we note that the plot of chemical

shifts of the hydrogen bond protonδ1H vs the nitrogen chemical
shiftsδ15N (Figure 6a) qualitatively follows the plot of〈r1+r2〉
vs 〈r1-r2〉 depicted in Figure 3. In other words,δ1H is a
monotonous function of the average distance〈r1+r2〉 between
A and B, andδ15N of the proton transfer coordinate〈r1-r2〉.
The observation thatδ1H goes through a maximum at about 21
ppm atδ15N ) -60 ppm with respect to free pyridine (Figure
6a) then indicates a hydrogen bond contraction approximately
at the midpoint of the proton transfer from A to B as depicted
in Figures 3 and 4. As a consequence, the positive primary
isotope effectsp∆H(D) of Figure 6b indicate an increase of the
A‚‚‚B distance upon deuteration on either side of the quasi-
midpoint. At the quasi-midpoint itself there is a noticable drop
of p∆H(D). At this point,1∆15N(D) also changes its sign (Figure
6c) which is consistent with Figures 3 and 4: deuteration in
the region of the molecular complex decreases〈r1〉 and increases
〈r2〉; by contrast, in the case of the zwitterionic complex, the
opposite is true.
As discussed in the General Section, the observation that

1∆15N(D) ) 0 (Figure 6c) andp∆H(D) * 0 (Figure 6b) at the
quasi-midpoint could be explained by the presence of a barrier
for the proton motion according to Figure 4a. On the other
hand, the drop ofp∆H(D) may also be explained with a very
small barrier according to Figure 4b as follows. In a disordered
polar solvent there is a distribution of various differently solvated
hydrogen complexes characterized by sligthly different average
values〈r1-r2〉. These solvent complexes interchange rapidly
within the NMR time scale. If the center of the distribution is
located at〈r1-r2〉 ≈ 0, where1∆15N(D) ) 0, complexes with
positive and negative values of1∆15N(D) exchange rapidly,
leading to a vanishing overall value of1∆15N(D). By contrast,
p∆H(D) is not averaged to zero; a value of zero would only be
expected in the case of a very sharp distribution.
Finally, we would like to point out that the symmetry of the

1∆15N(D) vs δ15N curve in Figure 6c may arise from a
compensation of two effects. If we identify15N with B in Figure
4, the increase of the distance〈r2〉 between15N and L is more
pronounced in the molecular complex A-L‚‚‚B, where〈r2〉 is
large, as compared to the zwitterionic complex A-‚‚‚L-B+,
where〈r2〉 is small. On the other hand,δ15N is more sensitive
to changes of〈r2〉 when the latter is small, leading overall to
the symmetric aspect of the curve in Figure 5c. The observation
that the two maxima in the curvep∆H(D) vs δ15N are not of
equal height should reflect larger changes of the A‚‚‚B bond
distance when the hydron is closer to oxygen than to nitrogen.
The complex influence of deuteration on the chemical shifts

of the 2:1 complex of acetic acid with pyridine depicted in
Figure 7 can be rationalized qualitatively in terms of the hydron
transfer pathway of Figure 8. For simplification the brackets

Figure 7. Low-temperature15N (a-c) and1H NMR spectra (d-f) (1H
Larmor frequency 500.13 MHz) of mixtures of acetic acid (AL, L)
H, D) and pyridine-15N (B) in a 2:1 mixture of CDClF2/CDF3 at various
deuterium fractions D in the mobile proton sites. (a) 102 K,D ) 0,
CAH ) 0.042 M,CB ) 0.026 M. (b) 102 K,D ) 0.5,CAH + CAD )
0.05 M,CB ) 0.03 M. (c) 105 K,D ) 0.85,CAH + CAD ) 0.085 M.
CB ) 0.05 M. (d) As in a. (e) As in b. (f) As in c.

Figure 8. Average hydron (proton and deuteron) locations (schemati-
cally) in the 2:1 complex between acetic acid and pyridine arising from
the experiments shown in Figure 6.
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characterizing the average distances have been omitted. When
a hydron shift from A toward B occurs, i.e. whenr4 is decreased,
a positive charge is created at B and a negative charge at A.
This will only lead to a contraction of the neighboring hydrogen
bond, i.e. to a decrease ofr1 + r2 because the acceptor capacity
of A is increased but not to a substantial decrease ofr2. In
other words, only A-L‚‚‚A-‚‚‚L-B+ is formed but not
A-‚‚‚L-A‚‚‚L-B+, which would exhibit a larger Coulomb
energy. The various isotopic species may be represented as
various stages of the hydron transfer. Figure 8 was constructed
as follows: the order of the15N chemical shifts indicates the
degree of hydron transfer to B, i.e. the value ofr4. The proton
chemical shifts indicate that the hydrogen bond to pyridine with
the shortest value ofr3 + r4 occurs in ADAHB. This
information enables us firstly to place ADAHB on the proton
transfer pathway of Figure 8 and then the other species, leading
to a qualitative understanding of all isotope effects observed in
terms of a cooperativity of the two hydrogen bonds: replacing
H by D in the hydrogen bond to pyridine shifts the hydron more
to pyridine but weakens this hydrogen bond; replacing D by H
in the hydrogen bond between the two acetic acid residues
strengthens this bond and shifts the other hydron further to
pyridine.

There is another interesting but so far speculative conclusion
from these results. Whereas in the neutral hydrogen bonded
chain A-H‚‚‚A-H‚‚‚B a single proton transfer to B is preferred,
accompanied by a strengthening of the second hydrogen bond,
a chain exhibiting a negative charge A-H‚‚‚B-H‚‚‚X- may
behave in a different manner, as indicated in Figure 9. Here,
the Coulombic interaction does not hinder a double proton
transfer to A-‚‚‚H-B‚‚‚H-X. Therefore, in the charge relay
chains of serine proteases,3 a negatively charged residue seems
to be necessary in order to “relay” the charge during the course
of the enzymatic reaction.

Conclusions

We have shown that low-temperature NMR spectroscopy
using deuterated liquified gases as solvents enables the study
of hydrogen-bonded complexes in the regime of slow hydrogen
bond exchange and in particular the study of H/D isotope effects
on chemical shifts of intermolecular hydrogen-bonded com-
plexes and bond chains with low-barrier hydrogen bonds. So
far, experiments were restricted to the study of intramolecular
hydrogen bonds. Primary isotope effects could be observed not
only on the chemical shifts of the hydrogen bond hydrons but
also on those of the15N atom involved. Already, a qualitative
discussion of the effects observed can lead to interesting novel
insights into the properties of hydrogen bonds. In the future,
one can expect a number of novel data which may be used for
a more quantitative description. We are currently involved
particularly in measuring isotopic H/D fractionation factors
between different hydrogen-bonded sites from which we hope
to obtain additional information concerning the potential curves
of the proton motion in the complexes. In addition, we are
studying in more detail the role of temperature, the solvent, and
the solid state.
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Figure 9. Hypothetical proton locations in a negatively charged
hydrogen-bonded chain involving two low-barrier hydrogen bonds.
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