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Abstract: The solid-state structures of three H-bonded
enol forms of 5-substituted 9-hydroxyphenalenones were
investigated to accurately determine the H atom positions
of the intramolecular hydrogen bond. For this purpose,
single-crystal X-ray diffraction (SC-XRD) data were evalu-
ated by invariom-model refinement. In addition, QM/MM
computations of central molecules in their crystal envi-
ronment show that results of an earlier standard inde-
pendent atom model refinement, which pointed to the
presence of a resonance-assisted hydrogen bond in
unsubstituted 9-hydroxyphenalone, are misleading: in all
our three and the earlier solid-state structures the lowest
energy form is that of an asymmetric hydrogen bond (CS
form). Apparent differences of results from SC-XRD and
other analytical methods are explained.

Keywords: intramolecular hydrogen bond; ONIOM QM/MM
computations; single-crystal X-ray diffraction; 5-substituted
9-hydroxyphenalenone derivatives; invariom refinement.

1 Introduction

The hydrogen bond is unique due to its adaptable combi-
nation of electrostatics and covalency. Moreover, it is
important for numerous processes in chemistry and
biochemistry [1–4]. A strong or classic hydrogen bond oc-
curs when there is an interaction between an electron-rich
atom (A), anda sufficientlypositivelypolarizedHatom,which
is part of a covalent bond with an electronegative atom (D).
The D–H⋯A hydrogen bond can appear either between
different molecules (intermolecular) or within the same
molecule (intramolecular). In both cases, the D–H bond dis-
tance is to some extent elongated when compared to equiva-
lent distanceswhere the acceptor atom (A) is absent. A special
kind of hydrogen bond has been reported where the proton is
shared equally between the atoms D and A (D⋯H⋯A). Here
short H⋯A distances lead to an effective coupling between
two covalent, and one ionic valence bond structures in a low
barrier hydrogen bond (LBHB, see Figure 1) [5–8].

Four characteristics for such LBHBs have been defined
[9, 10]: firstly, the D⋯H and H⋯A distances between the
atoms in D⋯H⋯A are longer compared with normal D–H
and H–A covalent bonds and secondly, the D⋯H⋯A bonds
are based on two energetically equivalent atomic arrange-
ments, where each can be formally described by different
mesomeric Lewis structures. Thirdly, the fast equilibrium
through the D⋯H⋯A transition state leads to an energetic
stabilization, which grants the fourth feature, namely that
also the D⋯A distance is shorter than in a normal hydrogen
bond. Enolized diketones, which are stabilized by intra-
molecular OHO hydrogen bonds, are usually thought of as
being centered, linear hydrogen bonds that are involved in
the delocalized π-system to give “aromatic” systems [11].
Such special or near-symmetric hydrogen bonds are often
formed between charged moieties. For O–H⋯O systems
these special hydrogenbonds can be frequently foundwhen
O⋯O distances are short (below 2.5 Å). For cases where a
short-strong hydrogenbond exists, Gilli et al. introduced the
term resonance-assisted hydrogen bond (RAHB) as a
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particular case of an intramolecular hydrogen bond in 1989.
RAHBsare supportedbya conjugatedπ-electron system (see
Figure 2) where six-, eight-, or ten-membered neutral rings
are formed [12–14].

The unsubstituted enolized diketone 9-hydrox-
yphenalen-1-one (9-HP) can exist in C2v or CS formwith a six-
memberedH-bonded ring. In solution, as shown by 1H and 13C
NMR studies [15], 9-HP appears to have C2v symmetry down to
a temperature of 130 K. The higher symmetry could of course
be due to rapid interconversion between its two CS forms. An
IR spectroscopic investigation of both solution and solid state
found no absorption for the O–H stretching band due to the
presence of very strong intramolecular hydrogen bonding

with the carbonyl oxygen [16]. Studies using single-crystal X-
ray diffraction (SC-XRD) have shown that 9-HP possesses a
short O–O distance (<2.5 Å) [17], and that there is a phase
transition between a low-temperature CS form with four
molecules in the asymmetric unit (Zʹ = 4, CSD refcode
HXPHOL11, 215 K), and a room-temperature C2v structurewith
Zʹ= 2where onemolecule is disordered,whoseH-atomswere
omitted in the deposition refcode HXPHOL [18].

The combined use of 13C and 2H spin-lattice relaxation
times provides a convenient means of determining quadru-
pole coupling constants of intramolecular bridgingdeuterons
in planarmolecules in the liquid phase. In systems of the type
D–2H⋯A(2H=deuteron), the strengthof the“hydrogenbond”
is related to the position of the deuteron relative to D and A,
which, in turn, controls the magnitude of the quadrupole
coupling constant. Thus, values of this coupling constant
provide a qualitative criterion of the strengths of hydrogen
bonds in series in which D and A are held constant [19]. The
D⋯H⋯A linear motion may strongly couple with the other
two-protonnormalmodes (D–H⋯AandA⋯H–D), producing
a three-dimensional oscillation. There might also be strong
anharmonic coupling between D⋯H⋯A and the oxygen-
atom normal modes due to the fact that the proton at the top
of thebarrier undergoesa subtlebalanceof forces [20]. For the
intramolecular proton exchange in 9-HP, tunneling can be
calculated from the energy difference between the gerade–
ungerade pair. Such a calculation is based on the proton,
which will spend equal time in each well, and tunneling will
depend on the frequency with which the proton oscillates
between the wells [21]. Gilli et al. differentiated three ways for
making the two resonant forms of intramolecular hydrogen
bonds equivalent (see Figure 3) [22] and further categorized
hydrogen bonds as:
– resonance-assisted hydrogen bonds (RAHBs, here the

two oxygen atoms are interconnected by a system of π-
conjugated double bonds (–O–H⋯O=),

– charged assisted hydrogen bonds (CAHB, divided into
negative (–O–H⋯O−–) and positive (=O⋯H+⋯O=), also
known as (−/+)CAHB), and

– low barrier hydrogen bonds (LBHB) [23].

According to Emsley’s empirical studies, the delocal-
ization of the π-conjugated system becomes greater in case
the hydroxyl-ketone unit forms either intra-molecular, or
infinite-chain intermolecular hydrogen bonds [11].

9-Hydroxyphenalenone and its derivatives are suitable
examples for investigating such strong hydrogen bonds of
keto–enols. The molecule contains a hydroxyl ketone unit
[24] and is an electron acceptor, known for its ability to react
as a radical anion [25, 26], but is also known for formingmetal
complexes [27–30]. It was first synthesized by Koelsch in 1941

Figure 1: Schematic potential–energy curves for hydrogen bonds
(D–H⋯A). Asymmetric double-well potential (a), symmetric double-
well potential (b) and low barrier hydrogen bond LBHB (c). In the
LBHB case two proton normal modes D–H⋯A and A⋯H–D are
shown. The thick arrows indicate the transverse dipole moment
which inverts with tautomerization.

Figure 2: Interconversion between two equivalent minimum energy
(CS) structures with asymmetric hydrogen bridges in 9-
hydroxyphenalen-1-one as an example of an enolized diketone or
hydroxyl ketone. The interconversion occurs through a symmetric
(C2v) (transition-state) intermediate.
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[31]. Derivatives are used for many different applications [25],
in particular as ligand in transitionmetal catalysts [32] and as
neutral radical conductors [33]. The functionalization in the 5-
positions of 9-HP has remained rather rare [27, 34], but was
systematically investigated by DFT computations by Bensch
et al., who considered electronic and photophysical proper-
ties [35], andalsohighlighted that conjugated 5-substituted9-
HP systems are synthetically accessible without the necessity
of protecting the hydroxyl group due to the strong intra-
molecular hydrogen bond.

For 9-HP, the high temperature structure [18] indicates
that a symmetric intramolecular hydrogen bond is present
(symmetric C2ν form, Figure 2). Since anO–Hstretching band
couldnotbe found in the IR spectrumdue to thepresenceof a
very strong intramolecular hydrogen bonding with the
carbonyl oxygen [16], and since 9-HP exhibits 1H and 13C NMR
spectrawhich are consistentwith eitherC2v symmetry orwith
existence of rapidly equilibrating CS tautomers [36], the
question arises how the results from different spectroscopic
techniques and SC-XRD can be joined, understood and
consistently united. Variable-temperature NMR studies on 9-
HP and hydrogenated malonaldehyde, the latter also in
its deuterated form, also support occurrence of fast

interconversion between asymmetrically hydrogen bonded
structures of such bistable molecules, resulting in rapid
prototropy between two equivalent tautomers (see Figure 3)
[15, 36]. X-ray photoelectron spectroscopy (XPS) spectra
showed that the H atom remains localized on one oxygen
atom for at least a few O–H vibrational periods [16]. These
results have been validated by deuteron quadrupole
coupling constants which were shown to be linearly related
to the squares of stretching frequencies for the corresponding
X–H bonds and suggest that 9-HP involves hydrogen bonds
with double-well potentials. Vibronically resolved fluores-
cence and fluorescence excitation spectra of 9-HP show
strong spectral changes when the phenolic proton is
deuterated, implying that the proton motion is coupled to a
rearrangement of the oxygen-carbon molecular framework,
and double-minimum potential energy curve shapes were
calculated for both ground and electronically excited state
[20]. Moreover, it has been calculated that the proton expe-
riences a tunneling effect and therefore a double minimum
potential, implying structural alterations regarding the
equilibrium configuration and the transition state [37].
Ab initio SCF calculations on 9-HP supported the existence
of two equivalent minimum-energy structures with an

Figure 3: Two resonant forms I and II and
three possible ways to interconvert them.
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asymmetric hydrogen bridge (CS, Figure 2). According to
these computations the interconversion between the two
minimaoccurs througha symmetric (C2v) intermediatewhich
is 5.20 kcal/mol above the minimum-energy CS structures
[38]. How do the results from SC-XRD fit into this picture?

9-HP contains a strong intramolecular hydrogen bond
forming a fourth six-membered ring. While all spectroscopic
methods and gas-phase computations agree on the hydrogen
bonds in9-HPhavingdouble-well potentials and twodiscrete
minima, the high-temperature form of the crystal shows a
symmetric intramolecular hydrogen bond [18, 39]. Hence, we
set out to investigate three recently synthesized 9-HP de-
rivatives with substituents in the 5-position (summarized
in Table 1) by SC-XRD, and complemented the experi-
mental studies by QM/MM cluster computations which
take into account the influence of the solid state. These
computations were also performed on 9-HP. SC-XRD
studies made use of invariom [40] aspherical scattering
factors that permit obtaining more precise especial re-
sults than IAM refinement [41]. Using invariom-model
refinement [42], which relies on the Stewart–Hansen–
Coppens multipole model [43, 44] we thus aim for an
accurate determination of the position of the hydrogen
atoms participating in the strong hydrogen bond, and
will find an encompassing explanation for the apparently
contradictory spectroscopic and crystallographic results.

2 Experimental

2.1 Materials

Single crystals of 9-hydroxy-5-(4-methoxyphenyl)-1H-phenalen-1-one
(I), 9-hydroxy-5-(1-methyl-1H-pyrazol-4-yl)-1H-phenalen-1-one (II)
and 5-[4-(9H-carbazol-9-yl) benzyl]-9-hydroxy-1H-phenalen-1-one
(III) were prepared as described elsewhere [33, 45].

2.2 SC-XRD data collection

All single-crystals were carefully selected under a polarizing micro-
scope and mounted in oil on a loop. Data for initial structure solution
were collected using ω-scans on a Bruker Kappa APEX2 CCD Duo
diffractometer with microfocus sealed tube, using Cu–Kα radiation
(λ= 1.54178Å) for I, andMo–Kα radiation (λ=0.71073Å) for II and III. In
order to have diffraction data of similar quality and resolution for all
three compounds, X-raydiffraction data for I–IIIwere then re-measured
at a temperature of 100 ± 2 K at the SLS synchrotron beamline X10SA
withawavelengthof0.6358Åusing 360degreeΦ scanswith aDECTRIS
Pilatus 6M detector. Cell refinement, and data reduction employed the
XDS program [46]. Preliminary refinementwas doneby full-matrix least
squares on F2 using SHELXL-2016 [47]. Empirical (multi-scan) absorp-
tion correction was achieved with SADABS [48]. Crystal structure and
refinement data are presented in Table 2.

2.3 Least-squares refinement and electron density
modeling using invarioms

All non-hydrogen positions for I–III were refined with anisotropic
displacement parameters. For later comparison with the invariom model
[40]SHELXL independentatommodel (IAM) refinementwas repeatedwith
the XD program suite [50]. In addition, the IAM result provided input for
subsequent invariom [42] least-squares refinement with Stewart–Hansen–
Coppens [43, 44] aspherical scattering factors predicted by DFT compu-
tations. IAM and invariom refinement in XD were carried out using the
same X-ray diffraction intensities (merged for I and II, but not III),
weighting schemes and cutoff settings. Since the scattering factors for
some of the more unusual model compounds were not initially present in
the invariom database, several missing model compounds were added. A
Holstein assignment diagram that contains the central molecule, the
model compounds with their SMILES [51] code and the respective IUPAC
name are shown exemplarily for molecule I. The other Holstein plots can
be found in thesupplementary information.Forall geometryoptimizations
underlying the database, the same M06/def2TZVP DFT method/basis set
combination was chosen. Computations using the program GAUSSIAN09
[52] and subsequent Fourier transform with the TONTO program [53]
permitted to generate static structure factors from the wavefunctions ob-
tained; eachmodel compoundwas then fittedwith amultipolemodel; the

Table : -Substituted -hydroxyphenalenones studied here by SCXRD.

Parent molecule R Code Name

I -Hydroxy--(-methoxyphenyl)-H-phenalen--one

II -Hydroxy--(-methyl-H-pyrazol--yl)-H-phenalen--one

III -[-(H-Carbazol--yl)benzyl]--hydroxy-H-phenalen--one
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multipole parameters with their local pseudoatom coordinate system
then constitute a scattering factor database entry. The program XDLSM
[49] was employed for both the aspherical-atom refinements on the
’simulated’ theoretical data, as well as the later refinements with the
experimentally measured data. Concerning the treatment of hydrogen
atoms in the experimental XDLSM refinement, riding hydrogen atom
positions from the IAM were initially used as starting point. The X–H
bonds were then elongated to the M06/def2TZVP optimized result, with
freely adjusted isotropicdisplacement parameters. Finally, forfinding the
hydrogen atom of the strong O–H⋯O hydrogen bond, ultimately all
hydrogen atom positions were allowed to adjust in addition to their
isotropic displacement parameters. XD input files were generated with
thepreprocessor program Invariomtool [54]. Structural data for this paper
have been deposited with the Cambridge Crystallographic Data Center
(CCDC-numbers 1831535 (I), 1831536 (II), 1831537 (III)). These data can be
obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif.

3 Results and discussion

The Holstein plot in Figure 4 and Supplementary Figure S1
shows the fragmentation of the molecules into invarioms

and the model compounds that were necessary to generate
them. The molecular electron density can then be recon-
structed from these fragments. To obtain the Holstein plot
and invariom name, the local connectivity of an atom with
the respective bond-distinguishing parameter, as provided
by the preprocessor program INVARIOMTOOL [53], was
evaluated. This invariom string was then re-interpreted to
give the required model compounds. To facilitate the
reproductionof thiswork, theSMILES string is alsoprovided.

It would have been easier to simply calculate the mo-
lecular electron density once, if the purpose had been to
model the electron density of only one of the molecules.
However, for a series of molecules the model compounds
are the same, apart from a few additional ones in each case.
Invarioms are available from a database. Since computa-
tions of model compounds for invarioms present in the
database do not need to be repeated, computation time is
saved overall. At the same time the coverage of existing
model compounds is continuously expanded, directly
covering even more compounds.

Table : Crystal structure and refinement data for I–III, the three -substituted -HP samples used in this study.

Crystal data I II III

Chemical formula CHO CHNO CHNO

Mr . . .
Crystal system, space group Monoclinic, P/c Orthorhombic, Pna Orthorhombic, Fdd
Temperature (K)   

a, b, c (Å) . (), . (), . () . (), . (), . () . (), . (),
. ()

β (°) . ()  

V (Å) . () . ()  ()
Z   

Radiation type Monochromatised beam (SLS synchrotron), λ = . Å
µ (mm−) . . .
Crystal size (mm) . × . × . . × . × . . × . × .

Data collection and Refinement

Diffractometer Diffractometer at beamline XSA (SLS)
Absorption correction Empirical (using intensity measurements) SADABS version /, multi-scan.

(G. M. Sheldrick, )
Tmin, Tmax ., . ., . ., .
No. of measured, independent

and observed (I > σ(I)) reflections
, ,  , ,  , , 

Rint . . .
(sin θ/λ)max (Å

−) . . .
R[F > σ(F )], wR(F ), S ., ., . ., ., . ., ., .
No. of reflections  (.% compl.)  (.% compl.)  (.% compl.)
No. of parameters   

Δρmax, Δρmin (e Å−) ., −. ., −. ., −.
Absolute structure – – Flack x determined using

, quotients [(I+)–(I−)]/
[(I+)+(I−)] []

Absolute structure parameter – – . ()
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Figure 5 shows the result of including aspherical elec-
tron density in the scattering factor model for the three
molecules in form of a deformation electron density plot. As
has been shown earlier, e.g., in [55], the residual electron
density is usually reduced after invariom refinement, unless
there is disorder or there are other crystallographically
important effects that can be overlookedmore easily in IAM
refinement. Residual electron density due to covalent
bonding is absent and faithfully taken into account in all
three invariom refinements. Isotropic displacement pa-
rameters for hydrogen atoms are also visualized in Figure 5,
and from their size one can see that the hydrogen atoms
participating in the strong O–H⋯O hydrogen bond in I and
II have a larger vibrational amplitude than the other
hydrogen atoms, similar to methyl hydrogens prone to
rotational disorder. While there is residual electron density
in III behind and in between the O–H⋯O oxygen atom of
0.15 e, the hydrogen atom can be located rather precisely in
I, II, and III. Thehighest residual electrondensity peak in III
is higher in invariom than in IAM refinement, but close to
C14, which links the two extended ring systems, i.e., far
away from the hydrogen atom of interest.

Fromall three aspherical-atom structure analyses of I, II
and III it can be seen that the hydrogen atoms of interest are

localized at only one of the two possible oxygen atoms.
While the situation still corresponds to an LBHB in these
substituted 9-HP derivatives, the hydrogen atoms are
located on average in only one of the two possible energy
minima throughout the whole crystal. Further details on the
exact hydrogen bonding situation are provided in Table 3.

4 ONIOM computations

In lightof thechallenge tounderstand theapparentlydifferent
analytical results of SC-XRD, IR, NMR and XPS, it is desirable
tohavea complementarymethod that probes the solid state to
support our interpretation. Therefore, two layer QM/MM
ONIOM [57] computations were performed on the asymmetric
unitmolecules (all structureshaveZ′=1) in the surroundingof
their nearest neighbor molecules that were generated from
space-group symmetry using the program BAERLAUCH [58].
Beforewediscuss the results of a geometryoptimizationof the
central molecule in the cluster, we start discussing the role of
space-group symmetry, since this aspect can be relevant for
the formation of symmetric or unsymmetrical hydrogen
bonding (be it static in time or dynamic).

Figure 4: A representation of model compounds used to reproduce aspherical electron densities for 9-hydroxy-5-(4-methoxyphenyl)-1H-
phenalen-1-one. Blue color was used for the invariom name of an atom of interest. SMILES and IUPAC names are also provided. The latter
describe whole molecules, while the invariom notation defines the local chemical environment of an atom.
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Compound I fulfills the symmetry of the common
monoclinic space group P21/c in the solid, and one can see
from the illustration (Figure 6) of neighboring molecule in
the cluster that the combination of a 21 screw axis and a
c-glide plane leads to an inversion center, so that for all
O–H⋯O moieties there is an O⋯H–O pendant due to
symmetry. Therefore, the in-plane dipole-moment contri-
butions of the intramolecular hydrogen bonds will cancel
out in the crystal. Due to the glide plane the situation is
analogous in III, space group Fdd2, where however no
inversion center is present (the only structure for which a
Flack-parameter is reported). In II, which crystallizes in the
non-centrosymmetric space group Pna21, there is also one
site for the hydrogen atom only, and molecular in-plane
contributions cancel due to π-stacking. We therefore think
that the electric field of the crystals does not play the deci-
sive role in the hydrogen position in the O–H⋯O hydrogen
bond. We note that the dipole moment contributions also
cancel when there is a dynamic exchange in between them.

This is supported by the result of the ONIOM B3LYP/6-
31G(d,p):UFFgeometryoptimizationof the centralmolecules
in their respective clusters as generated from the invariom
refined structures. Figure 6 shows exemplarily the cluster of I

with 15 molecules, emphasizing the central molecule of the
asymmetric unit. The number of molecules (II: 17 molecules,
III: 16 molecules) depends on space-group symmetry and
crystal packing. A molecule was included in the clusters
when a surrounding atom in a neighboring molecule was
within 3.75 Å of any of the atoms in the asymmetric unit.

Bond distances from these computations correspond-
ing to those given for the experimental structures from
invariom refinement are given in Table 4 alongside the
experimental data. These data show that the global mini-
mum of the DFT optimized asymmetric unit molecule in a
cluster of MK point charges [59], with the molecular sur-
rounding subjected to aUFF force field treatment [60], fully
confirm the hydrogen positions of the structures I, II, and
III. It inspires confidence how well experiment and theory
agree, not only among themselves, but also for all three
compounds. The only outlier is the experimentally short
O1-H1 bond in III, which also affects the bond angle δ.
Otherwise there is often quantitative agreement within 3 σ.

5 Discussion: does the LBHB lead
to a shared H position in the
middle of the two oxygen atoms?

After re-refining three crystal structures of 9-HP derivatives
with aspherical scattering factors of the invariom database
we find no convincing evidence for a symmetric “reso-
nance assisted” hydrogen bond in these molecules, and a
symmetric hydrogen bond can be clearly ruled out at the
measurement temperature of 100 K. Although in III re-
sidual electron density is in the order of magnitude of the

Figure 5: A combination of an ORTEP plot of
anisotropic/isotropic displacement
parameters (50% probability), the
deformation electron density and the
remaining residual electron density shown
for all three molecules. For I (top left) only
residuals above 0.2 e are shown, for II (top
right) this threshold value was set to 0.1 e
and for III (below) it was 0.15 e. Figureswere
generated with MOLECOOLQT [56].

Table : Hydrogen-bonding scheme (Å, °) in the three derivatives of
-HP.

O–H⋯O I II III

D–H . () . () . ()
H⋯A . () . () . ()
D⋯A . () . () . ()
D–H⋯A  ()  () . ()
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signal of covalent bonding, and these signals remain after
invariom refinement, residual electron density features
are far away from the hydrogen atom in question and do
not compromise this result. The experimental results are
also in nice agreement with two layer ONIOM computa-
tions, and both methods provide a consistent answer. In
these computations the coordinates of the experimental
crystal structure provide the cluster molecules after
applying symmetry, and only the central molecule is
optimized. The cluster environment is representative of
the crystal field, and the method permits to identify the
hydrogen-atom position corresponding to the solid-state
energy minimum.

So how do these results with local CS symmetry fit
togetherwith the original C2v symmetric high-temperature
structure determination for 9-HP [18]? The results for I, II,
and III apparently agree only with the low-temperature
form of 9-HP (refcode HXPHOL11), where again located
hydrogen atoms were found by SC-XRD, but not with the
room-temperature structure. Therefore, we have also
performed ONIOM computations analogous to those
described earlier for I, II, and III on the 9-HP room tem-
perature structure using the deposited refcode HXPHOL
as input. A difference was that we had to add several
missing hydrogen atoms, so we added a pre-optimization
step of the central molecule in the cluster with the XTB
program [61]. Since in space group is P21/c there were two
possible input structures for the missing hydrogen atom
of interest, both of themwere computed. Like for I, II, and
III both these structures have located hydrogen positions

after optimization. Their energy is similar, the relative
energy difference for the central molecule in the cluster is
4.1 kcal/mol, which is probably within the accuracy of the
computational method. The temperature-dependent dis-
order (and the phase transition) in 9-HP commenceswhen
the energy difference between the lower energy and the
higher energy structure can be overcome. H atoms are
thus not shared between the two oxygen atoms, and are
alternating between molecules related by mirror plus
glide plane according to space-group symmetry, again
canceling the local dipole moments. We conclude that the
room-temperature structure of 9-HP is, analogous to the
NMR results, a disordered overlay of the two possible in-
dividual structures. We have to remind ourselves that in
SC-XRD we obtain positions from a time and space
average of a large number of unit cells. When for 9-HP the
thermal motion of the atoms increases, the average of the
individual structures starts to agree with higher space-
group symmetry, which also leads to an apparently
shared hydrogen atom between the oxygen atoms. Other
factors are the resolution of the experiment, which is
necessarily limited, and tunneling. However, individual
contributor structures still have localized hydrogen
atoms. Even measuring diffraction data to higher resolu-
tion would not change this apparent C2v symmetry,
whereas smaller thermal motion (lowering the tempera-
ture) leads to the phase transition in 9-HP. Hydrogen
atoms in individual molecules remain located at one ox-
ygen atom in both contributing structures for time periods
longer than can be probed by an SC-XRD measurement,

Figure 6: Depiction of the cluster used in the ONIOM B3LYP/6-31G(d,p):UFF computation of I. The central molecule is emphasized. The
invariom result, including the hydrogen atom positions after invariom refinement, was used to generate the input.
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despite but still in agreement with the higher symmetry at
room temperature.

6 Conclusions

While room-temperature SC-XRD using the IAM for 9-HP
apparently disagreed initially with other spectroscopic
results, cluster computations in addition to earlier low-
temperature SC-XRD data collection and analysis falsify
the presence of a C2v symmetric RAHB in 9-HP. These re-
sults are fully supported by IAM as well as more precise
invariom refinements of three more substituted 9-HP

derivatives reported here. ONIOM cluster computations
complement and nicely confirm the analysis. Residual
electron density obtained after invariom refinement was
shown to be a useful validation tool in this context
– recent technical progress in evaluating single crystal X-
ray diffraction data does provide an unambiguous result
in full agreement with other spectroscopic results as well
as DFT computations on clusters of molecules that
represent the solid state.
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Table : Selected distances (Å) for the three -substituted -HP samples used in this study.a

.

I-XRD I-ONIOM II-XRD II-ONIOM III-XRD III-ONIOM

O–C . () . . () . . () .
O–C . () . . () . . () .
O–H . () . . () . . () .
C–C . () . . () . . () .
C–C . () . . () . . () .
C–C . () . . () . . () .
C–C . () . . () . . () .
C–C . () . . () . . () .
C–C . () . . () . . () .
C–C . () . . () . . () .
C–C . () . . () . . () .
C–C . () . . () . . () .
C–C . () . . () . . () .
C–C . () . . () . . () .
C–C . () . . () . . () .
C–C . () . . () . . () .
α . () . . () . . () .
β . () . . () . . () .
γ . () . . () . . () .
δ  () .  () . . () .

aXRD = X-ray diffraction and ONIOM = two layer ONIOM computation.
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