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X-Ray Photoelectron Spectroscopy of
Porphycenes: Charge Asymmetry Across
Low-Barrier Hydrogen Bonds**
Abhik Ghosh,* John Moulder, Martin Bröring, and
Emanuel Vogel

Low-barrier hydrogen bonds (LBHBs), also known as
short, strong hydrogen bonds (SSHBs), appear to be ubiq-
uitous in both organic chemistry and biology.[1] They are found
in many common organic compounds such as carboxylate ±
carboxylic acid complexes[2] and b-diketones.[3] Gerlt and
Gassman[4] have invoked LBHBs to rationalize the stabiliza-
tion of various enol intermediates in enzymatic hydrogen
abstraction from carboxylic acids. They proposed a bonding
scenario in which the hydrogen atom resides midway between
the enolic oxygen atom and the conjugate base of the active
site catalyst. Cleland and Kreevoy[5] extended the same
argument to cover enolate-type intermediates in enzyme-
catalyzed reactions. They noted that these enzymes all exhibit
unusually short heteroatom ± heteroatom distances, which is a
diagnostic feature of LBHBs. They further suggested that the
bonding energy associated with the formation of an LBHB
may be as high as 40 ± 85 kJ molÿ1 and that LBHBs are
essentially covalent. Frey et al.[6] found evidence, in the form
of a strongly deshielded proton in 1H NMR spectra, of an
aspartate ± histidinium LBHB in the catalytic triad of serine
proteases. Other researches have doubted[2] or disputed[7] the
importance of LBHBs in enzyme catalysis, with the result that
a lively debate has surrounded this topic.[8]

On the basis of our involvement with porphyrin chemis-
try[9, 10] and X-ray photoelectron spectroscopy (XPS),[11] it
occurred to us that XPS[12] may furnish unique insights into
the LBHBs found in porphyrin analogues, such as porphyrin
isomers, corroles, and related macrocycles. The activation
energy for NH tautomerism in free-base porphyrins is about
12 kcal molÿ1[13] and the central protons appear delocalized in
the 1H NMR spectra at room temperature. The maximally
symmetric free-base porphyrin tetraphenylporphyrin
(TPPH2) reveals the presence of a single trans tautomer on
cooling the NMR sample.[14] In contrast, XPS, which gives a

practically instantaneous picture of the molecules, reveals two
well-resolved ionization potentials (IPs), separated by 2.0 ±
2.1 eV, of the nitrogen core when measured from above room
temperature down to liquid-nitrogen temperature. The higher
IPs are those of the protonated nitrogen atoms.[11c] An
interesting feature of this result is that this difference in IPs
(DIN-1s), which may be regarded as a difference of about
200 kJ molÿ1 (of electronic charge) in the electrostatic poten-
tial between the protonated and unprotonated nitrogen
atoms, is about 3 ± 4 times the activation energy for proton
transfer. Thus, there is a substantial asymmetry in the charge
distribution between the donor and acceptor atoms even for
moderately low-barrier hydrogen bonds. This result provided
the motivation for an XPS study of the exceptionally low-
barrier hydrogens bonds found in various porphyrin-type
molecules.

The porphycenes (Scheme 1) are of interest in this regard.
The N-H ´´´ N hydrogen bonds in porphycene are exception-
ally strong[15] and the barrier to tautomerism is so low that 1H
and 13C NMR spectra remain unchanged down to 165 K.[16±18]

A density functional theoretical (DFT) study[19] at the B3LYP/
TZDP level provided strong evidence that the ground state of
unsubstituted porphycene corresponds to the trans tautomer.
At this level of theory the optimized NÿH and NH ´´´ N
distances for the trans tautomer are 1.041 and 1.703 �, which
corresponds to a geometrical asymmetry of 0.662 � for the
N-H ´´´ N unit. The trans!cis activation barrier, corrected for
zero-point energy effects, was predicted to be only
2.1 kcal molÿ1, which is consistent with the lack of change in
the NMR spectra down to 165 K. In contrast, the N ´´´ H
distances involving each hydrogen-bonded proton in the
optimized geometry of dibenzoporphycene[20] are nearly
identical, namely, 1.23 and 1.26 �, which corresponds to a
geometrical asymmetry of 0.03 �. This minute geometrical
asymmetry is at, or beyond, the limit of what can be reliably
predicted with DFT, which raises the intriguing prospect that
the dibenzoporphycenes may provide a rare, if not unique,
example of a symmetrical N ´´ ´ H ´´´ N hydrogen bond. XPS
provides a convenient means for examining this issue and here
we report an XPS[21] study of 2,3,6,7,12,13,16,17-octaethylpor-
phycene (OEPnH2),[22] 2,7,12,17-tetra-n-propylporphycene

Scheme 1. Free-base porphycenes studied in this work.
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(TPrPnH2),[23] and 2,7,12,17-tetra-(tert-butyl)-3,6-13,16-diben-
zo[cde;mno]porphycene (TtBuDBPnH2: Scheme 1).[24]

Table 1 lists the N 1s and C 1s peak maxima obtained by
XPS and Figure 1 shows the N 1s XPS spectra. The energy
splitting between the different ionization potentials of the

Figure 1. Nitrogen 1s maxima of the various compounds studied by XPS.
The x axis gives IPs or binding energies in eV. The spectral intensities along
the y axis are in arbitrary units. The lower signal-to-noise ratio in the case of
the spectrum of TtBuDBPnH2 is a consequence of the extra high
instrument resolution used relative to the other samples.

nitrogen core (DIN-1s) decreases along the series TPPH2

(2.1 eV), OEPnH2 (1.75 eV), TPrPnH2 (1.4 eV), and
TtBuDBPnH2 (0.95 eV). The two types of nitrogen atoms
appear as well-resolved peaks in all cases except for
TtBuDBPnH2 where the splitting of 0.95 eV approaches the
limit of the instrument resolution. The results afford a number
of interesting conclusions as well as provoke some significant
unanswered questions, as discussed below.

All the compounds studied have localized, albeit rapidly
tautomerizing, central protons. The assignment of the spectra

are straightforward, based on previous XPS studies[11] as well
as ab initio Hartree ± Fock[11] and DFT equivalent-core[25]

calculations: for each molecule, the higher IP of the nitrogen
core corresponds to the protonated nitrogen atoms.[11c]

The core IPs of the ªunprotonatedº nitrogen atoms
increases along the series of compounds TPPH2, OEPnH2,
TPrPnH2, and TtBuDBPnH2, while the core IPs of the
ªprotonatedº nitrogen atoms decreases.[26] However, although
the difference in the electronic character between the
protonated and unprotonated nitrogen atoms narrows across
this series of compounds, the two types of nitrogen atoms do
not quite equalize. Remarkably, even for TtBuDBPnH2,
whose hydrogen bonds are almost perfectly symmetrical in a
geometrical sense,[20] a significant charge asymmetry persists
across the N ´´´ H ´´´ N units.

The decrease in the DIN-1s value, or the increase in the
hydrogen-bond strength, along the series TPPH2, OEPnH2,
TPrPnH2, and TtBuDBPnH2, correlates with a decrease in
the N ´´´ N separations in the N ´´´ H ´´ ´ N hydrogen-bonded
units in these compounds, with the N ´´´ N distances being
2.93,[27] 2.79 ± 2.80,[22] 2.61 ± 2.62,[23] and 2.51 �,[24c] respective-
ly, for the four compounds (Figure 2). This correlation also

Figure 2. Variation of the DIN-1s [eV] values with N ´´ ´ N separation
[d(N ± N), �]. From left to right: the data points are for TtBuDBPnH2,
TPrPnH2, OEPnH2, and TPPH2.

explains a somewhat puzzling aspect of the data shown in
Table 1: the DIN-1s value of TPrPnH2 (1.4 eV) is significantly
smaller than that of OEPnH2 (1.75 eV). On the basis of the
foregoing argument it appears that this anomaly results from
differences in the skeletal geometry between the two com-
pounds. Indeed, there appears to be a monotonic relationship
between the DIN-1s values and the N ´´´ N separations that also
extends to other tetrapyrroles, such as different porphyrin and
corrole isomers.[9, 28] We shall report XPS results, along with
DFT equivalent-core simulations, on these substances in a
forthcoming paper.[29]

Can we understand or rationalize these large charge
asymmetries, as measured by DIN-1s, across exceedingly low-
barrier hydrogen bonds in terms of a simple physical picture?
Simple electrostatics provides part of the answer. Consider a
proton P placed in a vacuum approximately halfway between

Table 1. XPS peak maxima [eV] of different compounds studied.

Compound N 1s DIN-1s C 1s

TPPH2 397.4, 399.5 2.1 284.6
OEPnH2 397.9, 399.65 1.75 285.0
TPrPnH2 397.8, 399.2 1.4 284.9
TtBuDBPnH2 397.95, 398.9 0.95 284.6
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two points A and B so that the distances P ´´´ A and P ´´´ B are
1.23 and 1.26 �, respectively (these being the NH distances in
an optimized structure of dibenzoporphycene as mentioned
above). A simple calculation shows that the geometrical
asymmetry of 0.03 � with respect to the proton results in a
fairly significant difference in the electrostatic potential
(about 0.3 V) between points A and B. For P ´´´ A� 1.21 �
and P ´´´ B� 1.27 �, the difference in the electrostatic poten-
tial between points A and B is about 0.6 V. These simple-
minded ªproton-in-vacuumº calculations help somewhat in
demystifying how geometrical asymmetries of less than 0.1 �
may engender electrostatic potential differences of several
tenths of an eV (as measured by DIN-1s in this study) across the
termini of a low-barrier hydrogen bond. Clearly, obtaining a
proper understanding the charge distribution of LBHBs
involves much more than these crude considerations and we
hope to present a theoretical analysis of the experimental
results reported here in the not too distant future.

A brief comment may be in order on the question of
whether perfectly symmetrical hydrogen bonds (that is, with
single-well potential energy minima) exist. The bifluoride ion
HF2

ÿ is believed to provide the prototypical example of such
bonding. Another well-studied example of an LBHB system
with at least near-perfect geometrical asymmetry is provided
by the [(CO)5Cr-CN ´´´ H ´´´ NC-Cr(CO)5]ÿ ion.[30] However,
in light of the present results, these as well as other LBHB
systems are well worth reexamining by XPS.

Finally, how might the present results relate to current
research on the role of LBHBs in enzyme catalysis? How
similar are the LBHBs in porphycenes and those found in
biological systems? Although these questions remain unan-
swered at this point, we felt obliged to articulate them here
because, eventually, the large and diverse body of results on
LBHBs, including the present findings, must come together in
a coherent picture.
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Cyano-Bridged 4f ± 3d Coordination Polymers
with a Unique Two-Dimensional Topological
Architecture and Unusual Magnetic
Behavior**
Bao-Qing Ma, Song Gao,* Gang Su, and Guang-
Xian Xu

Cyano-bridged dimetallic hybrid Prussian Blue one- to
three-dimensional (1D ± 3D) coordination polymers based on
[M(CN)6]3ÿ (M�Fe, Cr, Mn) have attracted great attention
because of their rich and interesting structures and magnetic
behavior.[1] These studies were mainly focused on transition
metals. In principle, it would be possible to enhance the
coercive field by the introduction of paramagnetic lanthanide
ions because these possess rather large and anisotropic
magnetic moments. However, the magnetism, rarely inves-
tigated, for known cyano-bridged lanthanide / transition metal
complexes such as ion pairs, dinuclear, trinuclear, tetranu-
clear, and one-dimensional chains,[2] , does not seem exciting,
since the couplings between the lanthanide and transition
metals are very weak, because of the effective shielding of the
4f electrons by the outer-shell electrons. However, the 3D
polymer [SmFe(CN)6] ´ 4 H2O, with strong anisotropic coer-
cive field, exhibits a long-range ferrimagnetic ordering below
3.5 K, and that [TbCr(CN)6] ´ 4 H2O has the highest known
Curie temperature (TC� 11.7 K) for 4f ± 3d molecule-based
magnets.[3] This implies that increasing the number of
dimensions may enhance and improve bulk magnetic proper-
ties. Our strategy for the rational synthesis of a high-dimen-

sional network is to use a suitable combination of cyanide
groups and other bridging ligands. Here, 2,2'-bipyrimidine
(bpym) was selected, in preference to 4,4'-bipyridine and
pyrazine, because it is more capable of transmitting magnetic
interactions[4] and its bis(chelating) coordination modes
facilitate connection between lanthanide ions. Unexpectedly,
two novel coordination polymers [NdM(bpym)(H2O)4-
(CN)6] ´ 3 H2O (M�Fe (1), Co (2)) were obtained, which
have a unique 2D topological architecture, and exhibit
unusual magnetic behavior.

Compounds 1 or 2 were obtained by the slow diffusion of
K3[Fe(CN)6] or K3[Co(CN)6] and bpym with Nd(NO3)3 in a
1:1:1 molar ratio in aqueous solution (30 mL); X-ray diffrac-
tion analysis reveals that the compounds are isomorphous.[5]

The structure of 1 (Figure 1) consists of a 2D net with

Figure 1. ORTEP plot of 1. Selected bond lengths [�]: Nd1-O1 2.423510),
Nd1-O2 2.4524(11), Nd1-O3 2.4739(11), Nd1-N5 2.5105(10), Nd1-O4
2.5326(10), Nd1-N10A 2.5972(15), Nd1-N8 2.6399(13), Nd1-N1
2.6875(13), Nd1-N2 2.7293(10) (Symmetry codes: A: x� 1, y, z).

alternating fused rows of rhombuslike Fe2Nd2(CN)4 rings and
six-sided Fe4Nd4(CN)8 rings. Each Nd3� ion is nine coordinate
being bound by two N atoms from one chelating bpym
molecule (the mean length of NdÿN� 2.7084 �), four O
atoms from water molecules (the mean length of NdÿO�
2.4706 �) and three N atoms from three bridging CNÿ groups
(the mean length of NdÿN� 2.5825 �), yielding a monocap-
ped square anti-prism. The top and bottom planes are defined
by O1, O2, N2, N10A and O3, O4, N1, N5, respectively, and
N8 occupies the cap position. The bpym ligand coordinates to
the Nd ions in a chelating fashion, and the remaining two N
atoms form the hydrogen bonds with the coordinated water
molecules of neighboring Nd3� ion (not shown: O3 ´´ ´ N3A
2.929 �, O3 ± H5 ´´´ N3A 155.808 ; O2 ´´´ N4A 2.850 �, O2 ±
H3 ´´´ N4A 160.088 ; symmetry: A: x, y� 1, z). Although on
chelation bpym and 2,2'-bipyridine (bipy) ligands have similar
steric effects, they give different structures with K3[Fe(CN)6]
and Nd(NO3)3. For the latter, an ion pair compound [FeNd2-
(CN)6(bipy)4(H2O)8][Fe(CN)6] ´ 8 H2O is formed.[2f] The dif-
ference is tentatively attributed to the different affinity of
both ligands.

In the structure of 1 there are two crystallographically
unequal Fe atoms per asymmetric unit; they are located at
inversion centers. The Fe2 center employs four CNÿ groups in
the same plane to connect the Nd3� ions, giving rise to a
double strand chain as found in [{Cu(dien)2Cr(CN)6}n]-
[{Cu(dien)(H2O)Cr(CN)6}n] ´ 4 nH2O (dien� diethylenetri-
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