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ABSTRACT

The solid forms of acetaldehyde phenylhydrazone were investigated in detail over a century
ago, with curious results: it was reported that a low melting form could be transformed into a
high melting form by trace alkali, and the reverse process could be brought about with trace acid.
Our re-investigation of this puzzle with modern instrumentation has shown that all samples,
although exhibiting sharp melting points varying from 56 °C to 101 °C, have identical IR and
solid-state NMR spectra and identical crystal structures. NMR studies of the melts provided the
key to the understanding of this strange behaviour: differently melting samples did so because
they initially melted to liquids with different proportions of the Z and E isomers, although given
enough time they all tended to the same equilibrium proportion. The leading role of the
isomerization rate in the melt was confirmed in cyclic DSC experiments and accompanying
simulations. In the case of polymorphism, different structures melt to the same liquid. In the

present case, the same structure melts to different liquids



INTRODUCTION

Emil Fischer first prepared acetaldehyde phenylhydrazone (APH, CgH1oN2, Figure 1) in 1877,
during an investigation of the reactions of phenylhydrazine. In 1896 he reported that there were
three forms of it, with melting points of 63-65 °C, 80 °C and 98-101 °C.? At that time the
concepts of multiple solid-state forms were still in their infancy, so this observation attracted
much attention. The compound was subsequently re-investigated by several groups including
Causse,®> Bamberger and Pemsel,* Lockemann and Liesche,® Robertson,® and Laws and
Sidgwick.” Lockemann and Liesche came to the conclusion that there were only two distinct
forms, of melting point 56°C and 98 °C. Causse identified several novel reaction products, one
with a melting point of 80 °C, a source of some confusion, because the form with a melting point
of 80°C reported by Fischer was undoubtedly the intended compound. Laws and Sidgwick
thought that samples of melting point 80°C were merely solid solutions of the low and high

melting forms.
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Figure 1. The structure of acetaldehyde phenylhydrazone.



According to all of these authors, crystallisation of aqueous ethanolic solutions containing
trace alkali (NaOH, Na.CO3, KOH, Ba(OH)., ammonia) will yield the high melting form. A
solution treated with trace acid (HCI, HNOs, H2SO.) will yield the low melting form.

The low melting solid can be converted to the high melting form by slurrying in faintly
alkaline solution, or by allowing ammonia vapour to permeate the solid for a few minutes.
Conversely, the high melting solid can be converted to the low melting solid by slurrying in a
faintly acid solution or by treatment with acidic vapours (HCI, SO2-H20). The quantities of acid
and alkali described are very small; we have found that as little as one-thousandth of a molar
equivalent will drive these changes. Lockemann and Liesche report that allowing acetaldehyde
phenylhydrazone to stand in a desiccator over concentrated sulphuric acid, or keeping it in an
atmosphere of hydrogen that had been previously dried over sulphuric acid will catalyse the
formation of the low temperature form. So, minute concentrations of acids will bring about
change. Even weak acids will work: carbon dioxide in the atmosphere was reported to be
effective on wet samples. Clearly these results are thermodynamically impossible for a
polymorphic system. Indeed, catalysis can accelerate a spontaneous polymorphic transformation
(one accompanied by a negative Gibbs energy change) that is too slow to be observed in a
reasonable time period, by lowering its activation energy. But it is impossible to catalytically
promote a non-spontaneous process, without any additional energy input. Thus, if the high
temperature form is also the thermodynamically stable form at room temperature, then it is
impossible to spontaneously transform it to the low melting form using only catalysis.
Alternatively, if there is a solid-solid phase transition relating the low and high melting forms at
a temperature (Tys) between room conditions (Treom) and the melting point (Trs), then the low

melting form will be the stable one at Troom, and it will be impossible to transform it to the high



melting form, unless the temperature is increased above Tys. Nevertheless, the final product from
a catalysed reaction, in the strict sense of the term, cannot be dependent on the nature of the
catalyst. Furthermore in the case of APH the changes are repeatable, so that a sample can be
cycled between the two forms.> The melting points described by the various authors and for the
same authors by different procedures varied significantly, but all authors agreed on the presence
of at least a low melting and a high melting form.

Several of these authors describe the vacuum distillation of the product. Indeed, Fischer
thought it necessary to do so to purify it, but the later authors, presumably having access to better
quality starting materials, were able to crystallise the different APH forms without a purification
step. The conclusions as to the product of distillation show some discrepancy: Fischer described
the process as giving the low melting form, whilst both Bamberger and Pemsel* and Laws and
Sidgwick’ reported obtaining the same form as the starting material from the distillation. If this
were the case it would imply that the difference between the forms must have an intramolecular
origin, for example, desmotrophy or configurational isomerism, rather than depending on
variation of crystal packing. Fischer? also noted that the conversion or partial conversion of one
form to the other on storage was not entirely controllable. Given the extreme sensitivity to acid
later noted by Lockermann and Liesche, this is hardly surprising.

The results of Laws and Sidgwick also suggest that the two forms are not interconverted on
dissolution or fusion. They were able to construct convincing composition-melting curves from
crystals from the melt or from solution. In this way they were able to calculate that the APH
crystals of melting point around 80°C, from neutral liquids, that is water or non-polar solvents,

consisted of 75 % high melting and 25 % low melting form.



We were intrigued by the possible structural differences and reasons for the sensitivity to trace
acid or base exposure, and believed that a re-investigation with modern instrumental techniques
would be rewarding. In particular at the start of this study it was thought that this compound
might show intramolecular differences between the two forms. Examples of this are
uncommon®?® but are of interest in connection with possible second-order solid-state transitions.
We also considered that unusual thermodynamic relationships might be involved and undertook
both DSC and solution calorimetric studies. In the end, NMR experiments on melting crystals,
led us to a hypothesis for explaining the different melting points, which was confirmed by cyclic

DSC experiments and simulations of the latter.

EXPERIMENTAL METHODS

The study was conducted at different sites, in Southampton, Lisbon and Nijmegen, and was
performed on samples prepared in Southampton, referred to as S-crystals or S-samples, as well
as on samples prepared in Nijmegen, referred to as N-crystals or N-samples.

Sample preparation.

S-samples

3.0g of acetaldehyde was dissolved in cold (ice-bath) aqueous ethanol prepared from 2.0 ml of
water and 12.0 ml of ethanol with stirring. 6.0 g of fresh phenylhydrazine was added dropwise.
The solution was divided into two, and trace alkali (e.g. a few drops of concentrated ammonia,

but more makes no difference) was added to one portion in order to prepare the high melting



form. Trace acid (e.g. a few drops of conc. HCI) was added to the other portion to prepare the
low-melting form. After stirring in the cold for one to two hours, APH crystals began to appear,
and were harvested. The colour was pale cream, provided that good quality reagents were used
and the solutions were kept cold throughout. The lower melting form sometimes crystallised with
difficulty. Seeding with crystals prepared by treating the high-melting solid with acid was always
effective in producing immediate crystallisation. The typical crystal habit was nacreous flakes,
although there were sometimes chunkier plates. When solutions were kept overnight in the
refrigerator, the crystals generally increased in size. After several days, even in the cold, samples
began to discolour, especially the acid treated ones, whether kept dry or as a slurry.

The earlier literature describes conversion times of hours, but at least on the scale used here, 10
minutes was generally sufficient to bring about conversion, unless weak or extremely dilute acids

and alkalies were used.

N-samples

For N-samples an alternative procedure was used, including an intermediate crystallization to
avoid an influence of the synthesis solution on the effect of adding acid or base. 10.4 ml of
acetaldehyde (5-10 % excess) was added to a cooled solution of aqueous ethanol prepared from
6.7 ml of water and 40.0 ml of ethanol. 18.2 ml of phenylhydrazine was added dropwise to the
mixture in the cold while stirring. After the addition the mixture was left stirring for 15 minutes
and then set aside for crystals to appear (scratching, extra cooling or addition of water was used
to speed up crystallization). After collecting, the crystals were washed with some aqueous

ethanol and dried. The high and low melting forms were obtained using fast recrystallization by



slightly heating and dissolving the product in alcoholic solution, in the presence of a trace
(1:100) of NaOH or HCI, respectively, and subsequent cooling.

Single crystal X-ray diffraction studies.

Single-crystal X-ray diffraction analyses of S-samples of high melting point (92 °C), low
melting point (51 °C) and of Causse’s condensation product (CigH22Na4, m.p. 74 °C) were
performed in Southampton using a Bruker APEXII CCD diffractometer mounted at the window
of a Bruker FR591 rotating anode (Mo Ko radiation, A = 0.71073 A) and equipped with an
Oxford Cryosystems cryostream device. Data were processed using the Collect package!® and
unit cell parameters were refined against all data. An empirical absorption correction was carried
out using SADABS.! All structures were solved by direct methods using SHELXS-97*? and
refined on Fo? by full-matrix least-squares refinements using SHELXL-2014.12 All non-hydrogen
atoms were refined with anisotropic displacement parameters. All hydrogen atoms (except Hla
in the two acetaldehyde phenylhydrazone samples) were added at calculated positions and
refined using a riding model with isotropic displacement parameters based on the equivalent
isotropic displacement parameter (Ueq) of the parent atom.

X-ray powder diffraction.

Powder diffraction data were collected in Southampton on S-samples using a Bruker D8
Advance diffractometer operating in Bragg Brentano &6/26 geometry. Cu Kol (4 = 1.5406 A)
radiation was generated from a sealed tube operating at 40kV, 40mA and monochromated using
a Ge single crystal. Intensities were recorded on a standard scintillation counter with a step size

of 0.02 ° and an acquisition time of 1s per step.



Infrared spectra.

Infrared spectra on the neat S-solids were obtained from a Nicolet Omnic spectrometer by the
diamond anvil method over the range 3700 to 370 cm™. Diffuse Reflectance infrared Fourier-
transform (DRIFT) spectra of S-samples studied in Lisbon were recorded in the range 4000-500
cm™ using a Nicolet 6700 spectrometer. The resolution was 4 cm™ and the samples were ~5 %
(w/w) APH in KBr.

NMR Spectra

13C NMR solid-state spectra of S-samples were obtained in Southampton on a Varian infinity
Plus 400 spectrometer using a T3 4 mm probe spun in a 4 mm ZrO; rotor and the melt spectra at
98 °C on both the Varian Infinity and a 300 MHz Bruker spectrometer.

In Nijmegen *C single pulse and CPMAS spectra were recorded on N-samples both on an 850
MHz and a 400 MHz Agilent solid state NMR spectrometer at various temperatures. On the 850
MHz system, a 3.2 mm T3 model probe was used, resonant at 213.x MHz for 3C and 849.7
MHz for *H. A 3.2 mm APEX design probe was used on the 400 MHz system, resonating at
100.5x MHz for *C and 399.995 MHz for H. Typically rf-field strengths of 90 kHz and 50 kHz
for proton decoupling were employed while for cross polarisation a 60 kHz rf-field on both *C
and 'H was used. Magic angle spinning speeds varied between 5 and 18.5 kHz. NMR spectra
were acquired for the melt, for the solid phase and for partially solidified samples. By employing
CPMAS, the 3C NMR spectra of the solid phase is detected selectively while *C spectra
without decoupling show only narrow lines for the mobile fraction (i.e. liquid phase and the
methyl groups). Solid and melt phase *H NMR signals are also easily distinguished as the solid
phase signals are much broader than those for the melt.

Differential Scanning Calorimetry.



The DSC traces were recorded in Southampton with a Mettler Toledo DSC 821° instrument

using a scan rate of 10 °C-mint. The samples with a mass of 4.0-7.5 mg were analysed in sealed
Al crucibles. The instrument was calibrated with indium (99.999%, m.p. 156.6 °C, Agh® =

28.45 J.gh).

DSC experiments on S-samples studied in Lisbon were performed at a scan rate of 5 °C-min!
on a Perkin-Elmer DSC 7 instrument, using 1-6 mg of substance contained in sealed Al
crucibles. The temperature scale of the apparatus was calibrated at the same heating rate by
taking the onsets of the fusion peaks of benzoic acid (NIST SRM 39j, 99.9996%, m.p. 122.37
°C), indium (Perkin Elmer, 99.999 %, m.p. 156.63 °C), lead (Goodfellow, 99.995 %, m.p.

327.46 °C) and zinc (Perkin Elmer, 99.999%, m.p. 419.50 °C). The heat flow scale was

calibrated based on the enthalpy of fusion of the indium standard (A.h° = 28.45 J-g™).
The DSC traces recorded in Nijmegen were measured using a Mettler Toledo DSC 822°
instrument with a FRS5 sensor and a Julabo FT900 immersion cooler. The scan rate was 5

°C-min’t. All samples had masses in the range 5-8 mg and were measured in sealed 40 pL Al

crucibles. The instrument was calibrated with indium (99.999%, m.p. 156.6 °C, A, h® = 28.45

J-gh.

Solution Calorimetry.

Enthalpies of solution in ethanol (Panreac, 99.9 %) were determined in Lisbon on S-samples
with an electrically calibrated isoperibol Thermometric Precision Solution Calorimeter (Model
2225) adapted to a Thermal Activity Monitor thermostatic water jacket (TAM 2227). The jacket
temperature was maintained at 25.3 °C. The general procedure has been previously described*

and further details are given in the ESI.
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Hot-stage Microscopy.
A Leitz 2500 M microscope in conjunction with a Mettler-Toledo FP82HT hot stage and FP90
processor were used in Southampton for comparison of the melting processes observed by DSC.

Melting points on the Kofler block.

The Kofler type WME hot-block from Wagner and Munz (Munich) was used in Southampton
for the initial rapid determination of the melting points. Azobenzene and benzoic acid were used
to check the calibration.

Purity.

At the request of a reviewer, we have re-examined the DSC, NMR and XRPD charts for
evidence of impurity. The results are discussed in the ESI.

Computational Chemistry.

The quantum chemical calculations were performed in Lisbon with Gaussian 09%° using the
MP216-1% and B3LYP-D3%%23 models, and the aug-cc-pVDZ basis set.2*?” All electronic energies
were calculated over optimized geometries at the corresponding level of theory (i.e. MP2/aug-cc-
pVDZ and B3LYP-D3/aug-cc-pVDZ), followed by a frequencies calculation. No imaginary
frequencies were obtained, indicating that the optimized structures corresponded to local
minima. The thermal corrections were obtained using unscaled frequencies, since the purpose of
the calculations was to determine the enthalpic, entropic and Gibbs energy differences between
the two APH isomers in the gaseous phase, and the effect of a scaling factor cancels when such

differences are computed
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RESULTS AND DISCUSSION

Confirmation of earlier results from literature

We repeated the experiments described in the earlier literature on S-samples and confirmed
that they all proceeded as described. The only discrepancy, which has already been discussed and
can be ascertained by comparing the various accounts in references 2-7, is that the melting points
are not entirely reproducible. On the whole the low melting samples melted around 60 °C, but
the highest reported melting point for the high-melting material was often a little more difficult
to achieve and the obtained value often varied between 90 and 95 °C depending on the
preparation. Interconversion by contact with alkali or acid, as mentioned in the introduction,
seemed harder for some samples than others, but that may have been due to the underlying pH of
the original solutions, or to the state of aggregation of the crystals. APH of approximately 80 °C
melting point was also readily obtainable, for example from neutral solutions,” so it is
unsurprising that this was thought to be a third form. The only experiment considered
unnecessary to repeat was the distillation described by several of the authors, since it was
apparent with hindsight that the result must be sensitive to the acidity of the environment.

Confirmation of earlier results from literature using state-of-the-art techniques

Thermal analysis

All the thermal measurements at all three sites confirmed that acid treated samples melted at
substantially lower temperatures than untreated samples or those subjected to contact with
alkalis. Representative DSC traces for S-samples of low and high melting points are illustrated in
Figure 2. The peak shapes and peak widths are not vastly dissimilar, thereby excluding
explanations of difference based on lowering of melting point by impurity. Hot stage microscopy

paints the same picture. Melting points determined on the Kofler block also displayed similar
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differences, with one additional strange feature. When the high melting form was presented as a
thin trickle of isolated crystals on the slide, then as soon as the melting point was reached, the
melting process ‘ran back’ along the slide down to about 80 °C, even though the crystals were
not in contact. It is not known whether this was due to the release of acid vapours during melting
which then lowered the melting point of the remaining crystals. The phenomenon was seen
repeatedly, but melting never seemed to reach below 80 °C. It is possible therefore that a
condensation product was being formed by the decomposition of the APH crystals. More on the

condensation product can be found in the ESI.

X0

30 40 50 60 70 30 90 100 110
T/°C
Figure 2. DSC traces showing the endothermic melting peaks of high melting (blue; -184.14 J-g°

! onset 97.8 °C) and low melting (red; -164.14 J-g%, onset 56.7 °C) forms of S-samples of APH.
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The results of a comparison study by DSC and by solution calorimetry of seven S-samples
(Figure 3), showed no correlation whatsoever between molar enthalpies of solution, temperatures
of fusion, or enthalpies of fusion. Since all samples have the same crystal structure with the APH
molecule in the Z conformation (see below), the fact that the enthalpies of solution and fusion
span 2.3 kJ-mol* and 7.6 kJ-mol*? ranges, respectively, cannot be attributed to lattice energy
differences. It is also very unlikely that they reflect particle size changes, since lattice enthalpy-
size dependencies of this magnitudes are only expected at the nanometer scale, which is not the
case for the materials used in the present work.?® The observed A, H? differences are, therefore,
most likely related to differences in trace acid/base content of the samples which, upon
dissolution, can contribute to the calorimetric measurements in two ways: (i) their own enthalpy
of solution; (ii) promotion of different Z — E conversion extents on the way to equilibrium,-3
within the timescale of the calorimetric experiments. The influence of these traces in AgH?, IS

discussed below.
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Figure 3. Plots showing the lack of correlation between the standard molar enthalpies of solution
of different S-samples of APH in ethanol, at 25 °C, and the corresponding enthalpies of fusion

(left) or temperatures of fusion (right).

IR spectral characterization

Spectral measurements whether conducted in Lisbon or Southampton, confirmed the identity
of all solid S-samples irrespective of melting pointl. In Figure 4 diffuse reflectance infrared
Fourier-transform (DRIFT) spectra of three APH S-samples with considerably different DSC

fusion temperature onsets show no difference.

4000 3500 3000 2500 2000 1500 1000 500
viem”

Figure 4. Diffuse reflectance infrared Fourier-transform spectra recorded in Lisbon of three
APH S-samples with considerably different DSC fusion temperature onsets: (1) Ton= 60.4+0.6

°C: (2) Ton = 65.942.3 °C; (3) Ton = 93.443.5 °C.

1 Except for the sample of Causse’s condensation product initially examined by IR and **C solid
-state NMR spectroscopy at Southampton (see ESI), which caused considerable confusion.
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X-ray diffraction and crystal structure

The XRPD traces of low and high melting S-samples were also very similar, except for a small
impurity peak at 12.3 °26 (Figure 5). The DSC charts (Figure 2) already showed that there is no
transformation between room temperature and the melting point. In view of these results, it is

unsurprising that the XRPD traces, Figure 5, are similar.

WV

10 20 30 40 50
2 0 (degrees)

Figure 5. Experimental XRPD diffractograms of high melting (blue) and low melting (red) S-

samples of APH.

This identity was further confirmed by the superimposibility of the structures determined by
single crystal X-ray diffraction. The unit cells of S-crystals of APH of any melting point were

always identical, as shown in the cif files of two typical samples of melting point 51 °C and 92
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°C (see ESI). The molecular structures of those crystals of vastly different melting point are
shown overlaid in Figure 6. The differences in unit cell dimensions are less than often found in

repeat measurements of crystals of identical structure.®*

Figure 6. Molecular structure overlap of high melting (blue) and low melting (red) forms of S-
crystals of APH.

In the crystal structure each molecule is hydrogen bonded via weak (3.166(4) A)
intermolecular N-H---N hydrogen bonds propagating in chain-like fashion along the
crystallographic b-axis. As the preliminary single crystal analysis of high melting and low
melting forms initially returned identical unit cells, we had originally supposed that this might be
one of the rare incidences when polymorphs or similar compounds showed closely similar unit
cells. However, when the full data were collected, identical crystal structures were obtained for
both forms at 120 K. (Figures 6, 7). To check that this was not an instance of phase
transformation below room temperature, the experiments were repeated at room temperature
with the same outcome.

The asymmetric part of the monoclinic Cc unit cell in both crystal structures contains one fully
ordered molecule of APH in the Z conformation. Quantum chemistry calculations at the

MP2/aug-cc-pVDZ and B3LYP-D3/aug-cc-pVDZ indicated that for the isolated molecule in the
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gas phase the E conformation is slightly more stable than the Z, A.G_ (E — Z) > 0 (see ESI),
the predicted molar fraction ratios under equilibrium being xg /X, = 1.01 (MP2/aug-cc-pVDZ)
and xg /x; = 1.09 (B3LYP-D3/aug-cc-pVDZ), respectively. This preference is in accord with

the experimental results for melt and solution (see below). The preference for the Z conformer in

the crystalline state should, therefore, be due to packing effects.

PR Py P N
R ¢<><<

Figure 7. Crystal structure overlap of high melting (blue) and low melting (red) forms of S-

ﬂ

AN

crystals of APH; left: Crystal packing viewed down crystallographic a-axis; middle: Crystal
packing viewed along crystallographic b-axis; right: Crystal packing viewed down

crystallographic c-axis.

Solid State NMR

It was then supposed that one of the forms must have transformed under the influence of the
X-radiation, and it was decided to run solid-state NMR (ssNMR) spectra on freshly prepared S-
specimens to check this. As can be seen in Figure 8, the spectra of both forms are identical apart
from small intensity differences within the expected limits due to the relaxation time dependence

on the collection time.
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Figure 8. 3C ssNMR spectra of low melting (top) and high melting (bottom) S-samples of

APH.

To check that the pressure exerted by the anvil or the pressure due to sample spinning had not
brought about transformation, the melting point was checked before and after the spectral
examination. There was no change. When samples were remade for a repeat sSNMR
examination, the crystal structures were run again, with the same results as previously. We took
the opportunity to check the thermal behaviour before and after single crystal examination, and

before and after the XRPD examination by hot stage microscopy. There was no change.
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The results described above diverted our attention to the molten phase of APH, which we
studied with ssNMR for melting N-crystals.

Assignment of the individual carbon nuclei (Figure 9) was accomplished by comparing a 3C-
single pulse-spectrum of an APH melt with and without decoupling shown in Figure 10. For that
we used the melt of a low-melting N-sample. For the assignment of C5,7 and C4,8 information
of *H-NMR was used. This assignment is in agreement with other 3C data of phenylhydrazones

found in literature.3>36

6 4

3 N
! N 2
8 H
(3)
1

Figure 9. APH numbering of *3C spectra (only the Z-isomer is shown). The same numbering is

used for 'H spectra, but with number 3 assigned to the N-H proton instead.

145 140 135 130 125 120 115
ppm
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Figure 10. 13C single pulse-spectrum (850 MHz, MAS-rate 18.5 kHz) of the melt of a low-
melting N-sample, with decoupling (lower traces in black, 50 kHz, n = 88) and without

decoupling (upper traces in red, n = 80).

Unlike in the solid state spectra, in the melt two forms are clearly visible. The difference in
chemical shift is largest for the methyl group (C1) whereas the meta carbons (C5, C7) seem to be
practically equivalent for both species. To find the origin of these two forms, we performed
temperature dependent NMR measurements of the melting process for a low-melting N-sample.

Figure 11 shows a ‘3C-single pulse spectrum of such a melting N-sample. The middle peak of
the spectrum can be assigned to Z (solid) because it has vanished at 59 °C when the solid is fully
melted. Two other peaks that grow in intensity with temperature are visible, left and right of the
Z (solid) peak. The ratio of these peaks is reasonably constant as can be seen in Figure 12.
Interestingly a similar measurement for a high-melting N-sample shows the same two peaks, but
with a ratio that increases from 0.2 at 95 °C to 1.7 at 105 °C (Figure 13). The latter value of 1.7

is equal to the average value found in Figure 12.
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Figure 11. Temperature dependent 3C-spectrum of a low melting N-sample; close-up on the
methyl peaks (C1) (100 MHz, 50 kHz decoupling, MAS-rate: 5 kHz, 10min/spectrum). The

vanishing middle peak can be assigned to Z(s), both E(l) and Z(l) peaks grow in intensity.

4

E/Z

56°C 70°C

L 4 6 8 10 12
Scan number

Figure 12. Ratio between area of E(I) and Z(l) peaks as measured during melting of a low

melting N-sample (Figure 11). The average value of E(I)/Z(l) is approximately 1.7. The first scan

was taken at 56 °C and scan 12 at 70 °C.
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105°C

E/Z

O L L L

20 40 60 80 100 120 140
Scan number

Figure 13. Ratio between area of I(eft) and (r)ight peaks as measured from a *H NMR spectrum?
obtained during melting of a high melting N-sample. Scans 1-138 were recorded at 95 °C and
scans 139-158 at 105 °C. The step at scan 139 is a result of the corresponding temperature

increase. The step at scan 19 is due to a 1 minute pause in the data collection. The total time for

the 158 scans was 50 minutes. The ratio increases from 0.2 at 95 °C to 1.7 at 105 °C.

The result for the high melting sample (Figure 13) suggests that the initially strongest peak in
the melt spectra, which is positioned at the right hand side for the high melting sample (not
shown), corresponds to the form present in the solid, which is the Z isomer. We conclude,
therefore, that the left hand peak, which grows in intensity towards a constant ratio I/r = 1.7 after

fusion, must correspond to the E isomer. A comparison of Figures 12 and 13 also shows that for

2 Originally *H-NMR spectra were recorded for both low and high melting samples, but this
proved to be less informative for the melting of a low melting sample due to broadened peaks for
the solid. When the isomerization is slow, as in the high-melting sample, this is less of an issue
because the larger part of the isomerization happens when the solid has already melted. A rerun
of 13C spectra for the high melting sample was not performed as it would only give more detail
about the composition of the initial melt, but would not change the general picture of an
increasing I/r ratio.
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the high melting sample (base exposure) the isomerization is much slower than for the low
melting sample (exposed to acid). These results are consistent with previous evidence that: (i) in
solution or in the liquid state, phenylhydrazones and derivatives and other related compounds
like oximes and semicarbazones, form mixtures of E and Z isomers; 2> (ii) the formation of an
equilibrium E-Z mixture can be catalyzed by traces of acid,?>%%3237 phenylhydrazine® and, in
particular, halogenated solvents;* (iii) slow thermal E-Z isomerization was observed by Tayyari
et al. for an acid free sample of acetaldehyde 2,4-dinitrophenylhydrazone (ADNPH) in the
melted state, while acidified samples showed a relatively fast isomerization.>” As early as 1938,
Bryant had formulated such an observation, also for ADNPH. The author concluded that traces
of catalyst, possibly sulfuric acid, induce a rapid isomerization and that the lower melting form
possibly equals an “equilibrium mixture’ of dynamic isomers.*

The solution to the problem of the different melting points.

A possible explanation for the peculiar melting behaviour of the two different APH samples
can now be found on thermodynamic grounds. The thermodynamic equilibrium state for the melt
is one with an isomer ratio E/Z = 1.7, while for the solid state it corresponds to a pure Z
compound. As long as the isomerization process in the melt is instantaneous, we expect the
melting temperature to be found at the thermodynamic melting temperature (Tm,a in Figure 14).
The subscript A labels the low melting (acid) sample that shows relatively fast isomerization. In
the same figure the Gibbs free energy of a metastable melt consisting of only the Z-isomer is
drawn schematically. For a high melting sample with subscript B(ase) in the figure the initial
melt contains only the Z isomer, and together with the relatively slow isomerization, this will
result in a longer life time of such a metastable melt. Therefore the melting temperature will also

be found at a higher value (Tmg in Figure 14) compared to the low melting sample.
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Figure 14. Schematic representation of the temperature dependence of the Gibbs energy for the
solid phase, containing only the Z-isomer, and for two melt phases, with their isomeric ratio E/Z
indicated as a function of temperature. The dashed line represents a metastable molten phase
with only the Z-isomer present. The acid containing low melting sample A has a lower melting
point as compared to the sample B containing some base due to the slow isomerization of the

melt towards its equilibrium ratio E/Z = 1.7.

This interpretation of the different melting behaviour is expected to have also consequences for
the crystallization kinetics. In particular a high melting compound is expected to crystallize more
easily in case one does not wait too long after the initial melting has occurred because then the Z
species is still the majority isomer.

This behaviour is clearly visible in NMR experiments of APH recrystallization from the melt.

During the crystallization of a low melting sample at 40 °C the E/Z ratio is essentially kept
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unaltered (Figure 15) and no residual liquid peaks are measured after solidification as a result of
the fast isomerization for such a sample. Nevertheless, easy crystallization for a low melting
sample was observed in only a few experiments. Nucleation indeed is also problematic for
crystallization from solution for a low-melting sample. This is likely to be related to the acid

concentration, which promotes an isomerization which is too fast for a Z-nucleus to reach a

z L
DA,

Figure 15. *H NMR spectrum (400 MHz) measured during crystallization of a low melting N-
sample; shown are the repeatedly recorded methyl peaks in 27 scans. A constant E/Z ratio of 1.7
is maintained during cooling of the liquid and also during solidification, where removal of the Z
conformer from the liquid phase is compensated by a fast E to Z conversion. The numbers label

the consecutive scans; at scan number 19 the solidification commences.

For high melting samples, however, crystallization proved to be difficult in all NMR
experiments, once the equilibrium isomer ratio in the melt was reached. Such a sample had to be
cooled down to 0 °C for the crystallization to occur and it took 22 h to achieve complete
solidification (Figure 16). Figures 17 and 18 show that initially the fraction of Z isomer in the
melt almost fully crystallizes and further crystallization is hindered by the very slow E(l) — Z(I)

transformation.
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Figure 16. 13C NMR single pulse -spectrum of a high melting N-sample (100 MHz, MAS-rate: 5

kHz, n=256) during (upper trace in black) and at the end of the crystallization process (lower

trace in red), which took 22 h to complete at 0 °C.
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Figure 17. Close-up on the methyl peaks of the NMR spectrum of Figure 16 (at 0 °C, ~ 1
spectrum/hour) during crystallization of a high melting N-sample: a growing intensity for the

Z(s)-methyl is observed.
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Fraction

Figure 18. Fractions E(I), Z(l) and Z(s), determined from the NMR spectra of Figure 17, as a

function of time, showing the gradual feed of the Z isomer from the isomerization in the liquid.

Confirmation of the interpretation from cycled DSC experiments

The difficulty in isomerization for the high-melting samples should also be observable by
DSC. In particular, the recrystallization temperature of a high melting sample is expected to
become lower as the waiting time after melting becomes longer and the E/Z ratio approaches the
equilibrium value of 1.7. Figure 19 shows the result of a series of heating and cooling DSC runs
for a high-melting N-sample. The fresh sample was first heated to 160 °C and held at that
temperature for 15 minutes before starting the first cooling run. According to the NMR results
this isothermal step was sufficiently long to ensure the attainment of the equilibrium isomer ratio

in the melt.
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Figure 19. DSC traces of sequential heating and cooling runs of a high melting N-sample. Prior
to the first cooling run, the melt is kept at a maximum temperature of 160 °C for 15 min to

ensure equilibrium isomer ratio formation. All traces were recorded at a rate of 5 °C-min.

No glass transition nor a recrystallization phenomenon was detected on heating indicating that
the crystallized sample was not contaminated with amorphous content which could impact on the
enthalpy of fusion measurement. All subsequent heating and cooling runs were carried out
between —-50 °C and 105 °C. The observed major exotherms can be assigned to the
crystallization of most, but not the complete fraction of the Z-isomer in the melt, a situation
comparable to time zero in Figure 18. Assuming that the isomer ratio is more or less constant
during these DSC runs in Figure 19, this fraction can now be estimated from the average
crystallization enthalpy (AcrystHm = —7.3 kJ-mol™?) and the enthalpy of fusion of the first melting

endotherm (AnusHm = 24.5 kJ-mol™). The result is 30 % Z isomer, which is reasonably close to
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the equilibrium value of 37 % (E/Z = 1.7). As we will see further on, the remaining 7 %
recrystallizes gradually on further cooling and finally together with the E-isomer in the small
exotherms with an onset of -9 °C, a temperature which is observed to be constant in the
consecutive runs.

The crystallized samples in the consecutive runs of Figure 19 did not have enough time to
grow out while depleting the E fraction due to very slow E(I) — Z(l) isomerization, at lower
temperatures, as was shown in the NMR results (Figures 17 and 18). To further test this time
and temperature dependence we subjected a fresh high melting N-sample to various heating and

cooling cycles with different waiting times in the melt (Figure 20).
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run 5, 4 min. @ 105 C
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:
|
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Figure 20. DSC traces of subsequent heating and cooling runs of a high melting N-sample. Each
run consists of a heating and cooling trace. For runs 1 to 3 no waiting time was applied. After run

3 the sample was held at room temperature for 4 hours. For runs 4 to 7 the sample was held at
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105 °C for the indicated time; heating run 8 was started after waiting for 4 hours at 25 °C. All

traces were recorded at a rate of 5 °C-min’.

The first three runs in Figure 20 were performed without any post-melting isothermal step, so
that a relatively small amount of E isomer is expected to be present at the onset of crystallization.
This is consistent with the observation of stronger crystallization exotherms, as compared to
Figure 19, and with the fact that the crystallization already starts at 25 °C. Runs 3 and 4 were
separated by a waiting time of 4 h at room temperature, which should lead to a small increase in
the amount of Z solid as a result of the E — Z conversion. Coherent with this rationale, the
crystallization enthalpy of run 4 (685.5 mJ) was found to be 6 % higher than that of the previous
runs (average value 649.2 mJ). In contrast, runs 5-7 show a clear decrease in crystallization
enthalpy, due to a larger extent of Z — E isomerization in the melt associated with both the
increasing waiting time and the higher temperature of 105 °C. The final run 8 was started after
another 4 h waiting time at 25 °C and involved only a heating step. An enlarged plot of Figure 20
for runs 4-8 solely (Figure 21) shows that besides the crystallization temperature the fusion onset

also decreases with increasing E isomer content in the melt.
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Figure 21. Enlarged plot of the black traces of Figure 20; run 4 Is coloured in red, run 7 in blue
and run 8 in green; runs 4 to 7 show a gradual decrease of the onset of melting and an increase of

the exothermic and endothermic peaks below 0 °C.

The latter observation, a lowering of the melting onset for increasing E isomer in the melt
shows an interesting resemblance with the freezing point depression phenomenon. The
considerations and analyses on the purity of the samples as reported in the ESI convinced us that
the amount of impurities in the samples was far too small to explain the differences in melting
points. If the E isomer is, however, considered as an impurity in the melt of the pure Z isomer
solid, it is possible to estimate the corresponding freezing point depression. Assuming the melt to
behave as an ideal solution and using AssH(Z) = 24.5 kJ-mol ™ at a fusion temperature of the pure

Z solid of 100 °C, as determined from the DSC results, this leads to the freezing point depression

32



curve in Figure 22. In the figure the black line represents the freezing point depression which for
the equilibrium isomer ratio value of E/Z = 1.7 in the melt, corresponding to a mole fraction of xg
= 0.63, would be the maximal freezing point depression. From this point the equilibrium phase
lines are drawn in green. All other lines in Figure 22 make it a kinetic eutectic phase diagram for
a Z isomer solid and a (possibly partially miscible) E isomer solid for melts with a composition
determined by the history of the melt.

The Kkinetic eutectic phase diagram was constructed based on the results of the DSC
experiments in Figure 21. The starting point is a thermodynamic equilibrium between a pure Z
solid and a fast isomerizing melt with composition xe = 0.63 as indicated by the thin green line in
the Figure. All other fusion temperatures in Figure 23 indicated by the solid black lines should be
considered as due to a frozen-in situation of an isomerization reaction obtained at the high
temperature hold at 105 °C. An example of this is indicated in Figure 22 with the red line. For
every heating run in Figure 21 we assume that the run starts with a pure Z solid and a pure E
solid (or a partial solid solution of E and Z isomers). The amount of E becomes larger for every
consecutive run in the figure as a result of the waiting time at 105 °C. So the amount of E and Z
isomer melting at the eutectic temperature can be determined from the reduction in the
corresponding high melting endotherm for each consecutive DSC run. This leads for runs 5-8 in
Figure 21, assuming a pure E isomer solid melting at 0 °C, to a melting enthalpy of the E isomer
of approximately 6 kJ-mol™. This interpretation implies a eutectic temperature of approximately
-5 °C and also explains the progressive high temperature melting enthalpy curve shapes for
increasing E isomer in Figure 21. The increasing enthalpy of the eutectic endotherms at —10 °C
is then explained by the increasing E isomer concentration, the endotherms being determined by

the melting of all the E isomer molecules together with an amount of Z isomer molecules. Their
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mutual fraction is equal to the eutectic composition, which is fixed and determined by the kinetic
eutectic phase diagram.® The small deviation of the eutectic temperature (-5 °C instead of —10
°C) might be due to the non-ideal solution behaviour in the melt. Note that in the DSC
experiments of Figures 20 and 21 the melt composition in all cases was smaller than the

equilibrium value xe = 0.63, so well below the eutectic composition in Figure 22.
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Figure 22. Kinetic eutectic phase diagram (black thick lines) of a pure Z solid as a function of
the frozen-in impurity mole fraction of the E isomer, assuming: (i) an ideal solution in the melt;
(ii) for the Z isomer, AnsH(Z) = 24.5 kJ-mol™ at Trs(Z) = 100 °C; and (iii) for the E isomer, a
fusion enthalpy AqsH(E) = 6 kJ-mol? at Trs(E) = 0 °C. The thick green lines represent the

equilibrium phases corresponding to the equilibrium ratio E/Z = 1.7 in the melt at xe =0.63 and a

3 A further blow-up of Figure 21 shows indications of very small endotherms at approximately 0
°C, probably due to some E isomer showing delayed melting because of kinetic reasons.
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fusion temperature of 58 °C. The red line shows an example of a frozen-in situation for xg =

0.34. The eutectic is present at xe = 0.95and T = -5 °C.

The increasing enthalpy of the eutectic melting peaks shown in Figure 21 for consecutive runs
as well as the increasing smearing out of the corresponding high temperature melting endotherms
can be very well reconstructed in a DSC modelling study, which is presented in the ESI.

It is important to note that by keeping the high melting N-sample obtained after run 8
overnight in the refrigerator at approximately 5 °C one can recover the typical melting
endotherm in the absence of E isomer, like the black curve in Figure 19. During this time the E
melt is depleted through the transformation of E to Z and subsequent growth of the Z solid, as in

the case illustrated in of Figures 17 and 18.

CONCLUSION

The quality, nature or structure of the crystals have been the suspect for more than a century in
the curious case of acetaldehyde phenylhydrazone, showing unusually large differences in the
melting points of materials treated with very small amounts of acid or base. Using modern
experimental techniques this cold case was solved and the perpetrator turns out to be melt and in
particular the strong difference in E/Z-isomer ratio between the solid and the melt, combined
with a slow isomerization in the melt.

This phenomenon adds a fourth category to the relationship between crystalline solids and
their melting behaviour. Two samples of identical composition of a crystalline solid show:

Identity if the same crystal structures melt to the same melt
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Isomerism if different crystal structures melt to different melts

Polymorphism if different crystal structures melt to the same melt

The curious case discussed here, if the same crystal structures melt to different melts

We do not propose to assign a name to this fourth category firstly because the situation is
likely to be rare and secondly because the scientific literature is already cluttered with too many
unneeded terms. A further category could be considered, where two isomers melt to the same
liquid because of an isomerization reaction, aided or not by acid-base catalysis. Cis and trans
azobenzene will qualify as an example, since the conversion of cis to trans in the melt is rapid,
even in the absence of acid.**

The fourth curious case might be rare, but within the light of the present explanation we can
define the conditions for a compound to belong to the curious case category.

First of all the crystal structures must be the same in the temperature range for which the
different melting points might be found.

Secondly, the compound should have a different isomer composition in the equilibrium melt as
compared with the crystal structure.

Thirdly, the isomerization reaction rate in the melt should be slow enough to detect the
different melts, but tunable by traces of a catalyst.

Candidates can undoubtedly be found for phenylhydrazones other than APH. Interestingly, in
contrast to APH almost all other phenylhydrazones crystallize in a pure E isomer structure. But
this will not rule them out as a candidate because the melts may still have a different equilibrium

isomer composition.
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Acetaldehyde phenylhydrazone crystals are known for their low melting forms transforming into
high melting forms by trace alkali and the reverse with trace acid. Here we show that all forms
have identical crystal structures. NMR studies demonstrate that they differ in Z/E isomer melt

ratio. The role of the isomerization rate in the melt is manifest in cyclic DSC experiments.
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