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ABSTRACT: We have studied the hydrogen bond interactions of *N
labeled 4-methylpyridine (4-MP) with pentachlorophenol (PCP) in the
solid state and in polar solution using various NMR techniques.
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showed that the triclinic 1:1 complex (4-MPPCP) exhibits the
strongest known intermolecular OHN hydrogen bond in the solid cl
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triclinic monoclinic

state. By contrast, deuteration of the hydrogen bond gives rise to the

formation of a monoclinic structure exhibiting a weaker hydrogen bond. By performing NMR experiments at different deuterium
fractions and taking advantage of dipolar '"H—"°N recoupling under combined fast MAS and 'H decoupling, we provide an
explanation of the origin of the isotopic polymorphism of 4-MPPCP and improve previous chemical shift correlations for OHN
hydrogen bonds. Because of anharmonic ground state vibrations, an ODN hydrogen bond in the triclinic form exhibits a shorter
oxygen—hydron and a longer oxygen—nitrogen distance as compared to surrounding OHN hydrogen bonds, which also implies a
reduction of the local dipole moment. The dipole—dipole interaction between adjacent coupled OHN hydrogen bonds which
determines the structure of triclinic 4-MPPCP is then reduced by deuteration, and other interactions become dominant, leading
to the monoclinic form. Finally, the observation of stronger OHN hydrogen bonds by 'H NMR in polar solution as compared to

the solid state is discussed.

B INTRODUCTION

The quantum nature of hydrogen plays an important role in
hydrogen transfer processes and hydrogen bonding. Therefore,
in order to understand both phenomena, a close interaction
between experiment and theory is required." Hydrogen bond
mediated acid—base interactions of amino acid side chains and
cofactors in proteins are especially challenging, as they
represent key features for their function.”® Unfortunately, it
is difficult to localize protons using X-ray diffraction techniques
and hence to elucidate local electrostatics essential for the
biomolecular functions. Neutron diffraction has been applied
only very recently to larger proteins, where a high resolution
necessary for the localization of proton positions is still difficult
to obtain.*™® Therefore, various NMR methods have been used
to localize protons in hydrogen bonds, in particular the
elucidation of dipolar 'H—'H couplings,” ™ 'H-""N cou-
plings,”'°™** and "H—"3C couplings'* in suitably isotopically
labeled systems. In large molecules, the determination of
dipolar couplings by NMR is difficult. Therefore, the
determination of NMR chemical shifts and of their relation
to molecular geometries using quantum-mechanical calcula-
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tions has become an important tool of “NMR crystallog-
raphy”.'® Particularly useful is the determination of H/D
isotope effects on hydrogen bond geometries in the solid state
caused by anharmonic ground state vibrations. The resulting
H/D isotope effects on the corresponding NMR chemical shifts
are more sensitive to hydrogen bond structures as compared to
the chemical shifts themselves."®

Recently,"”” some of us have demonstrated that the position
of a functional proton between an aspartic acid residue and the
pyridine ring of vitamin B6 in a large enzyme can be estimated
from "N NMR chemical shifts. The latter have been shown to
correlate with hydrogen bond geometries established by
neutron diffraction or NMR spectroscopy of suitable model
systems.'®">* Thus, changes of the geometries of OHN-
hydrogen bonds in protein active sites between the crystalline
state and aqueous solution can be followed by "N NMR. Such
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a comparison is important to establish structure—function
relationships.

However, in the 'H—'SN chemical shift correlations
proposed,”® solid state data for the strongest OHN hydrogen
bonds were scarce. In order to fill this gap, we undertook the
present NMR study of the 1:1 complex of 4-methylpyridine
with pentachlorophenol (4-MPPCP, Figure 1). Majerz et al.
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Figure 1. (a) X-ray structure of 4-MPPCP-h and (b) of 4-MPPCP-d
according to Malarski et al2%* (files RAKQOJ and GADGUNOI of
the Cambridge Structural Database CSD). (c) Neutron dlffractlon
crystal structure of 4-MPPCP according to Steiner et al.”® Displace-
ment ellipsoids are drawn at the 50% probability level. The equidistant
H atom position occurs at around 90 K. The numbers refer to
distances in A.

have shown usmg 3Cl NQR,**** IR, UV/vis,” and X-ray
crystallography®® that this complex adopts a triclinic crystal
structure where it exhibits the shortest known intermolecular
O--N distance of about 2.5 A, as illustrated in Figure la. The
asymmetric unit contains a single complex, but the packing
diagram indicates that two 1:1 complexes form a pair with
antiparallel hydrogen bonds. Lowering the temperature down
to 80 K indicated a shortemng of the O—H--N but not of the
O-D-N hydrogen bond.*” These ﬁndlngs were confirmed by
neutron diffraction studies by Steiner et al.** which revealed the
presence of a quasi-symmetric hydrogen bond. Lowering the
temperature not only shortened the O---N bond length but also
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shifted the proton slightly across the hydrogen bond center, as
illustrated in Figure lc. At the same time, the volume of the
thermal displacement ellipsoids of the proton decreased.

In addition to these exceptional properties, Majerz et al.
found that 4-MPPCP adopts a monoclinic crystal structure
when the hydrogen bond is deuterated, as illustrated in Figure
1b.* The O—D--N bond weakens substantially as the O---N
distance is increased to 2.628 A and as the deuteron is displaced
toward oxygen. The packing diagram indicates a perpendicular
arrangement of two adjacent complexes. Crystal structure
changes of hydrogen bonded systems upon deuteratlon of
mobile proton sites have been observed before.*® Related cases
where replacement of OHN by ODN hydrogen bonds leads to
a different crystal structure are the cases of crystalline 1:1
isonicotinamide-oxalic acid complexes®' 3,5-pyridine-dicarbox-
ylic acid®* and of glycine.>® Recently, crystal structure changes
after substituting all H atoms of organic crystals by D have been
observed, for example, in the cases of pyridine,** pyridine-N-
oxide,® or vr-alanine.*® Harbison et al.*’ have proposed the
term “isotopomeric polymorphism” to describe a crystal
structure change induced by isotopic substitution. Here, we
use the term “isotopic polymorphism” proposed by Boese et
al.** which is in better agreement with TUPAC rules.*®

Harbison et al.>’ have pioneered 'H and *H solid state MAS
NMR in order to characterize the isotopic polymorphism of 4-
MPPCP in more detail. They found a low-field 'H signal
around 18 ppm for the strong hydrogen bond in the triclinic
modification of 4-MPPCP. This value increased to about 20
ppm when the temperature was lowered.> It was also found
that triclinic 4-MPPCP could be deuterated up to almost 50%;
at higher deuterium fractions, the solids consisted of mixtures
of the two polymorphs. ’H MAS NMR measurements of
partially deuterated triclinic 4-MPPCP indicated a decrease of
the *H quadrupole coupling constant when the temperature
was lowered, in agreement with a strengthening of the
hydrogen bond. By contrast, '"H NMR high field shifts to
about 12—14 ppm were observed for monoclinic 4-MPPCP at
higher deuterium fractions.

In order to elucidate the on%m of the isotopic polymorphism
of 4-MPPCP, Harbison et al.”” have measured the hydrogenic
vibrations of triclinic 4-MPPCP using inelastic neutron
scattering (INS). They showed that the zero point energy
difference between the OHN and ODN bonds vanishes in the
case of the triclinic form but is about 500 cm™ in the case of
the monoclinic form. This finding can explain the preference of
D for the monoclinic form, as generally D enriches in sites with
weaker hydrogen bonds associated with larger zero-point
energies. Some of us have observed similar equilibrium isotope
effects, i.e, isotopic fractionation in the case of pyridine-acid
complexes in solution.'® A remaining puzzle with the
explanation of the isotopic polymorphism in terms of zero-
point energy changes was why the monoclinic form is not
observed at deuterium fractions lower than 0.5. That
observation is difficult to explain in terms of a single hydrogen
bond approach and might require consideration of the
interaction between different complexes in order to understand
the isotopic polymorphism.

In order to fill the NMR-geometry correlation gap of strong
OHN hydrogen bonds and in order to improve our knowledge
of geometric hydrogen bond isotope effects and isotopic
polymorphism, we have synthesized '*N labeled 4-MPPCP and
have performed high-resolution "*N solid state NMR studies on
this compound in addition to 'H and *H NMR experiments.
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On one hand, the new data i improve the "H—"N chemical shift
correlation established prev10usly for OHN hydrogen bonds
to pyridine and its derivatives. Using these correlations, the
geometric H/D isotope effects could be established for various
forms of 4-MPPCP. On the other hand, the analysis of these
effects directly leads to an improved understanding of the
isotopic polymorphism of 4-MPPCP and possibly also of other
systems.

This paper is organized as follows. In the next section, we
describe the synthesis of '°N labeled 4-MP and the preparation
of various samples of its complexes with PCP. We also describe
shortly the analysis used to correlate NMR parameters with
hydrogen bond geometries. Then, we report the results of our
'H, *H, and "N solid state NMR experiments. For comparison,
we have performed additional low-temperature 'H and N
NMR experiments on this complex in the polar freonic liquid
CDF;/CDF,Cl in order to study the influence of the medium
polarity on 4-MPPCP. Then, our results are discussed in two
parts. The first part is devoted to NMR-hydrogen bond
correlations and H/D isotope effects on 4-MPPCP in
comparison with related complexes, and the second part, to
the isotopic polymorphism as well as solid-solution state and
temperature effects on hydrogen bonded properties of pyridine-
acid complexes.

B MATERIALS AND METHODS

Synthesis of >N Labeled 4-MPPCP. The synthesis of
SN-labeled 4-methylpyridine 1 was done according to Scheme
1. In a first step, the starting material ethoxy-4-methyl-3,4-

Scheme 1. Synthesis of 4-Methylpyridine-'*N According to
the Procedure for the Parent Compound Pyridine-'N
Described Previously*!
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dihydro-2H-pyran 2 was prepared according to the procedure
of Longley and Emerson.*® In the next step, 2 was let to react
with "NH,CI to form 4-methylpyridine 1, similar to the
method which has been described for the '*N-labeled
unsubstituted pyridine by Whaley and Ott.*' The melting
point of both the protonated triclinic and the monoclinic
deuterated polymorphs of 4-MPPCP was found to be 70 °C.*
Finally, 4-MPPCP was synthesized as described below in
analogy to the nonlabeled compound®” from 1 and
pentachlorophenol (Sigma-Aldrich). All synthetic procedures
are included in the Supporting Information.

NMR Samples. Different procedures were used to prepare
various samples of 4-MPPCP, which are characterized in Table
1 together with their NMR parameters obtained below.

Preparation of Triclinic 4-MPPCP via Procedure A. Triclinic
nondeuterated 4-MPPCP-d, (sample a) was obtained by
dissolving equivalent molar amounts of 4-methylpyridine and
pentachlorophenol (Aldrich) in acetonitrile at 40 °C and by

crystallization at room temperature. The product was then
filtered and air-dried. Removal of solvent in vacuo leads to a
partial removal of methylpyridine and other than 1:1 complexes
are formed as shown later.

Preparation of Partially Deuterated and Deuterated
Samples via Procedure B. Partially deuterated 4-MPPCP-d,
samples b—d exhibiting a deuterium fraction of xp, = 0.05, 0.45,
and 0.7 in the mobile proton site were prepared as described
previously.”” 4-MPPCP-d, was dissolved in methanol contain-
ing the desired deuterium fraction, obtained by mixing
appropriate volumes of CH3;OH and CH;OD. For the
preparation of the fully deuterated sample e (4-MPPCP-
dyos)—containing a deuterium fraction of at least 0.95—pure
CH,0D was employed. In the next step, solvent was partially
removed by evaporation. Finally, the concentrated solution was
stored in a desiccator over a molecular sieve (4 A), leading to
crystallization.

Preparation of Samples f—h via Procedure C. These
samples were prepared from solutions of 4-MP in CH;0H
(samples f and h) and in CH;0D (sample g) in the presence of
additional PCP via removal of the solvent in vacuo. These
samples contained unequal mole fractions of 4-MP and PCP,
ie, generally xy\p/xpcp < 1. Their relative amounts were
estimated via '*N solid state NMR. It turned out that the
removal of the solvent in vacuo can also lead to a loss of 4-MP.

Preparation of Samples i and a1. Neat PCP (sample i) was
measured as purchased without further purification. Sample al
for liquid state NMR measurements was obtained by dissolving
sample a in a CDF;/CDF,Cl mixture prepared as described
previously."**

Deuterium Fractions of Solid Samples. The relative
deuterium contents of the different samples were checked by
measuring the 90° pulse *H MAS NMR spectra under the same
conditions, and by comparing the total integrated signal
intensities. This procedure resulted in slight adjustments of
the deuterium fractions.

NMR Spectroscopy. If not otherwise stated, high-
resolution 'H MAS, *H MAS, and >N MAS NMR solid state
measurements were performed using a Varian Infinity Plus 600
spectrometer operating at 14 T, ie, at a frequency of 599.97
MHz for 'H, 92.10 MHz for *H, and 60.8 MHz for '*N. The
spectrometer was equipped with a 2.5 mm Chemagnetics-
Varian variable temperature pencil probe. Low-temperature
MAS operation was achieved as described previously.* The
experimental conditions of all spectra published here are
included in Table S3 of the Supporting Information. All high-
resolution "H and ’H MAS NMR spectra and many "N MAS
NMR spectra were obtained using 90° pulses and spinning
speeds of either 16 or 18 kHz. Thus, neither cross-polarization
(CP) nor 'H decoupling were employed in the case of the *N
experiments. Some "N NMR spectra were acquired using 'H
decoupling (4 mm pencil probe, 12 kHz splnmng speed). As
high spinning speeds cause sample heating,* temperature
settings were calibrated using the 15N chemical shift
thermometer TTAA described previously*™* (see the Supporting
Information). Some N CPMAS measurements were carried
out on a Varian 7 T instrument operating at 30.43 MHz for
>N, equipped with a 6 mm Chemagnetics-Varian variable
temperature pencil probe. The spinning speeds were 6 kHz,
using contact times of 5 ms.

The solid state 'H and *H chemical shifts were measured
using solid hexamethylbenzene (HMB, C;,H,5 and C;,Dyg) as
external references. With respect to solid 3-(trimethylsilyl)-
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Table 1. NMR Parameters of Solid Complexes of 4-MP with PCP*

sample xp procedure species T (K) S6(OHN)
a 0 A t 323 18.0
297 18.2
277 18.5
253 18.7
228 18.9
b 0.05 B t 297 182
277 18.4
253 18.6
228 18.8
c 0.45 B t 297 18.2
277 18.4
253 18.6
228 18.8
d 0.7 B t 297 18.2
m 142
my
t 277 18.4
m 14.2
my
t 253 18.6
m 14.3
my
t 228 18.7
m 14.4
my
e >0.95 B my 297
277
253
228
f 0 C t 297 18.4
1:2° 123
g >0.95 C m 297 13.6
1:2° 123
h 0 C 1:10° 297 12.3
i 0 pcp? 297 7

5(ODN) 5(OHN) 5(ODN) x(OHN) x(ODN)
215
214
212
210
17.5 215
17.7
18.0
184
17.5 2154 218.1 0.55 045
17.7 212.6 214.5 0.55 045
17.9 2118 2139 0.55 045
182 210.7 2124 0.55 045
214.9 217.4 021 0.04
13.6 246.4 0.24
244.1 244.5 0.08 042
212.9 215.0 021 0.04
136 2462 0.24
2439 2443 0.08 042
210.8 212.8 021 0.04
136 246.1 0.24
243.8 2442 0.08 0.42
209.4 208.3 021 0.04
13.8 2452 0.24
2433 2437 0.08 042
13.6 246.1
13.6 246
136 245.4
13.7 245.2
215
166
136 245
166
166

“xp is the global deuterium fraction. Chemical shifts § in ppm. The margins of error of §(OHN) and of 5(ODN) are about +0.2 ppm, those of
5(OHN) and 5(ODN) are about +0.5 ppm, and those of x(OHN) and x(ODN) are about +0.05. ¢ triclinic crystal structure, m monoclinic crystal
structure. The mole fractions of the ODN hydrogen bonds were calculated from the corresponding "N line intensities of the one-pulse spectra,
x(ODN) = I(ODN)/(I(OHN) + I(ODN)). ”Solid containing 4-MP and PCP in the ratio 1:2. “1:10. “Pure PCP.

propionic acid sodium salt (TSP, Si(CH;);—CD,—CD,—
COO™Na*), HMB exhibits an isotropic chemical shift of +1.8
ppm in the solid state and of +2.3 ppm in the liquid state (see
the Supporting Information). We attribute the difference to
high field shifts arising from intermolecular interactions, in
agreement with the molecular packing.* All "N solid state
chemical shifts were referenced to external solid "NH,CIL The
N MAS and CPMAS spectra were processed using a line
broadening of 50 Hz. No line broadening was used in the case
of the 'H MAS NMR spectra, and 20 Hz in the case of the *H
MAS NMR spectra.

The low temperature liquid state NMR spectra using CDF;/
CDF,Cl as solvent were recorded on a Bruker AMX-500
instrument equipped with a special probe allowing measure-
ments down to 90 K. The "H chemical shifts were referenced to
TMS, and the N chemical shifts, internally to those of the
corresponding free pyridine bases in freon. In a later stage of
this study, for a comparison of the solid and liquid state N
chemical shifts, we proceeded as follows. First, we measured the
solid state "N chemical shifts of the neat frozen bases with
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respect to solid *'NH,CI. They were then used individually as
references for the corresponding acid—base complexes. The
N chemical shifts obtained for freon solutions were converted
into the solid ""NH,CI scale using the help of an external
nitromethane standard.*®

Hydrogen Bond Correlation Analysis. From the stand-
point of neutron crystallography, one can associate to any
hydrogen bonded system A—H:--B the distances r; = ryy, 1, =
tup, and r; = rap. This characterization is, however, not
complete, as it does not take into account the shape of the
proton, i.e., the volume of the thermal displacement ellipsoids
arising from zero-point vibrations and from the excitation of
hydrogen bond vibrations, as was illustrated in Figure lc. It is
convenient to define additionally the natural hydrogen bond
coordinates ¢, and g, according to

q,=05(n—n), q=n+n (1)
In the case of a linear hydrogen bond, g, corresponds directly
to the distance of the proton with respect to the hydrogen bond
center and g, is equal to the heavy atom distance r,p.

dx.doi.org/10.1021/jp305863n | J. Phys. Chem. A 2012, 116, 11370—11387
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According to the valence bond order concepts proposed by
Pauling*” and Brown,™ one can associate to both hydrogen
bond distances valence bond orders given by

p = exp{—(r, — n°)/b;} and
p, = exp{—(r, = ,°)/b,} (2)

where r,° and r,° represent the equilibrium distances in the
fictive free diatomic units AH and HB and b, and b, describe
bond order decays with increasing bond distances. Assuming
that the total valency of hydrogen is unity, it follows that

ptp = exp{—(r, = 1°)/b;} + exp{—(r, = 1,°)/b,}
=1 (3)

Thus, both distances r; and r, depend on each other. Using eq
3, it is possible to express r; as a function of r, or g, as a
function of g,.

Gilli et al.*’ and Steiner et al showed the validity of this
approach on the basis of a number of neutron diffraction
structures contained in the Cambridge Structural Database. A
more detailed analysis showed that eq 3 can describe
equilibrium geometries resulting from ab initio calculations,
i.e., cases of almost harmonic potentials for the proton motions.
However, eq 3 failed for strong hydrogen bonds involving
anharmonic proton potentials. Thus, eq 3 is valid only in the
absence of quantum zero point vibrational effects (QZPVE)
present in strong hydrogen bonds.”'

Some of us have, therefore, proposed to calculate the
corrected bond orders p,; and p; of ALB hydrogen bonds as a
function of the equilibrium bond orders accessible by ab initio
calculations in the following way™

22,50

Py, = exp{—(ra, — 1°)/b;}
=p, — op,) (0, - p,) — (o)
eXP{_(”LB - n°)/b,}
=p, + < (0p) (0, — 1) = d(pyp,)* )

pLB

The parameters ¢“ and d“ determine the size of the isotope
sensitive correction term for QZPVE. ¢" describes isotope shifts
along the correlation line, keeping the total bond valencies of H
and of D equal to unity (eq 3). By contrast, d" describes the
deviation of the total valency of the hydrons from unity; this
term leads to a flattening of the correlation curve g, vs g, in the
minimum. f and g are empirical numbers and may depend on
the system studied.

Equation 4 provides an estimate of the primary geometric

hydrogen bond isotope effect (primary GIE)'®
Aq =g, — 4y ()

and of the secondary geometric hydrogen bond isotope effect
(secondary GIE)

Ady = dyp ~ Gy (6)
The secondary effect has also been called the “Ubbelohde
effect”, as it was observed by this author for a number of
hydrogen bonded systems.>” It describes a different position of
the heavy atoms after isotopic substitution. By contrast, the
primary geometric isotope effect describes a different location of
hydrogen isotopes in the hydrogen bond.

Equation 4 worked well in the region of strong hydrogen
bonds,*® but we noticed a numerical instability in the region of
weak hydrogen bonds. In order to remove this instability, we
introduced recently> the following changes of eq 4:

Py, = exp{—(ry, = n°)/b)} = Pt - 2de1(P1L*sz*)g

pLB = eXP{_(rLB - Vzo)/bz} = PZL* - Zdez(plL*pZL*)g
P1L>X< =ph - CL(plpz)f(pl - pz)

PZL>l< =p t CL(Plpz)f(pl - pz)
™)
These changes removed the numerical instabilities in a
satisfactory way. The new analysis was applied for the
correlation of OHO hydrogen bonds.>® The application of
the above equations will be demonstrated later in the
discussion.

The NMR parameters of hydrogen bonds can be related to
their geometries. For example, Benedict et al. have proposed to
express the chemical shifts of the nuclei of the hydrogen bridge
as a function of the valence bond orders'*®

8(AHB) = 6(AH)’p, + 6(HB)’p, + A(AHB)(4p,p,)"

5(AHB) = 6(B)°p, + 6(HB)’p, + A(AHB)(4p,p,)"

(8)
Here, "H chemical shifts are symbolized by underlining the
letter H and '°N chemical shifts by underlining the letter B.
5(AH)°, 5(HB)®, 6(B)°, and 5(HB)® are the limiting chemical
shifts of the separate fictive groups. The terms A(AHB) and
A(AHB) represent excess hydrogen bond shifts which describe
the chemical shift deviation of a symmetric or quasisymmetric
complex with p; = p, = 0.5 from the average limiting values. m
is an empirical fitting parameter with a value normally set to
unity. We note that the value of A(AHB) might be different for
equilibrium structures and structures where QZPVE is taken
into account.

Equation 8 is visualized in Figure 2a for the proton of an
AHB = OHN hydrogen bond and in Figure 2b for the
corresponding °N nucleus. For the calculation of the curves,
parameters of the OHN hydrogen bonds were used, which will
be discussed later. We have plotted (AHB) and 6(AHB) as a
function of gq,. In the strong hydrogen bond regime, when ¢,
exhibits a minimum and q, ~ 0, 6(AHB) experiences a
maximum; for the weaker hydrogen bonds, 5(AHB) changes
almost linearly with g, and becomes constant eventually. By
contrast, around q; ~ 0, §(AHB) changes almost linearly with
gy, whereas the changes are smaller for the weaker hydrogen

bonds.

B RESULTS

In this section, we describe the results of our NMR studies of
solid 4-MPPCP as a function of the deuterium fraction in the
mobile proton site. Some data are reported for solid samples
exhibiting PCP/4-MP ratios larger than 1. For a later discussion
of the influence of the environment on the hydrogen bond of 4-
MPPCP, we start with some liquid state NMR results obtained
for polar solution.

NMR Spectroscopy of 4-MPPCP in Polar Solution. In
Figure 3 are depicted some low-temperature 'H and "N NMR
spectra of sample al containing a solution of 4-MPPCP in
CDF,;/CDF,Cl. Down to about 150 K, fast proton and

dx.doi.org/10.1021/jp305863n | J. Phys. Chem. A 2012, 116, 11370—11387
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Figure 2. Chemical shifts of AHB hydrogen bonds as a function of the
proton coordinate g, calculated using eq 8 and the parameters of
Tables 3 and 4, typical for OHN hydrogen bonds between carboxylic
acids and pyridine. (a) 'H chemical shifts referenced to tetramethylsi-
lane. (b) "N chemical shifts referenced to the value of the neat base.

a b

"H NMR CDF4/CDF,Cl "N NMR

160 K ™\
140 K JUL 130K
130k o
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8/ppm 8/ppm

Figure 3. Low-temperature liquid state 'H (a) and "N (b) NMR
signals of the 1:1 complex of 4-MP with PCP in CDF;/CDF,Cl. 'H
frequency 500.13 MHz, "N frequency 50.68 MHz. Reference: solid
SNH,CL

hydrogen bond exchange prevents the determination of
intrinsic NMR parameters of the hydrogen bond of 4-
MPPCP. At 160 K, the signal of the hydrogen bond proton
gives rise to a broad line at 19.9 ppm. As the temperature is
further lowered, a small low-field shift to 20.08 ppm and a
decoalescence into a doublet is observed, arising from scalar
one-bond coupling with the adjacent N nucleus of 4-MP. The
corresponding '°N doublet is observed at 175 ppm with respect
to external *NH,CI at 130 K. Because of solubility problems,
the liquid state studies were not pursued further. Al NMR
parameters depended slightly on temperature and are
assembled in Table 2.

NMR Spectroscopy of Solid 4-MPPCP. In order to
characterize solid 4-MPPCP in more detal by NMR, we
performed 90° pulse solid state 'H, *H, and "N MAS NMR
experiments on *N labeled 4-MPPCP-d, at deuterium fractions
x = 0, 005, 045, 0.7, and >0.95. As we performed the
experiments at 14 T, fast MAS was required in order to average
orientation-dependent nuclear interactions. We used spinning
frequencies of the order of 12—18 kHz. This worked well for
the 'H and *H experiments, but problems arose in the N

Table 2. NMR Parameters of the 1:1 Complex Dissolved in
CDF;/CDF,Cl (5:1)

T S('H)  JCHEN)  5(UN)T 8("N)" 8(PN)°
(K)  signal  (ppm) (Hz) (ppm)  (ppm)  (ppm)
160  singlet 19.9
140 doublet 20.08 —68
130 doublet 20.08 =72 —86 -91 17§

“Referenced to 4-MP in CDF,/CDF,CI (5:1). PReferenced to frozen
4-MP resonating at 266 ppm. “Referenced to solid *NH,CL

MAS experiments. We found out that 'H decoupling did not
enhance the resolution. This effect was studied and exploited in
a later stage of this study, as will be described below. We also
found out that cross-polarization (CP) and 90° pulse "N
experiments gave similar signal-to-noise ratios in a given
amount of time. Therefore, also in order to measure correct
>N signal intensities, we performed "N MAS experiments
without CP and 'H decoupling. All NMR parameters obtained
are assembled in Table 1.

We were able to reproduce the 'H and *H MAS NMR
spectra reported by Harbison et al*”*’ The latter exhibit
quadrupolar sideband patterns, whereas no side bands were
observed in the 'H MAS NMR spectra. In addition, for a
comparison with pyridine-acid complexes studied previously in
the liquid and solid states®® and in order to determine the
primary H/D isotope effects on the hydron chemical shifts, we
calibrated the latter as careful as possible as described in the
Materials and Methods.

In Figure 4 are depicted the '"H MAS NMR spectra, the
centerband *H MAS NMR spectra, and the N MAS NMR

a MAS Xp~0.45 b 15N MAS Xp = 0.45
t
iy 182! [\ 217
A
24 1}< 56 29T K v junmrind i gyt posrn
215
H 184
w77 54 277K
213

211

' 5'4/\*‘ T 228K

275 250 225 200 175 150
S/ppm S/ppm

Figure 4. Temperature-dependent solid state MAS NMR spectra of

sample ¢ exhibiting a deuterium fraction of xp, = 0.4S. (a) One-pulse

'H and *H MAS NMR spectra (2.5 mm rotors, 16 kHz spinning

speed). (b) 90° pulse "N MAS NMR spectra (2.5 mm rotors, 18 kHz

spinning speed).

spectra of triclinic (f) '*N labeled 4-MPPCP-d, s (sample c)
containing a deuterium fraction of x = 0.45.

All signals are sharp, indicating that MAS removes all dipolar
interactions. We find a chemical shift S(OHN) = 18.2 ppm at
297 K for the hydrogen bond proton and 17.5 ppm for the
corresponding deuteron, ie., a primary H/D isotope effect

PAS(D) = 5(ODN) — 5(OHN) (9)
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of —0.7 ppm. The value of 5(OHN) compares well with the
value of 17.9 ppm given by Harbison et al,>”° measured with
respect to solid dimethyl sulfone-ds, which was assumed to
resonate 2.4 ppm downfield from TMS. In agreement with
these authors, 5('"H) and hence §(*H) increase slightly when
temperature is reduced. Here, we find that PA5(D) is reduced
to about —0.6 ppm at 228 K. We also note the large difference
of about 1 ppm between 5(OHN) in the solid state and in polar
solution. We assign the *H signal around $.4 ppm to a small
excess of the phenol; a similar excess could be present also in
the 'H spectra, where it is, however, masked by the aromatic
proton signals. In Figure 4b are depicted the 90° pulse N
NMR spectra of sample c. Only a single band is observed at 217
ppm at 297 K which shifts slightly to 211 ppm when the
temperature is lowered down to 228 K.

As depicted in the Supporting Information, deuteration does
not significantly affect the '"H and *H spectra, besides the ratio
of the signal intensities of the hydrogen bond proton and the
CH protons. By contrast, the '*N signal at xp, = 0 (Figure SSb,
Supporting Information) is sharper than that at xp = 0.45
(Figure 4b). Later, we will assign this difference to a secondary
one-bond isotope effect on the N chemical shifts

'A§(N) = 5(ODN) — 6(OHN) (10)

Figure 5 shows the results of our measurements performed
on fully deuterated 4-MPPCP-d;os. Because of the isotopic

a MAS Xp 2 0.95 b 15N MAS Xp> 0.95

@/_’_/JM 246.1) M
24 m 136 297 K
/AN A
" ST Wﬁw
w 13.6

H a\ 277K

245.4
H
253 K
//J\/\ 2452
13.7 228K

-
25 20 15 10 75 250 225 200 175
Blppm 8/ppm

Figure S. Temperature-dependent solid state MAS NMR spectra of
sample e exhibiting a deuterium fraction of xp, > 0.95. (a) One-pulse
'H and *H MAS NMR spectra (2.5 mm rotors, 18 kHz spinning
speed). (b) 90° pulse "N MAS NMR spectra (2.5 mm rotors, 18 kHz
spinning speed).

polymorphism, this sample exhibits a monoclinic (m) crystal
structure.””” At this deuterium fraction, Harbison et al.>”*
observed two weak 'H peaks around 12 and 14 ppm which
were assigned to monoclinic 4-MPPCP. Here, we observe only
a single “H peak at 13.6 ppm. In the next section, we will show
that the 12 ppm peak arises from a 1:2 complex which is
sometimes present in small concentrations. Because of the large
deuteration fraction, no 'H peak is observed for the hydrogen
bonded protons. A sharp '°N signal appears at 246 ppm. We
note that both the ?H and the "N signals of the monoclinic
form do not change with temperature, in contrast to the H,
H, and N signals of the triclinic form.

The most interesting and unexpected spectra depicted in
Figure 6 were obtained for 4-MPPCP-d,, at an intermediate

a MAs Xp~ 0.7 b 5N MAS Xp~07
M 2

182 2445
H m "” 215

m,
142 2443
18.4 m,

H 2462 213
2H 136 277K

14.3

244.2

1y 188 24677 212
H 136 253 K

T T T
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Figure 6. Temperature-dependent solid state MAS NMR spectra of
sample d exhibiting a deuterium fraction of xp, = 0.7. (a) One-pulse 'H
and *H MAS NMR spectra (2.5 mm rotors, 16 kHz spinning speed).
(b) 90° pulse "N MAS NMR spectra (2.5 mm rotors, 18 kHz
spinning speed).

deuterium fraction of 0.7. The N spectra now exhibit two
peaks arising from the triclinic and monoclinic environments.
The triclinic peak (t) appears at 215 ppm as at low deuterium
fractions; the low-field shoulder arising from triclinic ODN
bonds is almost gone. By contrast, the monoclinic signal
exhibits two peaks, a smaller one (m;) at 246 ppm, observed
already for the fully deuterated sample, and a larger one (m,) at
244 ppm. Therefore, we assign m; to 100% deuterated
monoclinic ODN species and m, to monoclinic ODN species
containing some OHN hydrogen bonds nearby.

This interpretation is supported by the 'H and *H NMR
spectra. The latter show that almost all deuterons are located in
a monoclinic environment, exhibiting a chemical shift of 13.6
ppm. By contrast, OHN hydrogen bonds are observed both in
the triclinic environment (18.2 ppm) as well as in the
monoclinic environment, where they resonate at 14.2 ppm.
This means that the monoclinic environment exhibits a primary
H/D isotope effect of PA§(D) = §(ODN) — §(OHN) = —0.6
ppm at 297 K. One would then also expect a secondary isotope
effect on the "N chemical shifts of the isotopically mixed
monoclinic phase m,, but we were not able to directly resolve
the corresponding ODN and OHN signals.

>N NMR Line Shape Analysis of Solid 4-MPPCP. In
order to corroborate the above assignments and to estimate the
secondary one-bond isotope effect on the >N chemical shifts of
'A6(N) = 5(ODN) — 5(OHN), we performed line shape
analyses depicted in Figure 7. The parameters used are included
in Table 1.

Figure 7a shows the analyses of triclinic peaks of sample ¢ at
a deuterium fraction of 0.45. This value was used to fit the
spectra at all temperatures. In addition, the line widths were
adapted but kept constant. Only the signal positions were
adapted at each temperature. The results indicate that 'AS(N)
is about +3 ppm at room temperature and decreased slightly
upon cooling. A similar simulation was performed for the
triclinic peaks of sample d, as depicted in Figure 7c, using the
chemical shifts and line widths of Figure 7a as starting
parameters.

Finally, we analyzed the '°N signal of the monoclinic species,
as depicted in Figure 7b. The mole fractions of all
environments were obtained as listed in Table 1, taking into
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Figure 7. Superimposed experimental and calculated *N MAS NMR signals of 4-MPPCP. (a) Triclinic sample ¢, xp = 0.45 (Figure 4b). (b)
Monoclinic and (c) triclinic regions of sample d, x, = 0.7 (Figure 6b). For further explanation, see the text.

account the intensity ratios of the three major peaks, i.e., 0.25
for t, 0.24 for m;, and 0.5 for m,, as well as the total deuterium
content of 0.7. Assuming that the deuterium fraction in the
triclinic environment is not larger than 0.04, it allowed us then
to estimate the values of 0.08 of H and of 0.42 of D in m,.
These values were used for the line shape analyses of Figure 7b
and c.

Recoupling of Chemical Shielding and Dipolar
"H-">N Coupling Tensors under {'H}-'°N Spin Decou-
pling. At this stage of our study, we wondered whether we
could obtain additional support for the assignment of the '*N
signals to OHN and ODN hydrogen bonds. In fact, we
obtained such a support by performing systematic "N CPMAS
experiments in the presence of {'H}—"°N spin decoupling. We
exploited here the second-order recoupling of chemical
shielding and dipolar coupling tensors under spin decoupling
which has been described for isolated heteronuclear "H—X two-
spin systems.”*>> As we could not find examples in the
literature where larger spin systems have been studied, we were
skeptical in the beginning that we could exploit this effect in the
case of 4-MPPCP, which represents with the hydrogen bond
proton a spin system consisting of eight protons and one N
spin. A look at the crystal structure®® indicated that the protons
of two adjacent 4-MP units are separated at least by 5 A,
corresponding to dipolar couplings below 1 kHz. Thus, we
wondered whether combined "H decoupling and MAS would
also in this case of an isolated 9-spin system exhibit the above-
mentioned recoupling effects.

Indeed, such effects were observed in the {'H} decoupled
N CPMAS spectra depicted in Figure 8. At a deuterium
fraction of xp = 0, upon increasing the decoupling strength, the
sharp signal of triclinic 4-MPPCP broadens and rapidly splits
into a broad doublet, exhibiting two subsignals of equal
intensity. Further increase of the decoupling strength sharpens
the lines and reduces gradually the splitting, as has been
described previously for isolated "H—""N pairs>* and 'H—*'P
pairs.55 In principle, it is possible to obtain the "H—"N distance
from such measurements, but for that, the theory of recoupling

11377
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Figure 8. {'"H} decoupled N CPMAS NMR spectra of 4-MPPCP at

different decoupling strengths (in kHz) and at different deuterium

fractions in the mobile proton sites. (a) Sample a, xp, = 0. (b) Sample

¢, xp = 0.45. (c) Sample d, xp, = 0.7. (4 mm rotors, 12 kHz spinning

speed, 297 K).

in a 9-spin system needs to be developed which was outside the
scope of the present study.

How could we use then this observation in order to support
the signal assignment to OHN and ODN bridges of the
samples containing higher deuterium fractions xp in the
hydrogen bridges? In Figure 8b are depicted the N CPMAS
spectra of the sample with xp = 0.45 with and without {'H}
decoupling. We observe now again a splitting in two
subcomponents, but the left component is more intense than
the right component. This clearly indicates that the left signal
component represents a superposition of a singlet of ODN
which is not affected by the recoupling, and of a symmetric
doublet arising from OHN as in Figure 8a. Because of the
cross-polarization, the signal of ODN might be somewhat
reduced as compared to the corresponding spectrum in Figure
4b taken using single pulses.

Interestingly, at x, = 0.7 (Figure 8c), the doublet splitting of
the triclinic signal was again symmetric. This supports our
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analysis above that at this deuterium fraction there is only a
small amount of ODN bonds in the triclinic environment.
Precipitates of 4-MPPCP with Excess of PCP. During
our initial sample preparations, when we dried the samples in
vacuo, we observed additional signals in the solid state 'H and
SN NMR spectra which did not arise from the 1:1 complex
between 4-MP and PCP. In order to assign these signals, we
prepared solutions of 4-MP with an excess (1:2) of PCP in
CH;0H and CH;0D, removed the solvent in vacuo (procedure
C), and studied the resulting solid samples by solid state NMR.
The results are depicted in Figure 9. In the case of the
nondeuterated sample f, we observed in the "N CPMAS NMR

MAS 297K 15N{'"H} CPMAS 15 4-MP(PCP),
a Xamp/Xpcp = 0.5 A 1?6
e 123 =0 b \ N
H g o N o \ —
T +4-MPPCP
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¢ e [ 245 4-MP(PCP),-d

[N Xamp!Xpcp = 0.5
H 133/ \k//\\\mp PCP d 166
— Xo > 0.95 m-4-MPPCP-d
2 13.6

e XawplXpcp = 0.1 §
s o= W\W
H
g Xamp=0, Xpcp = 1
H

25 20 15 10 5 0 -5
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ppm

Figure 9. NMR spectra of solid samples of 4-MP containing PCP in
excess. (a) One-pulse 'H MAS (16 kHz spinning speed) and (b) {'H}
decoupled "N CPMAS NMR spectra (30.43 MHz, 6 kHz spinning
speed) of sample f containing a 2-fold excess of PCP as compared to 4-
MP. (c) Corresponding one-pulse 'H and ’H MAS NMR spectra of
sample g containing a deuterium fraction larger than 0.95 (2.5 mm, 16
kHz spinning speed). (d) "N CPMAS NMR spectra (60.8 MHz, 16
kHz spinning speed) of sample g. (e and f) Corresponding 'H (2.5
mm, 16 kHz spinning speed) and '*N (30.43 MHz, 6 kHz spinning
speed) spectra of sample h containing a large excess of PCP. (g) One-
pulse 'H MAS NMR spectrum (2.5 mm, 16 kHz spinning speed) of
pure PCP (sample i).

spectrum a signal at 166 ppm besides the signal of the triclinic
1:1 complex 4-MPPCP at 215 ppm. A similar observation was
made in the '"H MAS spectra which contained a signal at 12.3
ppm in addition to the signal of triclinic 4-MPPCP at 18.4 ppm.
We note that the 12.3 ppm signal was observed previously by
Harbison et al®>’ with a very low intensity which could,
however, not be assigned at that time. We assign the new
signals to complexes of the type 4-MP(PCP), present in a
different solid domain than the triclinic 1:1 complex 4-PMPCP.
The high-field shift of 166 ppm clearly indicates a shift of H
toward N. For n = 2, we propose the structure depicted in
Scheme 2.

A similar observation was made for the deuterated sample g.
The only difference is that instead of the triclinic 1:1 complex

Scheme 2. Zwitterionic 1:2 Complex 4-MP(PCP),

CeCls—O,
H

o,
o H»-»N\/:>70H3 4MP(PCP),
Csc|5 —

now the monoclinic 1:1 complex is present resonating at 245
ppm. By contrast, no isotope effect is observed within the
margin of error for 4-MP(PCP),, giving again rise to a *N
signal at 166 ppm and a 'H signal at 12.3 ppm. In the *H
spectra, only the peaks of monoclinic 4-MPPCP are clearly
identified, whereas the 12.3 ppm signal of 4-MP(PCP), is
difficult to assign. By contrast, a broad peak was observed
between 5 and 10 ppm. In order to assign this peak, we studied
the 'H MAS and the "N CPMAS NMR spectra of sample h
containing a 10-fold excess of PCP, as well as the '"H MAS
NMR spectra of pure PCP (sample i). The results are depicted
in Figure 9¢ and f. Although the "N signal is broadened, it is
not shifted as compared to samples exhibiting a smaller excess
of PCP. The broad 'H signal between S and 10 ppm is clearly
assigned to phenol hydrogen bonded to other phenols.

B DISCUSSION

Using 'H, ?H, and N MAS NMR, we have studied solid
phases of 4-methylpyridine (4-MP) hydrogen bonded to
pentachlorophenol (PCP) as a function of temperature, sample
composition, and the deuterium fraction in the mobile proton
sites. The N NMR experiments confirmed the isotopic
polymorphism of 4-MPPCP observed previously by X-ray
crystallography® and by 'H/?’H MAS NMR.”* At a
deuterium fraction of xp < 0.5 in the mobile proton site,
only a triclinic phase structure is observed, exhibiting a very
strong OHN hydrogen bond with a O---N bond length of 2.534
A, representing a solid solution of OHN and ODN hydrogen
bonds. By contrast, at xp > 0.5, a monoclinic phase appears,
exhibiting a O+--N bond length of 2.628 A,* containing mostly
ODN bonds, whereas the OHN bonds remain in the triclinic
phase.

For the strong OHN hydrogen bond of the triclinic phase,
we were able to determine the “primary” H/D isotope effects
on the hydron chemical shifts as well as the “secondary” H/D
isotope effects on the "N chemical shifts. Whereas the latter
have been observed previously'>*®® for other pyridine-acid
derivatives in the solid and the liquid state, we are not aware of
the determination of primary effects by solid state NMR to
date.

As mentioned in the Introduction, this discussion is
organized in two parts. In the first part, we correlate the
NMR parameters of the OHN and ODN hydrogen bonds of
triclinic and monoclinic 4-MPPCP and related complexes in the
solid state and in solution with the corresponding hydrogen
bond geometries, using a single hydrogen bond approach which
is strictly valid only for the gas phase and liquid or solid
solutions. Thus, at this stage, interactions between different
hydrogen bonded complexes are not considered. In the second
part, we show that such interactions, in particular the coupling
of adjacent pairs of hydrogen bonds in triclinic 4-MPPCP, need
to be considered in order to understand its isotopic
polymorphism, the solution-solid state and temperature effects
on the hydrogen bond properties of pyridine-acid complexes.

Properties of OHN and ODN Hydrogen Bonds of 4-
MPPCP and Related Acid—Base Complexes. Geometric
OHN Hydrogen Bond Correlations. In a first step, we have
updated in Figure 10 various geometric correlations for OHN
hydrogen bridges.”*® The parameters used to describe the solid
and dotted correlation lines are assembled in Table 3. Figure
10a contains the geometric OHN hydrogen bond correlation g,
vs q,. For a linear hydrogen bond, g, = r, + r, corresponds to
the heavy atom distance and the proton coordinate g, = '/,(r,
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Figure 10. OHN hydrogen bond correlations. The parameters of the
calculated curves are listed in Table 3. (a) Geometric OHN hydrogen
bond correlation. The squares refer to various neutron diffraction data
of OHN hydrogen bonded complexes in the Cambridge Structural
Database as published by Steiner.”®** The triangles represent the
neutron diffraction data of triclinic 4-MPPCP?® and of 3,5-pyridine-
dicarboxylic acid-h,** the circles to 3,5-pyridine-dicarboxylic acid-d,**
the inverse triangles to the neutron structure of the pyridine-carboxylic
acid OHN hydrogen bonds of isonicotinamide-oxalic acid isomorphs
INA-OXA.*' The diamonds correspond to data obtained by dipolar
NMR of crystalline collidine-acid complexes.'> (b) Estimated primary
geometric isotope effects Aq; (eq S) and (c) secondary geometric
isotope effects Ag, (eq 6). Adapted from ref 20.

— r,) to the distance of H from the hydrogen bond center. The
data points on the left wing correspond to those complexes
where H is located near oxygen. When H is shifted to and
through the hydrogen bond center, the O---N distance
contracts and widens again. Thus, the values of the heavy
atom coordinate g, exhibit a minimum near q; = 0. The filled
squares stem from low-temperature neutron structures of
various crystals exhibiting OHN hydrogen bonds as reported by
Steiner.”” The data points of 4-MPPCP of Figure 1 obtained by
Steiner et al.”® are included as solid triangles at the bottom of
the curve, together with those of 3,5-pyridine-dicarboxylic acid-
h (PyrDCA-h) which have been reported recently.>* By
contrast, the data points of the deuterated analogue,
PyrDCA-d, symbolized by circles, exhibit very different
geometries, although located close to the dotted correlation
line. The inverse solid triangles represent the geometries of the
pyridine-carboxylic acid OHN hydrogen bonds of isonicotina-
mide-oxalic acid isomorphs (INA-OXA).>’ The data repre-
sented by the solid diamonds were calculated using the NH
distances of collidine-acid complexes obtained by dipolar

’H-"N NMR'?® and the N--O distance from X-ray
crystallography,®® assuming a linear OHN hydrogen bond.
The neutron and NMR data sets are in good agreement with
each other.

The solid line corresponds to equilibrium distances where
the location of H is described in terms of a single pair of
coordinates ¢q; and ¢,. Anharmonic quantum zero point
vibrational effects (QZPVE) or other effects which are
responsible for large thermal displacement ellipsoids as
illustrated in Figure 1c are not taken into account. As described
in the Materials and Methods section, the dotted correlation
line includes a correction for QZPVE. Because of the
delocalization of H, the shortest O---N distance cannot be
realized. Therefore, the average values of ¢, around g, = 0 are
located above the minimum equilibrium value of g,.

The empirical correction was adjusted in such a way that the
data point of 4-MPPCP derived from its neutron structure at 20
K (Figure 1b) is correctly located on the dotted correlation
line. The data points corresponding to higher temperatures are
located to a very small extent above this line, illustrating that
upon temperature increase H is shifted through the H-bond
center, accompanied by an increase of the O--N distance,
slightly away from the dotted correlation curve.

The dotted curves in Figure 10b and c provide estimates of
the primary geometric H/D isotope effects Aq, = q;(ODN) —
q:(OHN) and the secondary geometric isotope effects Ag, =
7,(ODN) — g,(OHN) (see egs S and 6) as a function of the
proton location g;. The parameters ¢ and d used (Table 3) to
calculate the curves were chosen to reproduce the isotope
effects on NMR chemical shifts discussed later.

In order to assist the interpretation of these curves, we have
illustrated in Figure 11 two reaction pathways of hydron

b

Figure 11. 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 g,. The squares of the wave
functions of the two lowest vibrational groundstates for H and D are
included. (a) A barrier at the quasi-symmetric midpoint leads to a
small H/D isotope effect on the geometry absent in case (b) with a
very low barrier. Adapted from ref 18b.

transfer in an AHB hydrogen bond from A to B, one exhibiting
a small and the other a very low or no barrier in the quasi-
symmetric configuration around g, = 0. Examples of one-

Table 3. Parameters of the Geometric Hydrogen Bond Correlations of OHN Hydrogen Bonds in Pyridine—Acid Complexes

bon™ (A) rou” (A) b (A)

“Taken from ref 22. The other values are taken from ref 20b.

N (A)
OHN 0.371 0.942 0.385 0.992

f g @ dt @ @
S 2 360 0.45 30 0.45
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dimensional potential curves calculated using known proce-
dures’ illustrate schematically different configurations along
the pathways. Squares of the lowest vibrational wave functions
for H and D are included. In principle, more-dimensional
surfaces have to be used for a quantitative description.""'®>®

In the case of weak hydrogen bonds, deuteration exhibits
little effects. When the hydron position is shifted toward the
hydrogen bond center, deuteration shortens the “covalent”
bond and lengthens the “hydrogen bond” in the case of both
pathways. This is illustrated by the different positions of the
maxima of the H and D distribution functions, corresponding
to the squares of the vibrational wave functions depicted in the
upper and lower parts of both Figure 1la and b. Negative
values of the primary geometric isotope effect Ag; result as
illustrated in Figure 10b when H is close to A and positive
values when H is close to B. The correlation curve Ag, vs g,
exhibits then a dispersion-like shape. By contrast, Ag, is
positive in both wings, leading to a camel-like shape of the
correlation curve for the secondary geometric isotope effect
Aq, vs g, as depicted in Figure 10c.

At the quasi-symmetric configuration around ¢, = 0, the
primary geometric isotope effect Agq, = 0 both in Figure 11a
and b. By contrast, Ag, depends on the barrier height. If the
barrier is very small or absent, D is more confined on average to
the hydrogen bond center than H, leading to a negative value of
Aqg,, as illustrated in Figure 11b.>° By contrast, for a larger
barrier, H is more confined to the hydrogen bond center as
compared to D, and a positive value results, as illustrated in
Figure 1la. In Figure 10c, we have assumed that the barrier
height is such that Ag, = 0 at the quasi-symmetric
configuration.

Finally, in Figure 11, we have assumed that AHB represents a
neutral complex which becomes zwitterionic when H is shifted
from A to B. This shift can occur if the acidity of AH is
increased, but also when AHB is placed in the electric field.'"*
Thus, these hydrogen bonds are “easily polarizable”, as has
been demonstrated by Zundel et al.*" In condensed matter, the
interaction with neighboring molecules then can lead to similar
effects, as discussed below.

NMR Hydrogen Bond Correlations. As information about
hydrogen bond geometries cannot be obtained easily by
diffraction techniques in the case of liquids and biosystems, the
question arises whether such information can be obtained by a
discussion of chemical shifts. For OHN hydrogen bonds in
pyridine-acid complexes, a link between "N NMR chemical
shifts §(OHN) and hydrogen bond geometries has been
found,"” as illustrated in Figure S7a of the Supporting
Information and applied to cofactor-protein interactions.'” In
addition, a correlation of H-bond geometries with the hydron
chemical shifts 5(OHN), with the primary isotope effects on
the hydron chemical shifts PAS(D) (eq 8) and with the
secondary H/D isotope effects on the nitrogen chemical shifts,
was observed.”*

Updated correlation diagrams which include the data of 4-
MPPCP are illustrated in Figure 12. In order to facilitate the
comparison between different pyridine-acid complexes, and to
minimize structural effects, the values of S(OHN) are
referenced individually to those of the corresponding neat
frozen bases assembled in Table 4; i.e., we set S(N)° = 0 in eq 8
used to calculate the dotted correlation curve of Figure 12a
where we have plotted the 'H chemical shifts 5(OHN) of
hydrogen bonded 1:1 complexes of N labeled pyridine
derivatives with various acids as a function of their "N chemical
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Figure 12. (a) 'H vs °N chemical shift correlation of pyridine- and
substituted pyridine acid complexes. (b) Secondary (eq 10) and (c)
primary isotope effects (eq 9) on the "N chemical shifts 5(OHN)
(referenced to the neat frozen bases). The open symbols refer to
solutions in CDF;/CDF,Cl around 130 K. The filled symbols refer to
solid phases. The data of the pyridine and collidine complexes were
taken from refs 12, 19, and 20b, and those of 4-MPPCP were obtained
in this study. All values of §(OHN) are referenced to the neat frozen
bases. QMP: quinidine-methylparaben cocrystal containing a prridine-
phenol type OHN hydrogen bond according to Khan et al. ©

Table 4. Parameters of the NMR Hydrogen Bond
Correlations of Hydrogen Bonded Complexes of Pyridine
Type Bases with Acids®

B = pyridine neat frozen solid” S(N)° 275
B = pyridine inKCIZJDFS/CDFZCl around 130  §(N)° 271
B = collidine nelgg frozen solid around 130 5(N)° 268
B = collidine inKCbDF3/CDF2Cl around 130 S(N)° 260
B = 4- neat frozen solid around 130 S(N)° 266
methylpyridine K®
B =4- in CDF;/CDF,Cl around 130  §(N)° 261
methylpyridine K®
BH* all bases S5(HN)° 9
AH RCOOH S(OH)° 6
BH* all bases® S(HN)° -122
AHB all bases A(OHN) 16
AHB all bases® A(OHN) -16
AHB all bases J(HN)° 110
AHB all bases J(OHN)*  12.5

“Chemical shifts § in ppm, coupling constants ] in Hz. YI5N chemical
shifts with respect to solid **NH,CL “**N chemical shift with respect to

free base.

shifts S(OHN). Filled symbols refer to solid complexes
measured at room temperature and open symbols to complexes
measured in the temperature region between 100 and 150 K,
using CDF;/CDF,Cl as solvent.
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Let us first discuss the dotted correlation curve calculated
using the NMR parameters of Table 4 defined in the Materials
and Methods. The parameters were adjusted to reproduce the
liquid state data which exhibit slightly larger values than the
solid state data. Essentially, the parameters are similar to those
reported previously.18’201”62

The "N chemical shift corresponding to the strongest
hydrogen bond to a pyridine derivative is shifted to about —77
ppm to high field with respect to the free neat base, whereas the
arithmetic mean of the shifts of the free base and free
protonated nitrogen is only —61 ppm. The difference, —16
ppm, corresponds to the excess term A(OHN) in eq 8 and
Table 4. Previously, we did not have such precise information
and neglected this term.

Another difference arises from the recent finding that it is not
possible to use a single limiting 'H chemical shift §(OH)° of
free proton donors such as carboxylic acids and alcohols, in
contrast to our previous assumptions.®>** Whereas for the first
values of 5—6 ppm seem to be appropriate, free alcohol and
water absorb around 0 ppm.>® Therefore, "H vs N chemical
shift correlation curves of OHN hydrogen bonds depend on the
type of proton donor when H is located nearer to the acid than
to the nitrogen base.

The liquid solution data in Figure 12a refer to complexes
using pyridine (pyr)'®® and collidine (col)'® as bases. The new
data point obtained here for 4-MPPCP in freon solution at 130
K (Figure 3) is characterized by a open triangle and is especially
highlighted, as it is somewhat hidden behind other data points.

Whereas complexes of the pyridine-carboxylic acid type in
solution reach maximum 'H chemical shifts of about 21 ppm,
the corresponding value for the solid state is about 2 ppm
smaller, as illustrated by data of solid collidine-acid com-
plexes,'> characterized by solid squares, and the new data
obtained here for solid 4-MPPCP, symbolized by filled
triangles. We will discuss the origin of this effect later in
more detail.

The data point characterized by a '*N chemical shift of —21
ppm (with respect to neat 4-methylpyridine, 245 ppm with
respect to 'NH,CI) corresponds to the monoclinic form at
room temperature, those in the center to the triclinic form
between 228 and 323 K. Data points correséponding to
pyridine-water and pyridine-SiOH complexes® included
previously in the related graph of Figure 4c in ref 20b have
been omitted now, as they require a different correlation curve.

The new data set of 4-MPPCP compares well with those of
the other solid complexes. Particularly interesting is the shift of
the data point of 4-MPPCP when going from the solid to the
polar liquid mixture CDF;/CDF,Cl state at 130 K, exhibiting a
dielectric constant ¢ of about 30 at this temperature. The °N
high-field shift indicates the formation of a zwitterionic form in
solution. On the other hand, the 'H signal shifts to lower field
when going from the solid to the liquid. We will discuss these
effects later.

In the diagram, we have included the 'H/"N chemical shift
data of a quinidine-methylparaben cocrystal (QMP) containing
a quinoline-éphenol type OHN hydrogen bond published by
Khan et al.?° The hydrogen bond is relatively weak, but in spite
of the different substituents, the data point is very well located
on the dotted correlation curve.

We note that the data point of the 1:2 complex of 4-MP with
PCP (Scheme 2 and Figure 9) is not well located on the
correlation curve; we did not include this data point, as the 'H
value of 12.3 ppm may not arise from the OHN hydrogen bond

but from the OHO hydrogen bond. We also note that Figure
S7b (Supporting Information) illustrates how the scalar
couplings 'J(OHN) between 'H and "N correlate with
S5(OHN). The value of 4-MPPCP in freon is well located on
the correlation line proposed previously.*®

In Figure 12b and ¢, we have depicted the experimental H/D
isotope effects 'AS(N) and PAS(D) of pyridine-acid complexes
in solution and the solid state as a function of §(OHN).
Previously, we had not been able to observe primary effects
PAS(D) for the solid state.'®® Here, we succeeded in the case of
triclinic 4-MPPCP to measure both 'AS(N) depicted in Figure
12b as well as PAS(D) included in Figure 12c. The chemical
shifts of the deuterated ODN bridges were obtained at low
deuterium fractions in an environment of OHN bridges. The
data points are well located on the dotted correlation curves
which were calculated using the parameters included in Tables
3 and 4. These curves are analogues of those in Figure 10b and
¢; except for the NMR parameters, they depend on the same
geometric parameters. Thus, the latter and hence the curves of
Figure 10b and ¢ were determined by adapting the dotted lines
of Figure 12b and c to the experimental data.

Generally, we find that the secondary isotope effects 'AS(N)
are somewhat smaller for the solid state as compared to polar
solution, where the difference is larger when H is closer to
oxygen than to nitrogen. The primary isotope effects PA§(D) in
Figure 12c are better located on the dotted correlation curve.
An exception is the data point of the pyridine-formic acid
complex in freon at 109 K. Its value deviates from the value
predicted by the correlation curve. We note that similar effects
are observed for the homoconjugated pyridine and collidine
cations which exhibit NHN hydrogen bonds.*”®” The deviation
indicates that the shortest heavy atom distances are not
reached, which may be a sign of a distribution of H-bond
geometries in solution or a tautomerism between two forms.
Evidence for tautomeric equilibria in pyridine-acid complexes
has been obtained by Perrin et al. from the study of '*O isotope
effects on "“C chemical shifts using dichloromethane as
solvent.”® However, by comparison with Figure 10c, it becomes
clear that the g, values must be between —0.1 and +0.1 A,
indicating that we do not deal with the usual tautomerism
between two well-defined limiting structures as typically found
for intramolecular OHN hydrogen bonds.?'

Finally, the primary H/D isotope effect of —0.1 ppm
measured for QMP by Khan et al.*® is also well located on the
dotted correlation line of Figure 12c.

Isotopic Polymorphism, Temperature Effects, and
Coupling of OHN Hydrogen Bonds in 4-MPPCP. Zero-
Point Energy Differences as Potential Causes of Isotopic
Polymorphism. In this section, we discuss the isotopic
polymorphism of 4-MPPCP as well as its possible origin. The
overview depicted in Figure 13 indicates quite a complex
behavior. In agreement with the 'H/?’H NMR findings of
Harbison et al,*”* at deuterium fractions xp < 0.5, only the
triclinic form is observed. Under these circumstances, triclinic
4-MPPCP is able to incorporate ODN hydrogen bridges in an
environment of OHN hydrogen bridges. At xp, > 0.5, "N NMR
shows that the triclinic phase loses most ODN hydrogen bonds
which form then the monoclinic phase m. m contains two
environments labeled as m; and m,. We tentatively assign m, to
ODN hydrogen bonds surrounded by other ODN hydrogen
bonds and m, to ODN hydrogen bonds which feel an OHN
hydrogen bond nearby (Table 1).
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Figure 13. Isotopic polymorphism of 4-MPPCP revealed by "*N solid
state NMR.

The traditional way to explain isotopic equilibria is based on
the theory of isotope effects developed by Bigeleisen et al.* H/
D isotope effects on chemical equilibria arise mostly from
differences in zero-point energies of hydrogenic vibrations in
the different equilibrating forms.

Along this line, Harbison et al.** have rationalized the
isotopic polymorphism of 4-MPPCP between the pure triclinic
and the pure monoclinic phase depicted schematically in Figure
14a. On the basis of a vibrational analysis using inelastic

a triclinic ¢ monoclinic m
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Tl D
O-L-N OLN
b L=H,D O-L*N
ct
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GP+5 e O
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Figure 14. (a) Explanation of the isotopic polymorphism of 4-MPPCP
in terms of zero-point energy differences between the triclinic and
monoclinic forms according to ref 39. (b) Expansion of the energy
diagram of Figure 14a into a Gibbs free energy diagram.

neutron scattering of triclinic 4-MPPCP-d,, deuterated in the
carbon positions, and IR data of monoclinic 4-MPPCP-d,,*” it
was estimated that for the triclinic phase the zero-point energy
difference & — &P of the hydrogenic H and D vibrations is
very small, whereas the difference ¢, — €,,° for the monoclinic
form is about 500 cm™'. These findings were rationalized
qualitatively in terms of the one-dimensional potential curves
depicted in Figure 14a. If the potential curves are arranged
vertically, as shown in Figure 14a, the OHN-level goes up and
the ODN-level decreases in energy when going from the
triclinic to monoclinic form.

In Figure 14b, we have redrawn the diagram of Figure 14a as
a Gibbs free energy G diagram. G needs to be considered
instead of energy E when different phases are compared with
respect to their relative stabilities. Let us define G,° and G,,° as
the “equilibrium” molar Gibbs free energy of the triclinic and
monoclinic phases illustrated by the horizontal dotted lines, in
which the zero-point energies ¢ and ¢,% L = H, D, of the

hydrogenic vibrations are omitted. The ground states of the
triclinic and monoclinic forms are then given by G,° + ¢, and
by G,° + €, as illustrated in Figure 14b by the bold horizontal
lines. If G,,° < G,°, and the difference IG,° — G,,°l is fixed to a
favorable range of values, G,,° + ¢, > G° + ¢ and G,° + ¢,,°
< G + &P. This can explain the observed isotopic
polymorphism of 4-MPPCP taking into account the Gibbs
phase rule which states that the number of phases is P = C — F
+ 2 =1 for solids with single components C = 1 and F = 2
degrees of freedom for temperature and pressure. Therefore, in
Figure 14b, only the state with the lowest free energy is
considered at a given temperature and pressure; i.e., there is no
Boltzmann distribution between the different phases of a pure
component.

Two questions remain open. The first problem is the reason
why G,° is smaller than G,°. The second problem is the
treatment of solid 4-MPPCP at intermediate deuterium
fractions xp. If one sets the number of components C = 2,
two phases may coincide according to the Gibbs phase rule at
intermediate values of xp, ie., triclinic 4-MPPCP-h and
monoclinic 4-MPPCP-d. On the other hand, as stated above,
at xp < 0.5, a triclinic solid solution is observed.

Geometric Isotope Effects and Mutual Hydrogen Bond
Interactions as a Potential Cause of Isotopic Polymorphism.
We offer here a solution to both problems which is based on
the mutual interaction of hydrogen bonded complexes in the
polymorphs and on the geometric H/D isotope effects
observed. According to the packing diagram of Figure 1, the
hydrogen bonded complexes of triclinic 4-MPPCP-h are
arranged in pairs with antiparallel OHN hydrogen bonds,
about 6 A away from each other. As illustrated in Figure 1Sa,
the protons are located near the hydrogen bond centers; thus,
each complex exhibits a large electrical dipole moment. This
leads to a mutual attraction and a cooperative coupling, as
found previously in a number of cases.*”*>”° Because of their
proximity, the two hydrogen bridges are cooperative in the
sense that they polarize each other. In triclinic 4-MPPCP,
around room temperature, both H's in both bridges have just
crossed the hydrogen bond center and are located on average
somewhat closer to O than to N. Now, if H in the lower bridge
is substituted by D (Figure 15b), the geometric isotope effects
in Figures 11 and 12 indicate that D is displaced somewhat
toward oxygen, accompanied by an increase of the O--N
distance. This leads to a reduction of the dipole moment of the
bridge. The electric field produced at the upper bridge is then
reduced. As a consequence, the dipole moment of the upper
bridge is also somewhat reduced, and hence H in the upper
bridge exhibits also a geometric change, which is, however,
smaller than in the lower bridge. Similar effects have been
observed for other cmépled hydrogen bonded systems by
experiment and theory.”®® As a result, the dipole—dipole
interaction is somewhat reduced, which destabilizes somewhat
the triclinic form. However, this form is apparently still stable
until each hydrogen bonded pair contains up to 1 deuteron, i.e,,
up to a deuterium fraction of about 0.5.

By contrast, when both bridges of a pair are deuterated, each
hydrogen bridge becomes weaker; i.e., both O---D distances are
reduced and both O---N distances are increased, as illustrated in
Figure 15c. Thus, also the corresponding dipole moments are
reduced. That leads to a decrease of the dipole—dipole
interactions of the two adjacent hydrogen bonds and hence
to an increase of the energy of the triclinic polymorph. Thus,
the antiparallel arrangement is destroyed (Figure 15c) and
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Figure 15. Origin of the isotopic polymorphism of 4-MPPCP proposed in this study. (a) Visualization of the OHN/OHN dipole—dipole interaction
in triclinic 4-MPPCP-h. (b) Deuteration of one hydrogen bond decreases the hydron—oxygen distance and increases the hydron—nitrogen distance.
The effect is somewhat transmitted to the neighboring pair. The dipole—dipole interaction is reduced but still strong enough to stabilize the triclinic
structure. (c) Full deuteration leads to a lengthening of both hydrogen bonds and hence to a further reduction of the dipole—dipole interaction. The
latter does not dominate the packing any more, and other intermolecular interactions such as C—H:---Cl hydrogen bonds take over, leading to a
different packing and hence a monoclinic structure after deuteration. (d) Schematic Gibbs free energy diagram of triclinic 4-MPPCP at deuterium
fractions xp, = 0, 0.5, and 1 and of the monoclinic form at xp, = 1. The straight dashed lines represent the molar Gibbs free energies of the triclinic
form at different deuterium fractions. The upward curved dashed line represents the total molar Gibbs free energy of the coexisting triclinic and

monoclinic phases. For further explanation, see the text.

other interactions become dominant. In particular, the X-ray
structure indicates™ that C—H-+-Cl hydrogen bonds take over
and dominate the packing. Now, the complexes are oriented
perpendicular to each other and monoclinic crystals are formed,
as illustrated in Figure 15c.

In order to explain this behavior, we have constructed the
schematic Gibbs free energy diagram depicted in Figure 15d.
The molar Gibbs free energies are symbolized by bold
horizontal lines. Vibrational ground states whose populations
depend on the deuterium fraction xp are symbolized by
horizontal dashed lines.

We assume that the “equilibrium” molar Gibbs free energy of
the triclinic form increases with an increase of the deuterium
fraction xp, but that the value of the monoclinic form does not
significantly depend on «p, ie.,

G’ = G°(xp), G,° = constant (11)
This increase is justified by the loss of dipole—dipole energy
between adjacent OLN dipoles when the deuterium fraction is
increased, as was discussed above. We keep the frequencies of
the hydrogenic vibrations, i.e., the zero-point energies to similar
values as in Figure 14. Thus, we use smaller values for the
triclinic form and larger values for the monoclinic form, but
their exact values are not essential. However, we take into
account that the frequencies of the hydrogenic vibrations, i.e.,
the corresponding zero point energies, might increase some-
what in the triclinic form when the deuterium fraction is
increased, whereas such changes will be small for the
monoclinic form. Thus, we write

L

& where L = H, D

(12)

L
g, = constant,

= gtL(xD)r m

11383

This leads to the Gibbs free energy diagram depicted in Figure
15d. On the left-hand side, the situation of the triclinic phase at
xp = 0 is depicted, characterized by the molar Gibbs free energy
of G°(0) + £(0). After deuteration, at x, = 1, the molar
Gibbs free energy of the triclinic form has strongly increased to
G°(1) + £°(1), resulting in a spontaneous transition to the
monoclinic form exhibiting a much smaller value of G,,° + €,,°.
The preference for the monoclinic phase after deuteration is
much less sensitive to the difference between G,°(1) and G,,°,
and to the zero-point energy differences, in contrast to the
model of Figure 14.

At xp = 0.5, the molar Gibbs free energy will be about
halfway between G,°(0) and G,°(1). We assume that the zero-
point energy contribution is given by the weighted average of
the OHN and ODN hydrogen bonds, leading to a molar Gibbs
free energy of G.°(0.5) + 0.5¢,(0.5) + 0.5¢,°(0.5).

The choice of values of G,°(xp) and of G,,° is such that the
triclinic form is still the dominant one at xp = 0.5, in agreement
with the experiment. Only above this value, the phase
separation occurs.

Finally, the question arises whether the diagram can explain
why the triclinic phase separates into the triclinic-h and the
monoclinic-d phases only above a deuterium fraction of xp =
0.5. It is clear that the separation into two phases requires the
mixing entropy to be overcome. In order to take this effect into
account, we tentatively added to Figure 15d the dashed upward
bulge curve to represent the molar Gibbs free energy of the
separated phases. At xp = 0.5, the molar Gibbs free energy
increases upon phase separation, whereas at higher degrees of
deuteration the biphasic mixture becomes more stable, in
agreement with the results depicted in Figure 13. We note that
this treatment is qualitative, and does not yet take into account
the observation that in the region where the biphasic mixture is
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stable, e.g., at xp, = 0.7, the triclinic-h contains a small amount
of ODN and monoclinic-d a small amount of OHN.

Temperature and Solid—Liquid State Effects. The 'H and
*H NMR signals of the hydrogen bonded hydrons of triclinic 4-
MPPCP exhibit a temperature shift of about A6/AT = —1 X
107 ppm/K and a “N shift of about +1 X 107" ppm/K.
Surprisingly, within the margin of error, neither ’H nor ®N
chemical shift changes are observed for the ODN hydrogen
bond of monoclinic 4-MPPCP (Figure S). How can the
difference between the two systems be explained?

Since a long time, excitation of various hydrogen bond
vibrations has been discussed to explain temperature dependent
average chemical shifts of well characterized hydrogen bonded
complexes in solution.”' However, it is often difficult to
separate this phenomenon from temperature dependent solvent
effects. The latter are not operative in crystals; thus, recently,
for the COOH proton of the polycrystalline dipeptide f-L-
aspartyl-L-alanine, hydrogen bonded to the COO™ group of an
adjacent molecule, a value of A§/AT ~ —0.3 X 107> ppm/K
has been reported and explained in terms of vibrational
excitation.”> According to the OHO-bond correlations,53 this
can be explained in terms of a lengthening of the average H---O
distances. However, this phenomenon alone cannot explain the
different behavior of triclinic and monoclinic 4-MPPCP.

Another explanation of temperature-dependent chemical
shifts of pyridine-acid complexes in solution has been proposed
by some of us, based on low-temperature NMR studies using
the polar freon mixture CDF;/CDF,Cl as solvent.® Its
dielectric constant increases strongly from 10 at 298 K to 45
at 100 K.”* For the molecular pyridine-acetic acid complex
where H was closer to O than to N, a low field shift was
observed upon decreasing temperature, with A§/AT =~ —1.7 X
1072 ppm/K. The maximum chemical shift 5("H),,., ~ 21 ppm
was reached in the case of the very strong chloroacetic acid
complex. By contrast, the H-bond proton signal of the
zwitterionic pyridine-HCl complex appeared again at higher
field but did not shift to high but to low field upon increasing
temperature. Thus, a sign reversal of A6/AT was observed, i.e.,
+1 x 1072 ppm/K.

These findings were modeled theoretically in terms of an
increase of the local electric fields at the OHN hydrogen bonds
when temperature is lowered,*>”>”* as illustrated schematically
in Figure 16a. At high temperature, these fields are small
because the solvent molecules are disordered. However, the
fields become larger when solvent ordering occurs at lower
temperatures, as indicated by the strong increase of the
dielectric constant. The DFT calculations showed® that these
fields increase the OHN dipole moments by displacing the
average H positions along the geometric correlation line
(Figure 10a) from O toward N. The correlation curve of Figure
12a, where the >N chemical shift is a qualitative measure of the
proton position with respect to the H-bond center and the 'H
chemical shift a qualitative measure of the O---N distance, then
explains first the low field shift of the H-bond proton and after
passing through the hydrogen bond center the observed high
field shifts upon lowering the temperature and increasing the
proton donating power of the acid in the complex.

We propose to use a similar scenario depicted in Figure 16b
to describe the temperature-dependent geometric changes of
triclinic 4-MPPCP. At very low temperatures, the neutron
structures (Figure 1c) indicate zwitterionic hydrogen bond
pairs, where the H are located near the N (Figure 16d). At
higher temperatures, vibrational excitation in one bridge will
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Figure 16. Temperature-dependent zwitterion formation of neutral
OHN hydrogen bonded complexes and associated 'H chemical shifts.
(a—c) Driven by ordering of solvent dipoles at low temperatures and
(d) to (f) driven by electrical dipolar couplings between two
complexes oriented in an antiparallel way. For further explanation,
see the text.

shift H toward the H-bond center or beyond, as one can infer
from the simple models depicted in Figure 11. In a similar way
as deuteration, the electric field at the neighboring H-bond will
then also be reduced due to the mutual cooperative coupling,
and the dipole moment decreased by shift of H toward the H-
bond center. However, as the H-bond vibrations are subject to
intermolecular coupling, ie., to the formation of optical
phonons, the excitation will move from one bridge to the
next (Figure 16e), and even to other surrounding pairs. Thus,
on average, a shift of the hydrogen bond geometry more or less
along the correlation line will occur, as was illustrated by the
solid triangles in Figure 12a. The reduction of the local electric
fields will be pronounced at higher temperatures, and both H's
will move closer to oxygen (Figure 16f). These considerations
refer to the average geometries; however, the distribution of
geometries increases with increasing temperature, as illustrated
by the increase of the widths of the thermal displacement
ellipsoids in Figure 1c. The observation that only the left edges
but not the right edges of the ellipsoids change with
temperature indicates that configurations with smaller dipole
moments where H is located closer to oxygen are populated
when the temperature is increased. This is in agreement with
the finding that the electronic spectrum of triclinic 4-MPPCP
contains components at 32520 and 30600 cm ™', associated to
contributions from a zwitterionic and a molecular form.>’
Our interpretation is supported by the observation that
temperature dependent chemical shift changes are only
observed for triclinic but not for monoclinic 4-MPPCP-d. In
the latter, two adjacent complexes are oriented perpendicular to
each other where the dipole—dipole interaction is small.
Figure 16 can also explain the observed '*N high-field shift of
4-MPPCP between the solid state at room temperature and
polar freon solution at 130 K, as was illustrated by the
corresponding data points in Figure 12a. The high-field shift
indicates a substantial lowering of the H--N distance, i.e.,
stabilization of the zwitterionic form by the highly ordered
polar solvent molecules. Similar solid—liquid state effects for
other pyridine-acid complexes have been observed previously."
Maximum 'H Chemical Shifts. Let us now discuss the
different maximum "H chemical shifts 5(*H),,,, of pyridine-acid
complexes, 19 ppm in the solid state and 21 ppm in polar freon
solution at low temperatures (Figure 12c). There is an
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16,74—76 . . .
agreement” that in solution, at a given temperature, a

distribution of different solvent configurations such as those
depicted in Figure 16 is realized, where the exact distribution
function and the size of the barrier in the configuration with the
symmetric potential curve is difficult to elucidate.

In the solid state, as already discussed above, one might also
conceive a rapidly fluctuating distribution of hydrogen bond
geometries, arising from the excitation of intra- and
intermolecular vibrations and phonons. Then, the larger
maximum chemical shifts of the 1:1 acid—base complexes in
solution as compared to the solid state might tentatively be
explained with the presence of a larger amount of quasi-
symmetric configurations in solution. However, further
experimental and theoretical studies will be necessary to
support this interpretation.

B CONCLUSIONS

We arrive at the following conclusions of the present study.

(i) By enrichment of 4-methylpyridine (4-MP) with "N,
multinuclear high-resolution 'H, *H, and particularly '°N solid
state NMR allowed us to measure the chemical shifts of the
hydrons and nitrogen atoms of the OHN hydrogen bridges
formed between 4-MP and pentachlorophenol (PCP) in the
solid state. By comparison with other pyridine-acid complexes,
various hydrogen bond correlations have been improved which
allow one to estimate OHN hydrogen bond geometries from
NMR parameters. The observed H/D isotope effects on the
hydron and nitrogen chemical shifts allow us then to estimate
the corresponding isotope effects on the hydrogen bond
geometries.

(i) A complex isotopic phase diagram of 4-MPPCP was
observed, where the main phases are triclinic 4-MPPCP-h
exhibiting the strongest known OHN hydrogen bond and
monoclinic 4-MPPCP-d, where D is located near oxygen. It
could be shown that this isotopic polymorphism does not arise
from isotope fractionation between the different forms—which
is existent—but that it is the result of the geometric isotope
effects observed. Deuteration increases the hydron—nitrogen
distance and widens the hydrogen bridge, resulting in a
reduction of the local dipole moment. This reduces the dipole—
dipole interaction between different complexes (Figure 13) and
other interactions take over, leading to a different crystal
structure. It seems that H/D isotopic polymorphism is
generally governed by geometric H/D isotope effects.

(iii) The influence of electric fields on the hydrogen bond
geometry of 4-MPPCP is demonstrated by finding a displace-
ment of the hydrogen bonded proton toward nitrogen,
resulting in a zwitterionic structure. Nevertheless, a comparison
of chemical shifts of pyridine-acid complexes in the solid state
and in solution indicates that the proton in very strong OHN
hydrogen bonds in polar liquid is more confined to the
hydrogen bond center as compared to the solid state. The
origin of this effect is related to a low-barrier hydrogen bond in
the solid, whereas a distribution of no-barrier hydrogen bonds
is postulated for the liquid, leading in this case to a solvent
driven tautomerism.

Whereas the case of 4-MPPCP is spectacular, as replacement
of a single H by D leads to isotopic polymorphism, this
phenomenon does not seem to be uncommon in the case of
fully deuterated organic molecules such as solid neat pyridine,**
as mentioned in the Introduction. We think that also, in such a
case, the polymorphism is caused by anharmonic zero-point
vibrations which change slightly the carbon—hydrogen

distances. This changes the van der Waals interactions between
the molecules and eventually the crystal structure.
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