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Geometric H/D Isotope Effects and
Cooperativity of the Hydrogen Bonds in

Porphycene

Mohamed F. Shibl,” Mariusz Pietrzak,® Hans-Heinrich Limbach,™ and

Oliver Kithn*®

We investigate the primary, secondary, and vicinal hydrogen/deu-
terium (H/D) isotope effects on the geometry of the two intramo-
lecular hydrogen bonds in porphycene. Multidimensional poten-
tial energy surfaces describing the anharmonic motion in the vi-
cinity of the trans isomer are calculated for the different symmet-
ric (HH/DD) and asymmetric (HD) isotopomers. From the solution
of the nuclear Schrédinger equation the ground-state wavefunc-

Introduction

Isotopic substitution provides a rather specific way of obtain-
ing information on the nature of potential energy surfaces
(PES) and molecular wavefunctions.! Observables showing iso-
tope effects include NMR chemical shifts reflecting structural
properties and equilibrium constants,”™ rate constants of reac-
tion kinetics”! or cross-sections in reaction dynamics.” Isotope
effects are especially pronounced when quantum tunneling is
of importance, such as in the case of low-temperature reac-
tions involving the motion of hydrogen/deuterium atoms. As a
matter of fact, this is one of the few instances where quantum
mechanics surfaces, even in complex biological systems (see,
e.g. refs. [9,10]), but also the influence on the structure, that is,
the geometric isotope effect (GIE), is of quantum mechanical
origin. Consider the linear A—H--A hydrogen bond (HB) in Fig-
ure 1a, which is defined by the two distances r, and r,, or alter-
natively, by the coordinates g,=(r,—r,)/2 and q,=r,+r,. Fig-
ure 1b shows effective one-dimensional potentials for the H
and D motion for fixed values of g,.>""'? As a consequence of
the potential’'s anharmonicity and the different zero-point en-
ergies of the ground-state wavefunctions ¥(H) and ¥ (D), a
local probe of the average position will detect a smaller A—D
distance as compared to the A—H distance (primary GIE). More-
over, both distances differ from the predictions of the equilibri-
um distance within a classical nuclei approach as it is obtained,
for example, from a standard quantum chemical geometry op-
timization.

In addition, the shape and height of the barrier of the one-
dimensional potential may be different for the two cases, indi-
cating the interdependence between geometric and kinetic
isotope effects. This is where the correlation between the H/D
(g;) and the heavy atom A--A (g,) motion comes into play.
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tion is obtained, which is further used to determine the quantum
corrections to the classical equilibrium geometries of the hydro-
gen bonds and thus the geometric isotope effects. In particular, it
is found that the hydrogen bonds are cooperative, that is, both
expand simultaneously even in the case of an asymmetric isotop-
ic substitution. The theoretical predictions compare favorably
with NMR chemical-shift data.
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Figure 1. a) Linear hydrogen bond with the distances r, and r, as well as the
definition of g, and g,. b) Schematic effective one-dimensional potentials
and ground-state vibrational functions for hydrogen (black) and deuterium
(grey). ¢) Schematic view of the ground-state wavefunction for hydrogen
(black) and deuterium (grey) in a two-dimensional potential surface incorpo-
rating g, and g, of panel (a).
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Viewed from a two-dimensional quantum perspective, as
sketched in Figure 1c¢, the coupling between g, and g, leads to
a PES which results in a ground-state wavefunction tilted with
respect to the coordinate axes. In this picture, isotopic H/D
substitution causes a simultaneous motion along g, and g,
that is, the local maxima of the distribution shift to larger abso-
lute values of these coordinates. In other words, the HB ex-
pands, that is, it is weakened. This so-called secondary GIE on
the HB distance g, was first investigated for molecular crystals
using X-ray crystallography by Ubbelohde and Gallagher (Ub-
belohde effect)."™ It was only recently, that Benedict et al.
showed that primary and secondary GIEs in N--H—N HBs can
be obtained as well from solid-state "N NMR measurements.”’

In the present Article we give a theoretical account on the
GIE of an intramolecular double HB. Multiple HBs continue to
attract considerable attention, not least because of their prom-
inent role in biological systems.™ An issue of principal impor-
tance concerns the question whether H dynamics in multiple
HBs takes place concertedly or by means of uncorrelated indi-
vidual steps. NMR relaxometry measurements may give evi-
dence for the preferred mode of transfer as shown, for exam-
ple, in refs. [15,16]. At this point, one may ask whether the GIE
contains such information as well. It has been shown for the
intermolecular HB in the acetic acid dimer that the GIE indi-
cates cooperativity of the two HBs.'” Cooperativity implies
that isotopic substitution in one HB leads to a geometric
change in the other HB, which goes into the same direction,
that is, both HBs may contract or expand. To bring this into
the context of H transfer, consider an intramolecular double
HB as shown in Figure 2. A concerted double H transfer re-

concerted

stepwise

Figure 2. Sketch of concerted (upper path) and stepwise (lower path)
double H atom transfer and its relation to the likely rearrangement of the
molecular skeleton.

quires the molecular scaffold to follow the motion in such a
way as to provide a simultaneous contraction of both HBs.
Conversely, in a stepwise process, the molecular rearrangement
is likely to be non-symmetric. The same would hold for a
double D transfer. The following question arises: what happens
upon single deuteration (HD case)? One may argue that the
asymmetry introduced by the different masses will make the
transfer stepwise in any case. On the other hand, if the prefer-
red mode of scaffold rearrangement is of the symmetric type,
this might still be observed notwithstanding the perturbation
of the symmetry due to H/D substitution. In other words, the
HBs are cooperative and thus the GIE may give strong indica-
tion for the transfer mechanism in a double HB.

In a first step to assess this working hypothesis we have
studied the GIE in the intramolecular double-HB system por-
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phycene shown in Figure 3. Porphycene has been synthesized
by Vogel et al.'® as a constitutional isomer of porphin. As com-
pared to the latter, it provides a tighter cavity for the two H

Figure 3. The DFT(B3LYP)/6-31G(d,p) optimized geometry of a trans isomer
of porphycene. Notice that the N—N distance and the N—H—N angle are in
fair agreement with the experimental values of 2.63 A" and 152°.1'9

atoms which enhances the strength of the HBs. This statement
is supported by X-ray diffraction,”"® infrared,"” and NMR spec-
troscopy™ (for a review, see also ref. [21]). From the theoretical
point of view, porphycene is an example for a system exhibit-
ing a Hartree-Fock instability. This issue was addressed by
Hohlneicher and co-workers who showed that Hartree-Fock
theory predicts an electronic ground state of low symmetry
with pronounced bond-length alternations. This failure can
only be compensated by accounting for electron correlations,
for example, at the level of density functional theory (DFT).*?
Although the infrared spectrum could not give clear evidence
for the most stable isomer,"? quantum chemical calculations
indicate that the trans isomer shown in Figure 3 is the most
stable form (see also ref. [23]).

The theoretical prediction of the GIE requires the calculation
of the wavefunction for the nuclei involved in the HBs. In this
case one usually resorts to the Born-Oppenheimer separation
of electronic and nuclear coordinates restricted to the electron-
ic ground state. In principle, one needs to obtain a PES along
relevant coordinates for which the nuclear Schrédinger equa-
tion can be solved (see, for example, refs. [3,5, 11, 24]). Alterna-
tively, the PES can be generated on the fly along with a molec-
ular dynamics simulation® or the standard Born-Oppenheim-
er separation can be abandoned by treating the proton/deu-
teron on the same footing as the electrons. The latter, so-
called multicomponent, approach is computationally very de-
manding. For molecules of the size of porphycene further ap-
proximations are required, degrading the quality of the quan-
tum chemistry.?

Herein, we present multidimensional nuclear wavefunction
calculations of the HH/HD/DD primary and secondary GIE in
porphycene. In the following section we extend our previous
study of the HH/DD GIE in porphycene®® and derive reduced-
dimensionality Born—-Oppenheimer PES based on explicit two-
dimensional quantum chemical calculations supplemented by
third-order anharmonic couplings for the different isotopom-
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ers. The expectation values for the atomic positions are ex-
tracted from the respective four- (4D, HH and DD case) and
six-dimensional (6D, HD case) nuclear ground-state wavefunc-
tions. Subsequently, the predicted GIEs are compared with
NMR data and implications for the cooperativity of the double
HB in porphycene are addressed.

Computational Methods

We consider the behavior of the nuclear ground-state wave-
function of porphycene in the vicinity of a trans geometry (see
Figure 3) on the Born-Oppenheimer PES. For all quantum
chemical calculations we used the DFT/B3LYP method in com-
bination with a 6-31G(d,p) basis set as implemented in Gaussi-
an03.”” The above-mentioned restriction to a single nuclear
configuration neglects—of course—the influence of the tun-
neling coupling between the two trans minima. However,
since the tunneling splitting, as determined from fluorescence
excitation spectra, is relatively small (4.3 cm™"),"*® there should
be only a marginal effect on the shape of the local probability
density. This approximation has been checked by two-dimen-
sional model calculations, which include the coordinates of the
concerted motion of the two hydrogen atoms in a relaxed mo-
lecular scaffold.?”

This allows us to express the vibrational Hamiltonian in the
Watson form® by means of the 3N—6 mass-weighted normal-
mode coordinates, {Q,}, of a C,, trans configuration (N=38 for
porphycene). If {P;} denotes the set of conjugate momenta,
and provided that rotation is neglected, one has [Eq. (1)]:

H= Z%ﬂz + V@) + > vP(Q,Q) + Y vP(Q,Q, Q)

i<j i<j<k
M

Notice that the potential-energy part involves an approxima-
tion, since the full potential is expressed in terms of one-, two-,
and three-mode correlation potentials as indicated by the su-
perscripts.®" Notice further that due to the mass-weighting of
the coordinates, a PES has to be determined for each isotopo-
mer.

The selection of relevant coordinates starts from the sym-
metric ( ?H/DD) and antisymmetric ( ;'H/DD) N—H(D) stretching
vibrations, the former is shown in Figure 4a. In a preliminary
investigation®®® we identified a strongly coupled low-frequency
mode (Q"/°®) for the HH and DD case by displacing the mo-
lecular geometry along Q" and Q"/°® and calculating the
force exerted on all other normal modes. The displacement
vector of this strongly coupled mode is shown in Figure 4d.
Apparently, this promoting-type mode causes a symmetric
contraction of the two HBs, that is, it is strongly related to the
secondary GIE. In passing we note that this low-frequency
mode has also been used to explain temperature-dependent
tautomerization rates.”” Taking these three modes we deter-
mined a PES on a numerical grid incorporating up to two
mode correlations in Equation (1). To refine this model we
have calculated third-order force constants, K, using the com-
bination of analytical Hessians and finite differencing, as pro-
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a) QM (A,,2801/2154) b) O™ (B,,947)

c) 0 (919) d) 0" (A,.187/185)

Figure 4. Selected normal-mode displacement vectors entering the 4D
model for the HH and DD cases. The harmonic frequencies are given in pa-
renthesis (HH/DD in cm ™). The DD modes that are not shown are rather
similar to the respective HH modes. The frequency of the asymmetric NH
stretching vibration, Q" (B,), is 2892 (2155) cm™.

posed in ref. [32]. It turns out that in both cases, HH and DD,
there is an additional important coupled mode ( ;'H/DD), at
around =900 cm™', whose displacement vectors are shown in
Figures 4b (HH) and 4c (DD). Displacement along this mode
lowers the symmetry and allows for asynchronous contraction/
elongation of the two HBs. There are no diagonal third-order
force constants for this mode, however, there is a particularly
strong three-mode correlation with the stretching vibrations,
Kfi=-224cm™ and K3 =-197cm™', as well as a weaker
coupling with the antisymmetric stretching and the low-fre-
quency vibration, Ky =-35cm™" and K}, =-24cm™". All
other couplings do not exceed 10 cm™". Keeping the harmonic
approximation for mode Q;'H/DD and combining it with the ex-
plicit two-mode potentials for modes Q"/°°, Q"/°°  and

HH/PD a5 well as the third-order anharmonic couplings men-
tioned before, we arrive at a 4D model for the HH and DD
cases.

For the asymmetric-substitution case, HD, we followed the
same strategy. First, an explicit two-mode correlation potential
was obtained comprising the two local stretching vibrations
Q® and Q° and the strongly coupled low-frequency mode
QP (see Figure 5). Next, three more modes, Qi°Q°Q:°, were
added after inspection of the third-order anharmonic force
constants. As can be seen from Figures 5b-d, these modes in-
volve skeleton rearrangements as well as substantial NH

(Q5°,@Qi°) and ND (Q!°) bending. The coupling constants ex-

ceeding 30cm™ are of two-mode origin, that s,
Ko =-127cm™, K2 =75cm™, Ko =140cm™, and KD =
www.chemphyschem.org 317
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a) )" (2155)

d) 0" (929)
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Figure 5. Selected normal-mode displacement vectors for the 6D model PES
in the HD case. The harmonic frequencies are given in parentheses (in
cm™). The frequency of the NH stretching mode, Q'®, is 2892 cm™', whereas
for the lowest frequency mode of the model, Q°, we have a value of

186 cm™".

—-139cm™.
mode  coupling s

The largest three-
KHD*
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the distortion of the PES with respect to the harmonic case. By
virtue of the chosen normal-mode coordinate system, the min-
imum of the PES is at Q=0, which corresponds to the equilib-
rium distance in the classical nuclei limit.

The ground-state probability distributions are also shown in
Figure 6. Mere visual inspection already indicates that the
maxima of these densities do not coincide with the PES
minima, that is, they are shifted according to the distortion of
the PES. In order to quantify this deviation we have calculated
the expectation value of the model coordinates [in units of a,
(@m.u)"?: For the HH case we obtain: (Q")=0.07,
(Q") =(@") =0.00, and (Q") = —0.48, whereas for the
DD case we have: (Q°) =0.05, (Q°) = (Q}") = 0.00, and
(Q}°) = —0.26. For the asymmetric HD case, on the other
hand, the expectation values of all coordinates differ from
zero. We find: (Q°) =0.04, (Q}°) = —0.05, (Q°) = —0.01,
(@) = 0.02, (Q°) = —0.01, and (Q°) = —0.34. Notice that
these values reflect the combined effect of anharmonicity and
guantum-mechanical zero-point energy.

In order to establish a link to the geometries, which are usu-
ally obtained from NMR experimental data, we have to trans-
late these expectation values into geometric changes. This was
done by displacing the equilibrium structures along the
normal-mode coordinates according to these expectation
values. From the so-obtained geometry we determined the

136
—23cm™.

To calculate the ground-state
wavefunction for the Hamiltoni-
an, Equation (1), we employed
the multiconfiguration time-de-
pendent Hartree approach® to-

gether with imaginary time
propagation®  using  the 1
Adams-Bashforth-Moulton inte-

grator, as implemented in the %5 =N
Heidelberg MCTDH program £ \ll{{(”%%\\h\\‘\\“\
package.” N &)
= ==
A -
Results and Discussion ~1

From Multidimensional
Wavefunctions to the
Geometric Isotope Effect

In Figure 6 we plot exemplary
two-dimensional cuts of the
multidimensional PES. For the
HH and DD cases these cuts re-
flect the symmetry with respect
to Q" =0 and Q""" =o.
This symmetry does not exist
for the asymmetric (HD) substi-
tution case. The anharmonic-
mode coupling is obvious from

Q:"H/ao(a.m.u)”2
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Figure 6. Exemplary cuts of the multidimensional PESs together with the respective ground-state vibrational prob-
ability density functions. The latter were obtained by using a harmonic-oscillator, discrete, variable representation
on the following grid [in a, (a.m.u.)"?]: O?/HZ/HD/DD [—0.65:0.65] (64 points), Q5"/"*/P° [—1.5:1.5] (64 points), QP
[—1.5:1.5] (64 points), Q° [1.5:1.5] (64 points), and Qe Qt° [-6.5:6.5] (128 points). Contour spacing for the
potential: 0.05-1 (in steps of 0.05 eV, first row) and 0.05-0.8 (in steps of 0.05 eV, second and third rows).
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corresponding new bond distances which contain the quan-
tum correction on the anharmonic PES.

Table 1 summarizes the hydrogen-bond parameters, Ry, Run
Ry @s well the NHN angle for the HH, HD, and DD cases.
Comparing the HH and DD cases we observe the ordering:
Ru™ < RR™(DD) < REE™(HH), RY, > RY%(DD) > RY(HH),
and R > RU™(DD) > RI™(HH) from which we can draw
the following conclusions: The quantum effects lead to an

Table 1. HB parameters [A and °] as calculated by the conventional
method (classical nuclei) and from the coordinate expectation value on a
four- and six-dimensional PES for HH/DD and HD, respectively.

Classical HH(4D) HD (6D) DD(4D)
H D
Ru 1.049 1.080 1.078 1.067 1.066
Ryen 1.678 1.622 1.630 1.642 1.649
R 2.655 2.628 2.636 2.637 2.642
<NHN 152.8 152.6 152.8 152.8 152.7

elongation of the NH distances and an accompanying contrac-
tion of the NN distances. This simultaneous change reflects the
multidimensionality of HB dynamics (cf. Figure 1c) which in
the present case leads to a bond that is stronger in the quan-
tum case as compared to the classical one. Double deuteration
causes the quantum effects to diminish, that is, the HB be-
comes weaker. In essence this is what is behind the so-called
Ubbelohde or secondary GIE for HBs having a double mini-
mum potential.

Focusing on the case of single deuteration (HD), we observe
that the distances Ry, change in a similar way to those in the
HH and DD cases upon including quantum effects. On the
other hand, the distances Ry take values which are about the
same for both HBs and which are intermediate between the
HH and DD cases. In other words, single substitution leads to a
weakening of both HBs as compared to the HH quantum case.

Comparison with NMR Experimental Results

In this section we compare our calculations with experimental
data. Unfortunately, a direct measurement of geometric H/D
isotope effects using X-ray diffraction is not precise enough to
analyze tiny changes in HB geometries upon deuteration.
Moreover, semideuterated samples would give only averaged
distances over both N--H—N and N-D-:N hydrogen bonds,
which is insufficient for our study. Therefore, we used NMR as
an indirect method to determine the GIE in the following way:
In the first step, isotope effects on chemical shifts of bridging
protons in porphycene as well as in three substituted porphy-
cenes® were obtained. The 'H and 2H NMR spectra of partially
deuterated porphycene and its derivatives were recorded, and
the chemical shifts of different isotopomers, Oy, Opp, Opn, and
6QD were measured. In the second step, the NMR chemical
shifts were correlated with the geometry parameters g,=
(ry+r,)/2 and g,=(r,+r,), as depicted in Figure 1a. From
Table 1 we recognize that the NHN angle is not much influ-
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enced by quantum effects and deuteration, that is, we can
assume that r; ~ Ryy and r, =~ Ry.4.

Steiner obtained an experimental correlation between g;
and g, based on neutron diffraction data for various N—H--N
hydrogen bonds.?”*¥ This relationship indicates that both pa-
rameters g, and g, are related to each other and cannot be
varied independently. Limbach et al. modified this correlation
and obtained a better fit to experimental data, especially in
the region of symmetric and quasisymmetric hydrogen bonds
(where g, is close to 0).*® Knowing experimental X-ray geome-
tries of porphycene and porphyrin, as well as N—H distances
obtained from dipolar relaxation data,"® and adapting an ex-
perimental model for the N-H--O hydrogen bond™” to the N—
H--N case, we can predict the primary H/D GIE. An established
correlation of proton/deuteron chemical shifts and the geo-
metric parameter g,""® made it possible to estimate the secon-
dary H/D GIE as well. The g, and g, values obtained from this
analysis, as well as those obtained from the theoretical model,
are collected in Table 2.

Table 2. HB length g,=(r,+r,) and hydrogen-transfer coordinate gq,=
(r,—r,)/2 obtained from NMR experimental results (the theoretical values
according to Table 1 are shown in parenthesis).

HH HD DD
H D
a, Al 0.2500 0.2559 0.2656 0.2706
(0.2700) (0.2750) (0.2870) (0.2905)
q, (A 2.7000 2.7059 27147 2.7200
(2.7020) (2.7080) (2.7090) (2.7150)

Comparing experiment and theory in Figure 7 we should
take into account the following points: 1) There are several
sources of experimental errors arising from the deconvolution
of the chemical-shift data, their correlation to g, values as well

0.02

0.00

Figure 7. Comparison between theoretical (2) and experimental (m) values
of the change of the HB parameters g, and g, with respect to the HH case.
Notice that the experimental data points derive from the analysis of the
chemical shifts Oy, Oyp, Opr,and Spp.
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as the g,—q, correlation. 2) The level of quantum chemistry
and the reduced dimensionality model introduce an error
which is similar for all isotopomers, although difficult to quan-
tify.

Consider the primary GIE, that is, the change of g, shown in
the upper panel of Figure 7. Here, the agreement between
theory and experiment is excellent. Notice that according to
Table 2, there is a rather small offset of 0.02 A between the ab-
solute values. The predicted value of g, for the HH case coin-
cides almost quantitatively with the experiment (cf. Table 2). As
far as the secondary GIE (i.e. the change of g,) is concerned,
the shift for DD essentially agrees within the expected error
limits. For the HD case, theory predicts a rather concerted ex-
pansion of both HBs. The experimental data indicate the same
cooperativeness although the expansion is not as symmetric.
Nevertheless, the overall agreement between experiment and
theory is rather satisfactory, thus substantiating the conclusion
that the two intramolecular HBs in porphycene are behaving
cooperatively.

Conclusions

Combining quantum chemical PES calculations with a multi-
configuration time-dependent Hartree solution of the nuclear
Schrédinger equation, the multidimensional ground-state
wavefunction for the double HB in porphycene was investigat-
ed. As a consequence of the combined effect of zero-point
energy and anharmonic mode coupling, the expected values
of the interatomic distances deviate strongly from classical pre-
dictions giving rise to a quantum mechanically induced
strengthening of the HBs. Since the zero-point energy depends
on the nuclear masses, one observes an isotope dependence
of the HB distances, that is, the HB strength is modified. Com-
paring this geometric isotope effect for symmetric (HH/DD)
and asymmetric (HD) isotopomers it was found that even a
single substitution already causes a simultaneous contraction
of both HBs.

The theoretical predictions were confirmed by NMR experi-
mental data. For the primary geometric isotope effect we
found a good agreement between theory and experiment. Al-
though this agreement deteriorates for the secondary geomet-
ric isotope, the comparison is still reasonably good, in particu-
lar if one takes into account possible experimental and theo-
retical errors. Thus, we can conclude that the two HBs in por-
phycene are cooperative.

In summary, we demonstrated that geometric isotope ef-
fects can, in principle, be used to address the issue of coopera-
tivity of coupled intramolecular HBs. The favorable—almost
quantitative—comparison between experiment and theory for
a system of this size is rather encouraging. Returning to our
working hypothesis, our findings for porphycene do not yet
support the conclusion that the cooperativity expressed in the
geometrical changes also leads to a preference for concerted
double hydrogen transfer. To address this point and to estab-
lish a firm relation between the quantum effects on the geom-
etry and the kinetics, as well as the dynamics of HBs, further
studies are necessary.
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