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1. Introduction

The effectiveness of neuroactive substances, the activity of drugs as well as our ol-
factory sense are based on the chirality and conformation of the receptor and the
molecules themselves [1]. The molecular recognition of such complexes is also
known as the lock-and-key principle [2]. The discrimination between two enan-
tiomeric molecules which differ like image and mirror image is called chirality
recognition [3—6]. The receptors in the human body are chiral and are thus open
for chirality recognition phenomena. The conformation of a molecule describes
its spatial arrangement and influences its energy. The energetical order of confor-
mations is determined by intramolecular interactions but also by interactions with
the surrounding e.g., intra- and intermolecular hydrogen bonds, respectively [7-9].
The change of the preferred monomer conformation as a response to the surround-
ing may be called adaptive aggregation [10—12]. In this work chirality recognition
phenomena and adaptive aggregation in hydrogen bonded crystals are investigated.
Their high degree of long-range three-dimensional internal order of the molecules
leads to more complexity than in molecular complexes, but also opens powerful
options for the characterization [13]. Small hydrogen bonded clusters, which are
also investigated within this work, serve as a model case for adaptive aggrega-
tion [11, 14].

There is a variety of methods to characterize molecular crystals [15]. Diffrac-
tion methods such as single-crystal X-ray or neutron diffraction are frequently used
to solve the structure of crystals [13]. Vibrational spectroscopy provides informa-
tion on the local interactions and couplings between the molecules [16], as well
as on the driving forces for conformational rearrangements during crystal packing
which can lead to polymorphism as a function of crystal preparation. Though Ra-
man microspectroscopy has the advantage of a better spatial resolution due to a
lower diffraction limit [17], IR microspectroscopy can be the method of choice.
IR microspectroscopy provides a better signal-to-noise ratio and can be used for

imaging purposes, while only stepwise mapping is possible with Raman microspec-
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troscopy [17]. Anisotropic media such as crystals are available for polarization
studies which provide information about the direction of the vibrational transition
dipole vector.

Sublimation is a rather rare technique used in the crystallization process. Nev-
ertheless, it is the conceptually cleanest way of crystal preparation since no sol-
vent or further sample treatment is required [18, 19]. Here, adaptive aggregation
and chirality recognition effects depend on the inherent interactions between equal
molecules and not on molecule-solvent interactions. The crystal habit is only de-
termined by the fastest growth directions [20] and reveals information about the
relative strengths of the interactions present in the crystal. Comparison with gas
phase measurements and quantum-chemical calculations are feasible. Kinetic con-
trol allows for the sublimation of sub-millimeter-sized crystals which are suitable
for infrared measurements in transmission mode without further preparation. Mea-
surement of different faces is possible by rotating the crystal on the substrate.

There is an enhanced propensity for complex crystal structures in sublimated
crystals. The percentage of organic molecules in the Cambridge Structural Database
(CSD) with more than one molecule in the asymmetric unit (Z’>1) increases from
11% to 17% for sublimated crystals [21,22]. A tendency to form complex crys-
tal structures was also found for chiral molecules or molecules having directional
intermolecular interactions, e.g., hydrogen bonds [23]. FTIR spectra of crystals,
and especially of sublimated chiral crystals, are expected to show complex in-
phase and antiphase coupling patterns for many molecular vibrations (factor group
splittings) [16]. Additionally, quantitative differences in the molecular structures
building the asymmetric unit may lead to further spectral splittings [24]. However,
the increased complexity of crystal spectra compared to gas phase spectra may be
turned into an assignment advantage by exploring crystal rotation, IR polarization,
and monomer calculations. The facial and polarization dependence of vibrational
bands gives information about the direction of the vibrational transition dipole vec-
tor within the macroscopic crystal.

FTIR polarization microscopy has been applied in the infrared before [25-27],
mostly in reflection mode. Also, oriented single crystals and oriented films were in-
vestigated by polarized THz transmission spectroscopy [28—31]. Furthermore, po-
larized Raman spectroscopy has been used to assign molecular and phonon modes

of single crystals [32,33].



In the present work, polarized Fourier transform infrared (FTIR) microspectroscopy
in transmission mode is primarily applied to the characterization of sublimated crys-
tals. All investigated substances are chiral and are open for hydrogen bonding. Ro-
tated crystal measurements support the assignment of spectra to different faces. In
order to unravel the molecular orientation within the crystals a version of the ori-
ented gas model approach [25, 34,35] is adopted. Monomer calculations are used
to simulate the intensities of fundamental modes according to the molecular orien-
tation within the crystal and the applied polarization. Published crystal structures,
if available, are used for the assignment of the molecular orientation based on the
assumption that the same polymorph is present in the sublimated microcrystals.
Crystal phase calculations of the vibrational spectra would be highly desirable, but
meet formidable challenges due to the size of the molecules and of the unit cells. A
cooperation was started with R. Tonner [36].

In Chapter 2, elementary aspects of the vibrational transition dipole vector are
elucidated and the limits of the oriented gas model approach for the modeling of
crystal IR spectra based on monomer calculations in the gas phase are explored. It
is shown that the oriented gas model approach exhibits deficiencies in predicting
red shifts and intensifications which are due to hydrogen bonds. Nonetheless, it is
useful to predict the polarization behavior of a crystal.

The sublimation cell constructed for the vacuum sublimation and measurement
of microcrystals is characterized in Chapter 3. The experimental and theoretical
methods are described there as well.

Adaptive aggregation is investigated in Chapter 4 for the elementary case of small
alcohol-water clusters in jet-expansions [11, 14]. It is shown that water acts as the
proton donor in mixed dimers and that ethanol exhibits the less stable gauche con-
formation in the ethanol-water dimer. This serves as a model case for conforma-
tional switching in the more complex crystals.

Methyl mandelate was chosen as the test substance for the polarized transmission
FTIR microspectroscopic studies on sublimated crystals because of its structural
similarity to some neurotransmitters [37]. Results including the change of confor-
mation and chirality recognition of a 1:1 and a 3:1 racemic crystal [38] are presented
in Chapter 5. Quantum-chemical calculations, ATR-IR spectra, and isotope label-
ing are used for the vibrational assignment. The molecular orientation within the
crystals is inferred through a comparison of experimental with oriented gas model

spectra.
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The polarized transmission FTIR microspectroscopic method is applied to
mandelic acid [37] in Chapter 6 and to the neuroactive phenylpropanolamines
norephedrine, pseudonorephedrine, ephedrine, and pseudoephedrine in Chapter 7.
Chirality recognition effects are presented for norephedrine and pseudoephedrine.
In the case of ephedrine a hydrate and an anhydrate are crystallized. The spectro-
scopic crystal studies are supported by quantum chemical calculations, ATR spec-
tra, and deuteration experiments. Vibrational assignments are performed and the
molecular orientation within the crystals are determined. Tentative molecular ori-
entations are proposed for enantiopure norephedrine and racemic pseudoephedrine.
In the case of the phenylpropanolamines the influence of hydrogen bonds and of the
molecular conformation on the N-H stretching positions is investigated.

A summary of the results and an outlook are given in Chapter 8.



2. Basics

IR spectroscopy is a powerful tool standardly used for the investigation of vibra-
tional modes and the analysis of hydrogen bonds [16, 39,40]. It is based on the
interaction of the electric vector of infrared radiation with a molecular dipole mo-
ment oscillating with the same frequency. In order for a vibrational mode to be IR
active it needs to change its dipole moment. Thus, a permanent dipole moment is
not needed, but a transition dipole moment. The transition dipole moment ,, is a

vector quantity given by:

T = / WERW,,d @.1)

with respect to the energy eigenfunctions ‘¥, ,, of the states n,m involved in the tran-
sition and dt being the volume element dxdydz [39,41,42]. 1i is the electric dipole
moment vector obtained by summing over the product of all charges g; multiplied

by their position vectors 7; [39,42]:

H=) a: (2.2)

Whether a transition is allowed or forbidden depends on the properties of the wave-
functions, the orientation of the dipole moment, and the direction and polarization
of the incident radiation [41]. For a heteronuclear diatomic molecule the electric
dipole moment usually varies with the displacement of the internuclear distance
from equilibrium Q = r —r,. The resulting variation of the transition dipole mo-

ment can be expressed in a Taylor series as [39,43]:

. . . da «
WUnm = .ue/\Pn\PmdQ‘i‘ (£> /\PnQ\PmdQ-l- (2.3)

The wavefunctions are eigenfunctions of the same hamiltonian and therefore or-

thogonal. Equation 2.3 becomes:
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Figure 2.1.: Variation of the dipole moment fi with the displacement of the internu-
clear distance Q. The blue curve corresponds to an isolated vibrational
mode and the red curve to a hydrogen bonded mode.
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The IR intensity / is proportional to the square of the transition dipole moment
Hum [39,42,44]:
I o< | Fym|* (2.5)

and according to Equations 2.4 and 2.5 also to the squared derivative of the dipole

moment i with respect to the displacement Q [39,42]:

di\?
Toc | — | . 2.6
(40), 2
A schematic curve of the relation [ versus Q is shown in Fig.2.1 for an isolated
and a hydrogen bonded mode [39]. The slope (%) at 0=0 (internuclear dis-

tance at equilibrium) is steeper for the hydrogen bonded vibrational mode. There-
fore, the vibrational transition dipole moment (Equation 2.4) and the IR intensity
(Equation 2.5) are larger for a hydrogen bonded than for an isolated vibrational
mode [45,46].

The dipole moment operator {1 has components along the cartesian axes. Accord-

ingly, the transition dipole vector also has components in x, y, and z direction [39]:

|.‘_*inm|2 = (.unm,X)z + (.unm,y)2 + (.unm,z)z (2.7)

Therefore, in an anisotropic environment such as a crystal being illuminated from
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Figure 2.2.: Rotation of a relaxed monomer unit (here, methyl mandelate) into the
desired orientation within the asymmetric unit of the crystal structure
solved by X-ray analysis.

one direction, the x, y, and z components may have varying contributions to the
intensity [47]. The observed IR intensity depends on the orientation of the crystal
and on the polarization of the incident radiation. Crystal IR spectra can be modeled
based on monomer calculations using the oriented gas model approach [25, 34,35].
In this approach intermolecular interactions are neglected. This is not true for sev-
eral modes in hydrogen bonded crystals.

Within this work a variation of the oriented gas model approach was developed.
Spectra corresponding to the different crystal faces as well as for different polar-
izations are simulated for a better comparison between experiment and prediction.
Monomers taken from the crystal structure are geometrically optimized to the near-
est isolated minimum structure by quantum chemical calculations. The relaxed
monomers are then rotated into the orientation of the molecules within the crys-
tal (see Fig. 2.2). This yields a rotation matrix which is applied to the calculated
dipole derivatives fi’ of a given vibration. Intensities of the different faces are ap-
proximated by summing up the squares of the x- and y-components of the dipole

derivatives, if z is the direction of the incident light:

I~ 2+, (2.8)

In the case of polarization measurements, the intensity corresponds to the square
of the x-component (I ~ u/?) and to the square of the y-component (I ~ ‘Ll)/)z) of

the dipole derivatives. The dipole derivatives of the different molecules within the
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Monomer Dimer Trimer Tetramer

Figure 2.3.: The direction of the vibrational transition dipole vectors (yellow, unit
length) of the symmetric F-H stretching mode for small HF clusters
(n = 1-4, B3LYP/6-31+G(d) level). The trimer and tetramer do not
represent minimum structures.

asymmetric unit are first squared and then added. Thus, the oriented gas model
spectra do not account for couplings within the crystal, but rather correspond to
the center of the coupling patterns. A Matlab script [48] was written to rotate the
relaxed monomer units from a view along the crystallographic c-axis into views
along the crystallographic a- and b-axes of the monomer units within the crystal
structure and to calculate nonpolarized and polarized intensities of the different
crystals’ faces (see Supplement A). In the following, the limits of this approach
will be explored on the basis of HF.

HF crystallizes in the space group Bmmb with one molecule in the asymmetric
unit (Z’=1) and six molecules in the unit cell (Z=6). It forms disordered infinite
F-H- - -F hydrogen bonded zigzag chains along the crystallographic b axis (ICSF
REF Code: 14121) [49, 50]. Fragments of the zigzag chain are shown for small
optimized HF clusters in Fig. 2.3. Note that the dimer [51] but not the trimer [52,53]
and tetramer [54] correspond to a minimum structure. The dipole derivatives of the
imaginary frequencies are perpendicular to the molecular plane. Fig.2.3 shows
the influence of cluster size (n=1-4) on the direction of the vibrational transition
dipole vector of the symmetric F-H stretching mode. In the case of the monomer,
the vibrational transition dipole vector points along the F-H axis. The direction
changes upon hydrogen bonding. It points roughly along the hydrogen bond axis
in the dimer. In the presence of a hydrogen bonded chain the vibrational transition
dipole vector shows more or less along the HF chain. This alignment improves with
increasing cluster size largely due to symmetry reasons. It is therefore perfect in the
case of an infinite chain which is realized in the crystal.

In Fig.2.4 the limits of the oriented gas model approach are displayed for the
hydrogen bonded HF dimer. The polarized spectra of two HF monomer units and
of the HF dimer in the F-H stretching region are compared. The monomer units and

the dimer are rotated in the molecular plane in the upper part of Fig. 2.4 compared



to the lower part. The black curves correspond to the nonpolarized spectra and are
the same for the upper and lower part of Fig.2.4. They already exhibit deficien-
cies of the oriented gas model approach. The calculation of the monomer cannot
account for the red shift and intensification of the dimer modes which result from
the hydrogen bond. The infinite hydrogen bonded chain in the HF crystal can be
expected to lead to even larger red shifts and intensifications.

In Fig. 2.4 the polarized spectra are displayed in red for a horizontal polarization
and in blue for a vertical polarization. Since the molecules of the lower part are
rotated in comparison to the upper part, the polarization spectra differ. In the upper
part the intensities are almost equal for both polarizations. In the lower part the in-
tensity of the asymmetric stretching when applying a vertical polarization is almost
as high as in the nonpolarized spectrum. The opposite is true for the symmetric
stretching. Here, the intensity of the horizontally polarized spectrum is nearly as
high as the nonpolarized. The opposite behavior results from nearly perpendicular
vibrational transition dipole vectors which are aligned along the x and y axes. In the
case of the monomer mode, the horizontal polarization leads to a 1.5 times higher
intensity than the vertical polarization. This reflects the properties of the symmet-
ric stretching with some contributions from the less perfectly aligned asymmetric
mode.

An increased stabilization energy per hydrogen bond, strong red shifts of the
F-H stretching frequency, and significantly enhanced IR intensities were found for
HF;_19 chains investigated by SCF calculations asymptotically approaching the
solid properties [55,56]. Monomer calculations cannot account for the intensifica-
tion and wavenumber shifts in hydrogen bonded systems. Nevertheless, the relative
intensity change upon different directions of polarization can be simulated by the
oriented gas model approach. In the case of nonbonded modes, scaled monomer
predictions are reasonable and suitable for wavenumber, intensity, and polarization

simulations.
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Figure 2.4.: Oriented gas model polarization spectra (B3LYP/6-31+G(d) level) of
the HF dimer’s (Dim) asymmetric (asym) and symmetric (sym) F-H
stretching mode as well as the F-H stretching mode of two HF monomer
units (2x Mon). The black curve corresponds to the nonpolarized, the
red curve to the horizontally polarized, and the blue curve to the ver-
tically polarized spectra. The direction of the vibrational transition
dipole vectors (yellow, unit length) as well as the displacement vec-
tors of each mode (blue) are indicated. The monomer and dimer units
are rotated in the molecular plane in the upper in comparison to the
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3. Methods

The results of this work were obtained using both experimental and theoretical ap-
proaches. The focus was on experimental investigations. Quantum chemical calcu-
lations supported their interpretation. In Sect. 3.1 the preparation of samples will
be elucidated. The experimental methods will be illustrated in Sect. 3.2. The theo-
retical approaches will be described in Sect. 3.3.

3.1. Sample Preparation

3.1.1. Substances

Compounds used within the framework of the presented projects are listed in Sup-
plement B. The chemical formulas, CAS-numbers, suppliers, and purity are also
provided there. The synthesis of methyl-d; mandelate and the crystallization of

racemic and deuterated compounds will be described in the following Section.

Synthesis of Methyl-D; Mandelate

CDs-deuterated methyl mandelate (methyl-d3 mandelate) was not commercially
available. The synthesis of mandelates according to Refs. [57, 58] was modified
to obtain methyl-d; mandelate [37]. 0.458 g R-mandelic acid (0.0030 mol) was dis-
solved in 3 mL methanol-d; (0.0742 mol, 25-fold molar excess). One droplet of
concentrated sulfuric acid was added. The mixture was refluxed at 72°C for 3.5
hours. Afterwards, excess methanol-d;3 was removed using a rotary evaporator. The
crude methyl-d; mandelate was dissolved in ether and washed twice with aque-
ous potassium carbonate followed by saturated aqueous sodium chloride solution.
Finally, the organic layer was dried over anhydrous sodium sulfate, filtered, and
distilled with the rotary evaporator. The yield of methyl-d; mandelate was 63 %
(0.319 g). The chemical purity determined in cooperation with R. Machinek by 'H

11
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Figure 3.1.: Cross section of the sublimation cell with CaF, windows mounted on a
Peltier element.
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NMR ((300 MHz, CDCl3): 6 3.5 (s, IH) 5.2 (s, 1H) 7.3-7.4 (m, 5H)) was >90 %.

It can be assumed that the purity increased upon sublimation and resublimation.

3.1.2. Crystallization via Sublimation

A sublimation cell for the crystallization via sublimation and resublimation was
built and tested within the framework of the present study. The cell is constructed
to optimize the crystallization process by lowering the pressure and by applying a
temperature gradient. The powdery substance sublimates at the bottom and resub-
limates in the form of microcrystals (10-500 ptm) at the top. Hereafter, the process
of sublimation and resublimation will be referred to as sublimation only. By chang-
ing the pressure and temperature, the crystallization growth can be controlled and
microcrystals suitable for transmission spectroscopy can be obtained. A scheme of
the sublimation cell is depicted in Fig. 3.1.

The sublimation cell consists of two CaF, windows (Korth Kristalle GmbH)
which transmit light in the range of 0.13—12 um (~=77000-830cm™!). The win-
dows have a diameter of 134+0.1 mm, a thickness of 2+0.1 mm, and a bevel of
1.5mm x 45°. A 6 mrad wedge on the planar face and the optical polish reduce in-
terference and light scattering. The anisotropic CaF, crystals are randomly oriented
within the windows. The CaF, plates are held together by a PEEK (polyether ether
ketone) holder which is temperature resistant (up to 300°C). The PEEK holder and
the CaF, windows are sealed by using either perbunan® (up to 60°C) or viton® o-

rings of 10 x 1.0 mm (up to 300°C). Two versions of the sublimation cell had been

12



3.1. Sample Preparation

constructed and tested. The first version was equipped with a PEEK olive which
was connected to a plastic hose. For the second version a flexible steel hose with a
flange is glued to the PEEK holder. With the second version low pressures are ob-
tained faster and can be maintained longer. The sublimation cell can be connected
to a turbomolecular pump (Pfeiffer Vacuum TSH 071 and MVP 015-2) and evacu-
ated down to a pressure of less than 1 mbar (minimal pressure limited by leakage of
the sublimation cell, see below). The pressure was measured with a baratron pres-
sure gauge in the range of 0.001-10 mbar (MKS baratron type 626). The speed of
the evacuation process can be controlled by using a needle valve (HOKE Milli-Mite
13335G6Y). The standard position for the evacuation of the sublimation cell was
8 um. The sublimation cell can be mounted on a Peltier element (Linkam PE94).
Thus, it is possible to regulate the temperature at the bottom of the cell in a range
of —25°C to +120°C.

Generally, the sublimation process was performed in a pressure region of 0.1-
10 mbar with a closed needle valve (0 um). For crystallizations that took longer
than one day, the needle valve remained open (8 um) to compensate the leakage of
the cell. The temperature was set at 20°C and increased in steps of 5°C in order to
determine the approximate sublimation temperature for a given sample. The crys-
tallization growth could be stopped by lowering the temperature at the bottom of the
cell below the sublimation temperature. Occasionally, sublimation temperatures be-
low room temperature were necessary. In these cases, either the air conditioner was
used or the windows were opened during winter. By doing this, room temperatures

as low as 10°C were obtained.

Crystallization via sublimation is optimized by applying a temperature gradient.
Ideally, there is a perfect heat transfer from the Peltier element to the bottom of the
cell but no heat transfer to the top. Temperature tests with the sublimation cell were
performed in order to test the heat transfer from the Peltier element to the cell and
the temperature gradient of the sublimation cell. Measured melting temperatures of
several substances were compared with literature data. Also, the set temperature of
the Peltier element was compared to the temperature measured with a thermocouple
device.

The melting temperatures of different substances ((R)-alanine ethyl ester hy-
drochloride, (R)-methyl mandelate, (RS)-methyl mandelate, (RS)-menthol, ethyl ac-
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Figure 3.2.: Comparison of observed melting temperatures at the bottom of the sub-
limation cell (¥,ps) and melting temperatures provided by the supplier
(thiy) in °C of different substances. The dotted line marks negligible
deviation.

etamidoacetate, (RS)-indanol, and (RS)-alanine ethyl ester hydrochloride) provided
by the supplier were compared with the temperature in the sublimation cell deter-
mined with the Peltier element. In Fig. 3.2 the melting temperatures provided by the
supplier t, are plotted versus the observed temperatures Uqpg (see also Tab. 3.1).

Fig. 3.2 shows a good agreement between literature and observed melting temper-
atures of the substances. A tendency of measuring slightly lower melting tempera-
tures in the sublimation cell can be noticed. The deviation of less than 1°C can be
explained by the loss of heat between the Peltier element and the bottom of the cell.
An alternative explanation for the deviation of the melting temperature is the devi-
ation between the set and actual temperature of the Peltier element. Nevertheless,
the deviation in temperature is negligible for the sublimation experiments.

The heat transfer was also monitored by using a thermocouple device (Peak Tech,
digital multimeter 2010). In order to account for deviations in the room temper-
ature, the difference of the temperature set at the Peltier element and the room
temperature was plotted against the difference between the measured temperature
and room temperature in Fig.3.3. The black line shows a perfect heat transfer

(ABthermo/°C=AVpg/°C, not observed). The brown curve is the calibration curve
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Table 3.1.: Literature ;; (information provided by supplier) and observed standard
melting temperatures U, of various substances used for the sublimation
cell temperature test.

Substance \ Uy;/°C \ Uops/°C
(RS)-Menthol 34-36 | 32
Ethyl acetamidoacetate 43-46 | 45.5
(RS)-Indanol 50-53 | 51
(RS)-Methyl mandelate 54-56 | 55/55
(R)-Methyl mandelate 56-58 | 56
(R)-Alanine ethyl ester hydrochloride | 78-80 | 76/75
(RS)-Alanine ethyl ester hydrochloride | 85-87 | 83

of the thermocouple and shows the deviation of the thermocouple reading with an
ice-water mixture (Jpg=0°C) and boiling water (Jpg=100°C, AUpermo/"C=0.96 -
AYpg/°C+1.2). The temperature measured at the heating plate of the Peltier element
(blue) already shows a deviation to lower temperatures above approximately room
temperature and to higher temperatures below approximately room temperature
(ABhermo/°C=0.83 - A¥pg /°C—0.57). The deviation at the bottom of the cell (red-
dish) was found to be roughly twice as high as the one at the heating plate at temper-
atures above approximately room temperature (Apermo/°C=0.75 - Adpg /°C—0.85).
Below approximately room temperature the deviation is almost the same as at the
heating plate.

The temperature measured at the inner part of the CaF, window without direct
contact to the heating plate (hole for the beam, red) was approximately the same as
at the outer part with direct contact (pink). The behavior for heating (circles) was
approximately the same as for cooling (points), i.e. no hysteresis was observed. A
much larger deviation was found at the top of the cell (green), being slightly larger
when venting the sublimation cell (light green, ABpermo/°C=0.25 - A¥pg /°C+0.52),
as compared to the evacuated cell (dark green, AOermo/°C=0.30 - Adpg /°C+0.59).
The temperature steps were arbitrarily chosen. It should be noted that it was not
possible to measure the temperature at the top of the cell from the inside. The
temperature inside the cell can be estimated to have a slightly higher deviation from
room temperature than the temperature outside.

Summing up, Fig. 3.3 shows that there is a good heat transfer from the Peltier
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Figure 3.3.: Deviation of the temperature set at the Peltier element and the temper-
ature measured with a thermocouple device at the heating plate of the
Peltier element (PE vs PE heating plate, blue), at the bottom (PE vs
cell, bottom, reddish) and the top of the sublimation cell (PE vs cell,
top, greenish). Also, an ideal curve (PE vs PE, black, not observed)
and the deviation of the thermocouple device from 0°C of frozen and
100°C of boiling water (thermocouple reference, brown) are shown.

element to the bottom of the cell and a good isolation of the top of the cell. Thus, an
acceptable temperature gradient within the sublimation cell for crystallization can
be obtained.

Low pressures assist the crystallization via sublimation in addition to a tempera-
ture gradient. It is possible to obtain pressures down to 0.01 mbar with the second
version of the sublimation cell during evacuation. The leak tightness after closing
the needle valve (and thus stopping the evacuation process) was tested. In Fig. 3.4
a typical leakage test with and without the sublimation cell is shown.

The setup was evacuated with a needle valve position of 8 um until the pressure
remained stable (££0.001 mbar) for 10 seconds. Then the needle valve was closed.
The pressure was measured with a baratron over a time period of 600 seconds (pe-

riod of crystallization for most substances in this work) in order to observe the
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sublimation cell’s degree of leakage in comparison to the setup without sublima-
tion cell. O-rings with two different cross sections (1.5 mm and 1.0 mm) were also
tested. The upper green curve corresponds to the sublimation cell with a 1.5 mm o-
ring connected to a T-piece. The centered curves correspond to measurements with
the sublimation cell and a 1.0 mm o-ring connected to the T-piece (red) as well as to
the T-piece covered with a blind flange instead of using the sublimation cell (blue).
The lowest curve shows the pressure without using the T-piece nor the sublimation
cell (black). The initial pressure of the setup without the T-piece or sublimation
cell is the lowest (0.09 mbar and 0.06 mbar). When using the sublimation cell with
the 1.0 mm o-ring the starting pressure was the same as using a blind flange on
the T-piece (0.11mbar and 0.10 mbar). The highest initial pressure was observed
for the T-piece connected to the sublimation cell with a 1.5 mm o-ring (0.12 mbar
and 0.11 mbar). However, initial pressures rather reflect differences in time and
efficiency of pumping than tightness. The slope of all four curves is nearly equal
(0.01 mbar per 100sec) for a pressure range of 0.10-0.25 mbar, showing that the
leakage rate is determined by the needle valve or the construction between needle
valve and pump. It also shows that the leakage of the sublimation cell is minor in
comparison to the whole construction.

A leakage test was also performed with the old version of the sublimation cell
(olive + fabric tube for evacuation) (not shown). The pressure increased by a factor
of 40 within the first 200 seconds (from ca. Smbar to ca. 200 mbar) reaching a
saturation after a few minutes in the range of 1-5 mbar.

The leakage test shows a reasonable leak tightness of the sublimation cell for
the crystallization via sublimation. Generally, an increase of pressure over 10 mbar
was observed no earlier than 1 hour after closing the needle valve. Occasionally, a

pressure less than 10 mbar was maintained for 24 hours.

Crystallization of Racemic and Deuterated Substances

Racemic compounds of methyl mandelate, norephedrine, and pseudoephedrine
were crystallized by using an equal amount of both enantiomers. The enantiomers
were pestled and put either in a glass tube or into the sublimation cell. Then, the
glass tube or the sublimation cell was evacuated. Samples prepared in the glass tube
were stored for one to ten weeks and regularly evacuated.

In order to obtain OD- or ND/OD-deuterated crystals, the pestled sample was
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Figure 3.4.: Leakage test of the sublimation cell with a 1.5 mm and a 1.0 mm o-ring
connected to a T-piece. The leakage of the T-piece with a blind flange
and the leakage without the T-piece are also shown. The pressure p in
mbar was recorded over a time interval ¢ of 600 sec.

dissolved in a few drops of D,O directly in the sublimation cell. Then, the cell
was evacuated. Afterwards, the obtained amorphous or crystalline OD- or ND/OD-
deuterated sample was sublimated. In these cases, the needle valve was not closed
to prevent an exchange of deuterium with hydrogen from moist air and spectra were

only measured directly in the sublimation cell.
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3.2. Experimental Methods

A variety of spectrometric techniques was used within the framework of the present
study. In order to investigate the molecular conformation and orientation of sub-
limated microcrystals polarization FTIR microspectroscopy was applied. Pestled
solid samples without preferred orientations were recorded by FTIR-ATR spec-
troscopy for comparison. The relative vapor pressures of enantiopure and racemic
compounds were investigated by mass spectrometry to assist the study of chirality
recognition phenomena. The conformation and aggregation of small clusters were
observed by using FTIR-jet and Raman-jet spectroscopy. In the following sections

these setups will be described.

3.2.1. FTIR Microspectroscopy

Polarized FTIR microspectroscopy [17] was applied to investigate the molecular
conformation and orientation of sublimated microcrystals (Chapters 5, 6, and 7), see
also Refs. [27,59]. The setup consists of a Vertex 70v FTIR spectrometer (Bruker
Optics) and a Hyperion3000 microscope (Bruker Optics). For the sublimation of
crystals a sublimation cell was constructed (Sect. 3.1). For rotation and polarization
measurements a rotation device and a polarizer were available.

The Vertex 70v is an evacuable FTIR spectrometer with a cube-corner interferom-
eter. For all microspectroscopic measurements a 12 V Globar mid infrared source
and a KBr beamsplitter were used.

The optical pathway of the FTIR microscope is shown in Fig.3.5. The micro-
scope can be used in IR, visual (halogen light sources), and in a combined IR/Vis
mode. For the measurements presented here, only the IR or the visual mode were
used since the combination mode reduces the spectral quality. Three different ob-
jectives were available. A 4x visual objective (glass), a 15x IR/Vis objective,
and a 20x ATR-IR/Vis objective. The 4x objective was used to get an overview,
while the 15x objective was used for IR measurements and for the visual pictures
shown in this dissertation. The photos were taken with a color CCD camera (Sony
ExwaveHAD SSC-DC80P) attached to the microscope. For the IR detection two
MCT (mercury cadmium telluride) detectors were applied, which will be described
in detail below. Additional options include an IR or a visual polarizer as well as an

analyzer that can be placed in the optical pathway. The microscope is purged with
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Figure 3.5.: Optical pathway and accessories of the FTIR microscope (Hyperion
3000). The original figure of the microscope provided by Bruker Op-
tics is modified. The picture of the wire grid polarizer was taken from
Ref. [60] and is slightly modified.
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dry air.

For regular measurements the single element MCT detector (4000—1000 cm™!
with a recording area of 0.25 x 0.25mm? and the 15x IR/Vis objective were ap-
plied. The standard experiment Hyperion_transmittance.xpm (provided by Opus
6.5 [61]) with a spectral resolution of 4cm™! and an aperture of 2mm was used.
Additionally, a cutting aperture was applied to confine the area of interest. Nor-
mally, 32 or 50 scans were recorded. For a better signal-to-noise ratio 100 or 200
scans were occasionally taken.

In order to obtain chemical IR images a focal plane array (FPA) detector [62, 63]
was available. The FPA detector with 64 x 64 elements has a recording area of
2.56 x 2.56 mm? which corresponds to a sample area of 0.170 x 0.170 mm? when
applying the 15x IR/Vis objective. It is a multiple MCT detector and thus covers
the mid infrared region from 4000 to 1000 cm™!. It can be used to obtain spatially
resolved vibrational information of the sample. For measurements with the FPA
detector a low pass filter and an attenuator were used. The standard experiment
Hyperion_3000_FPA.xpm was applied. The aperture was set to 8§ mm and 500 scans
with a resolution of 8 cm~! were recorded. The frame rate was set to 3773 Hz and
an integration time of 0.15 ms was chosen. An offset of 230 and a gain of 1 were
applied.

Crystal samples were directly measured in the closed sublimation cell or on the
CaF, substrate after removing it from the sublimation cell. Occasionally, a rotation
device was applied in order to measure the different faces of the crystals. Due
to the small size of the sublimated crystals (10-500 um) it was possible to record
all spectra in transmission mode. A comparison of a transmission and a reflection
spectrum of a sublimated (R)-methyl mandelate crystal is shown in Fig.3.6. The
signal-to-noise ratio is acceptable for both modes. However, the spectrum measured
in transmission mode shows a superior spectral quality. In reflectance mode intense

bands are attenuated.

Rotation Experiments

The microcrystals investigated in this work grow on one or two preferred faces.
In order to record FTIR spectra from other faces, a rotation device was used (see
Fig.3.7). It consists of a 360° microrotation stage (Standa 7R128, 1° accuracy) and

a rod of 5cm in length and 0.5 cm in diameter. The CaF, window with a crystal
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Figure 3.6.: Transmission (top) and reflectance (bottom) FTIR spectra of an (R)-
methyl mandelate crystal on CaF, substrate. In reflection mode strong
bands are attenuated.

can be glued with general purpose glue on top of the rod. The rotation device
with the window can be screwed onto the xy stage of the microscope to prevent
misalignment.

For rotation experiments, one microcrystal needs to be chosen and all others
grown on the CaF; substrate need to be removed. Otherwise, there is the risk of
several crystals appearing in the beam-pathway. For cleaning, a cotton bud of 2 mm
diameter was used (NeoLab, 2-1022). No solvent was employed since it affects the
crystal of interest. Occasionally, brushes (da Vinci Forte Basic 5/0, 135 or da Vinci
Nova Synthetics 10/0, 245) were also used to remove bigger amounts of crystals.

In Fig. 3.8 visual pictures of a rotated crystal are shown. The rotated crystals
exhibit a mirror image on the CaF, substrate. The right half shows the crystal,
whereas the left part corresponds to its mirror image. In the following, the mirror
image will not be shown.

Rotation spectra (especially along the long crystal axis, face C) exhibit large ab-
sorbances. Spectra a—g in Fig. 3.8 show the dependence of the spectral quality from
the position of measurement indicated by the gray box. As expected there is no
absorbance when the measured region includes the background (a and g) due to

scattered light. The absorbance rises from spectrum a to ¢ since less scattered light
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Figure 3.7.: Scheme of a CaF, window with a crystal showing face A as imple-
mented in the sublimation cell (a) and two rotated CaF, windows with
a crystal showing face B (b) and face C (c). The crystal faces at the
bottom correspond to a view along the IR beam.

hits the detector. The absorbance then falls when the mirror image is also measured
(d and e), although less so than expected. In spectrum f the absorbance rises again
even though only the mirror image is measured. In order to explain this unusual

behavior further measurements are needed.

Polarizer

FTIR polarization studies were carried out to gain information about the spatial
orientation of the molecules within the crystals. For polarization measurements a
ZnSe holographic wire grid polarizer (Medway Optics Ltd) was used. It is 2 mm
thick and has a diameter of 25 mm (unmounted). The clear aperture is 22.5 mm
in diameter. The transmitted wavelength is 1-16 um (10000-625cm™!). A wire
grid polarizer transmits light with an electric vector perpendicular to the wires. The
principal transmittances of a polarizer are the transmission efficiency (K7) and the
unwanted transmission (K>). Kj is the optical power transmitted by the polarizer
with grid lines parallel and K> with grid lines perpendicular to the electric vector of
a polarized source. In the case of a perfect polarizer K, equals 0. Properties which
can be derived from K; and K, are the contrast ratio (7con¢r)

K
Tcontr = E, (3.1)

the extinction ratio (rext),
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Figure 3.8.: FTIR spectra recorded at different positions of a rotated (1S,2R)-
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norephedrine crystal. The visual pictures show the crystal itself (right
part) and its mirror image (left part). The gray box marks the spectro-
scopically investigated region. The absorbance A (maximum) of every
spectrum is indicated.
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Table 3.2.: The transmission efficiency (K), the unwanted transmission (K3), the
contrast ratio (7conr), the extinction ratio (rex;), and the degree of polar-
ization (dy)) of the ZnSe polarizer at 3 um (3333 cm™ 1) and at 10 um
(1000 cm ™) are listed.

Alum Viem™! K K Tcontr  Fext dpol
3 3333 0.69 0.007 98:1 49:1 0.980
10 1000 0.72 0.002 360:1 180:1 0.994

K
ext = 5 KIZ 3.2)
and the degree of polarization (dp1) [64]
K —K
dpol = ——. 33
pol K+ K, (3.3)

Values for the used polarizer at 3 um (3333 cm™!) and at 10 um (1000 cm™!) can
be found in Tab. 3.2. Small deviations between a nonpolarized spectrum and an
average spectrum of two perpendicular polarized spectra were found to be erratic

(not shown).

3.2.2. FTIR-ATR Spectroscopy

FTIR-ATR (attenuated total reflection) measurements of the substances used for
microspectroscopic analysis were performed for comparison. ATR spectroscopy
is based on an evanescent wave which penetrates the surface of the sample. The
pestled samples used for the FTIR-ATR measurements represent a more or less
perfect average over all orientations.

The FTIR-ATR measurements were performed in the sample compartment of
the Vertex 70v FTIR spectrometer. The pestled sample was applied onto a dia-
mond ATR unit (Harrick, MVP Pro-Star). For mid infrared measurements (4000—
400 cmfl) a 12V Globar source, a KBr beamsplitter, and a DTGS detector (deuter-
ated triglycine sulfate) were used. The resolution was set at 4cm™!, the aperture
at 6 mm, and the scanning velocity at 10Hz in the standard experiment MVP-
Pro_ATR_Diamond.xpm. In the cases of methyl mandelate, mandelic acid, and

methyl lactate (Chapters 5 and 6) a total number of 200 scans (2-100) were recorded
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Figure 3.9.: FTIR spectra showing signal-to-noise ratios of three mylar (50u, 23u,
and 6) and a massive silicon beamsplitter (Si).

whereas in the case of the phenylpropanolamines 50 scans were taken (Chapter 7).

Far infrared (FIR) measurements in combination with the diamond ATR unit were
also recorded. They were performed using a 12V or a 24 V Globar source with a
massive silicon beamsplitter and a liquid helium cooled silicon bolometer (IRLab,
Inc. HDL-5) in the range of 30cm™! to 470 cm™!. The standard experiment used
was FIR-DTGS(FIRSI).xpm. The resolution was 2 cm~! with an aperture of 8 mm
and a scanning velocity of 60 kHz. A total number of 400 scans (4-100) were aver-
aged.

In Fig. 3.9 the performance of the massive silicon beamsplitter is compared to
different mylar beamsplitters (6 um, 12 um, and 50 um multilayer). The FTIR
spectra are shown in the spectral range of 550—-140cm™! and were measured using
an FIR-DTGS detector for 100 s (16 scans). The aperture was set to 6 mm and the
scan velocity to 2.5kHz. It can be seen that the signal-to-noise ratios of the 50u
and the 23u mylar beamsplitters are rather low and have specific minima. The
signal-to-noise ratio of the 6 beamsplitter is comparable to the ratio of the silicon
beamsplitter, but the ratio is slightly worse. Furthermore, this beamsplitter is very
difficult to align. All in all, the massive silicon beamsplitter shows a reasonable

signal-to-noise ratio which is more or less constant in the shown spectral range.
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Figure 3.10.: Schematic layout of the mass spectrometer used to determine relative
vapor pressures.

3.2.3. Mass Spectrometry

Mass spectrometry was employed in order to determine the relative vapor pressure
of substances showing chirality recognition phenomena [38,65,66]. A layout of the
setup is depicted in Fig. 3.10. It consists of a quadrupole mass spectrometer (QMS,
Stanford Research Systems RGA 200). Its vacuum chamber can be evacuated by
a rotary vane pump (Vacuubrand RS-4) and a turbomolecular pump (Leybold Tur-
bovac 50) down to a pressure of 107> to 10~® mbar. Solid pestled samples placed
into three tubes can be temperature regulated in a bath cryostat (Haake CH/F3).
The amount of vapor flowing into the mass spectrometer is regulated by a precision
needle valve (HOKE Milli-Mite 13335G6Y).

The vapor is ionized in an electron impact ionizer. A Faraday cup detector mea-
sures the ion currents at an electron energy of 70eV. It covers a range of 10~ to
10~13 A for both positive and negative values with the same accuracy and resolu-
tion. Measurements can be performed in a range of 1 to 300 amu. The relative
intensities of characteristic ion fragments were used to determine relative vapor
pressures.

A specific amount of substance (usually 100 mg) was evacuated in one of the
three glass tubes. Mass spectra of the intensity versus the m/z value were recorded
every five minutes for about six hours. The software rga3.05 [67] which allows

for scheduled measurements was used. The intensities of selected fragments were
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Figure 3.11.: Intensities of m/z values for different valve positions and different
amounts of substance (here, racemic methyl mandelate).

automatically read and averaged with a script written in Matlab R2009b [48]. An
example script can be found in Supplement C.

The optimal valve position for a stable dynamical equilibrium of leakage into the
chamber and pumping-off was determined by performing a series of measurements
with different valve positions. 100mg and 10 mg of the test substance (racemic
methyl mandelate) were thermostated at 20°C. Mass spectra were recorded at dif-
ferent valve positions every two minutes for 30 minutes. The average intensity of
the peaks at an m/z value of 51, 79, and 107 are plotted against the setting of the
needle valve in Fig. 3.11. The intensity increases linearly for larger openings of the
valve. This shows that the stream of vapor is thermodynamically controlled. In the
case of a kinetically controlled process, a leveling off of the intensities would be
expected. To verify the results, measurements were also performed at a temperature
of 5°C leading to the same results (not shown). A stable dynamical equilibrium
of leakage was obtained after an induction period of a few minutes. Fig.3.11 also
shows that an amount of 10 mg leads to a bigger divergence of the linear fit. Fur-

thermore, the intensity breaks down at a valve position of 18 um.
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Figure 3.12.: Schematic layout of the filet-jet taken from Ref. [71], modified.

3.2.4. Jet Spectroscopy

Jet spectroscopy is used for the spectroscopic investigation of isolated monomers
and small clusters [68—70]. The adiabatic expansion from a higher to a lower pres-
sure region causes the temperature to lower significantly. Especially, the transla-
tional and rotational temperatures are lowered and the Doppler broadening is re-
duced. The use of a noble gas (here helium and argon in helium) allows for a more
efficient cooling. Vibrational spectra are simplified and can be more easily com-
pared to quantum chemical calculations.

Two jet setups were used in the framework of the present work. One is based on
FTIR and the other on Raman spectroscopy. Both setups will be briefly explained

below.

FTIR-Jet Spectroscopy

FTIR-jet spectroscopic measurements were performed using the filet-jet (fine but
lengthy, a description of the nozzle). A scheme of the setup is shown in Fig. 3.12.
Detailed descriptions of the setup can be found in Refs. [71-74].
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The substances of interest can be heated in two saturators which are purged with a
carrier gas (helium). The gaseous mixture is then filled into a reservoir of 67 L vol-
ume using magnetic valves. The concentration was lowered by a third stream of the
carrier gas to traces of up to 0.6%. Relative concentrations were roughly estimated
based on relative intensities, vapor pressures, and mixing ratios. After reaching the
stagnation pressure of 1 bar, the gas mixture is directed over six magnetic valves into
a prechamber ensuring a homogeneous expansion. The mixture is then expanded
through a high-throughput slit nozzle of 600 mm length and a width of 0.2 mm into
the jet chamber (stainless steel, 776 mm length, 400 mm diameter). The jet chamber
is connected to a buffer volume of 23 m* which keeps the background pressure at
less than a few mbar. After evacuating the jet chamber (2500 m®-h~!) the magnetic
valves are opened again and another expansion is induced.

FTIR scans were performed with an Equinox 55 FTIR spectrometer (Bruker
Optics). In the meantime, this spectrometer has been replaced by the evacuable
IFS66v/S which shows a better signal-to-noise ratio. The beam is aligned perpen-
dicular to the direction of propagation to attain a long distance of absorption. For
every pulse, a total of 25 scans are recorded. The first 20 scans are carried out before
every gas pulse and averaged into one background spectrum. Two scans before and
two after every gas pulse are used for control measurements. 150-200 pulse scans
were averaged to improve the signal-to-noise ratio. Further parameters are listed in

Supplement D.

Raman-Jet Spectroscopy

Raman-jet measurements were performed with the curry-jet (classical unrestricted
Raman spectroscopy). Four variants of the curry-jet were used within the present
studies. Detailed parameters of the variants are listed in Supplement D. A schematic
layout of the curry-jet is shown in Fig. 3.13.

A gaseous mixture is produced by running a carrier gas (helium or argon) through
two temperature controlled saturators filled with the substances of interest. The
pressure was set at 1.5 bar, but decreased during measurements to 1.0—1.1 bar. The
expansion takes place through a 4.0 x 0.15 mm? slit nozzle into a jet chamber. The
jet chamber is evacuated by a 250 m?-h~! roots pump backed up by a 100 m>-h~!
rotary vane pump. In the newest version of the curry-jet a 500 m3-h~! roots pump

has been added to increase the pumping capacity.
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Figure 3.13.: Schematic layout of the curry-jet taken from Ref. [75], modified.
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3. Methods

An 18 W 532nm Nd:YVOq4 laser source is focused by a planoconvex lens on
the jet expansion. A McPherson Inc. Model 2051 monochromator or a McPherson
205f spectrograph disperses the scattered radiation onto a Princeton Instruments
Spec-10:400B/LN CCD camera. Wavelength calibrations were carried out with
Ne atomic fluorescence lines. The absolute wavenumber scale is expected to be
accurate within 1-2cm™~!. An average of four to twelve independent acquisitions
with an integration time of 200-600 s was smoothed to gain the final spectra. For a
more detailed description see Refs. [11, 14,75-80].
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3.3. Theoretical Methods

3.3. Theoretical Methods

Theoretical methods were applied to assist the vibrational interpretation. In the
following, the performed quantum chemical calculations will be described. Data
treatment to obtain FTIR images will also be illustrated. All spectra recorded with
the single element MCT detector and with the ATR device are shown without any

postprocessing. For the treatment of the Raman-jet spectra see Refs. [75,81].

3.3.1. Quantum Chemical Calculations

Quantum chemical calculations were performed to assist the assignment of exper-
imental bands to different vibrational modes and to different clusters. The calcu-
lations provide information on the energy of a given conformation or cluster, their
vibrational modes and frequencies, as well as the x-, y-, and z-components of the
dipole derivatives. Quantum chemical calculations were performed for the sub-
limated crystals investigated by FTIR-microspectroscopy and for mixed alcohol-

water clusters investigated by Raman- and FTIR-jet spectroscopy.

Sublimated Crystals

For the FTIR-microspectroscopic studies frequency calculations including dipole
derivatives were performed on geometrically optimized (fully relaxed) structures
of the most stable monomer conformations in the gas phase (structure provided by
Refs. [38,82—-87]) as well as on conformations taken from the crystal structures [38,
88-92]. Harmonic calculations were performed with the Gaussian03 program suite
[93] employing B3LYP with the 6-311++G(3df,2p) basis set and the MP2 level with
the 6-311+G(2d,p) basis (not employed in the case of the phenylpropanolamines).
The calculated harmonic wavenumbers are scaled by a universal best fit factor of
0.966 which accounts for neglected anharmonicity in X-H stretching fundamentals
and deficiencies of the B3LYP method.

In the case of methyl mandelate partly optimized structures (1-5 optimization
steps) taken from the crystal structure [38] were also used. The conformations
of these partly optimized structures are closer to the conformation of the frozen
monomer than the fully relaxed monomers. For the partly optimized methyl man-
delate monomers with 1-5 optimization steps no reasonable partial convergence

was found. The O-H stretching wavenumbers listed in Tab. 3.3 show an erratic con-
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3. Methods

Table 3.3.: Predicted harmonic wavenumbers of the O-H stretching mode @w(O-H)
in cm~! and energy differences without and with zero point energies
(AE and AEp) in kJ-mol~! of the frozen monomer, monomer optimized
in 1-5 steps as well as the fully relaxed monomer taken from the crystal
structure of enantiopure methyl mandelate and the most stable monomer

[38].

Frozen Stepl Step2 Step3 Step4 StepS5 Fullyrelaxed Most stable
o(O-H) 5934 4931 3764 3803 3836 3858 3835 3723
AE 366.6 1322 234 20.9 20.7 18.4 15.4 0.0
AE) 3709 1316 214 19.6 19.8 17.0 14.6 0.0

vergence. As a result, only frequencies from fully relaxed structures are used in this
work.

Alcohol-Water Cluster

Conformational Raman and IR frequency calculations were performed on small
water-alcohol cluster with the Gaussian03 program suite [93]. The levels of har-
monic calculations employed in this work (with their abbreviations given in paren-
thesis) include B3LYP/6-311+G(d) (B3-S), MP2/6-311+G(d) (MP2-S), MP2/6-
311++G(2d,p) (MP2-M), and MP2/6-311++G(3df,2p) (MP2-L). S, M, and L in-
dicate small, medium, and large basissets, respectively.

To compensate empirically for some deficiencies in the electronic structure treat-
ment and other effects, the average of the corresponding harmonic O-H stretching
wavenumbers @(th,n) calculated at the MP2-S and MP2-M levels was used. This ad
hoc choice should be viewed as a pragmatic interpolation approach in the absence
of more rigorous systematic calculations, including larger clusters.

The average harmonic dimer and trimer O-H stretching wavenumbers @(th,n)
were shifted by the difference between the experimental water dimer donor
wavenumber Vyw(exp) (3602 cm~! for (H,O), in the IR and Raman case,
2632cm™! for (D,0),) and the corresponding harmonic wavenumber prediction
Oww (th) (see Supplement E):

V(th,n) = o(th,n) + Vyw(exp) — Oww(th) (3.4)

Zero point energy corrections to binding energies were estimated in the harmonic

approximation. This may not be a satisfactory approximation for the large ampli-
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3.3. Theoretical Methods

tude torsions and for intermolecular degrees of freedom [94].

IR intensities / were calculated as integrated band strenghts in units of km-mol~'.
Raman intensities depend on the wavenumber of the used laser V. Differential
scattering cross sections ¢’ in units of m?sr~! can be calculated using the calculated

scattering activities ARaman [75]:

,_2m*h (Vo —Vi)* Wy

o = _ _
45CVk l_e$

: 8kARaman7k 3.5)

Since the investigated vibrational energies are much higher than the thermal excita-

tion in the jet, hcVy >> kT was assumed.

3.3.2. FTIR Images

To obtain the FPA-FTIR chemical images shown in this work two wavenumber
regions were integrated using the baseline corrected integration method of OPUS
6.5 [61] and then subtracted using a prefactor to maximize the contrast between
the two wavenumber regions. The integrated areas are chosen according to spectral
differences of the substances.

In the case of methyl mandelate the regions of 3018-2982cm~! (H for high)
and 2972-2934cm™~! (L for low) were integrated. Twice the integral absorption
of region H was subtracted from the integral of region L (L—2-H). Blue colors
show a higher intensity of bands in the 3018-2982 cm ™! region, whereas red colors
refer to a higher intensity in the 2972-2934 cm™~! region. Absorption free regions
and regions with balanced intensities in the 3018-2982 cm~! and 2972-2934 cm ™!
windows are shown in green (BG).

In order to obtain chemical images of mandelic acid, the regions 3120-—
3100cm™! (H) and 3100-3080 cm™! (L) were integrated. Three times the integral
of region H was subtracted from the integral of L (L—3-H). Blue colors show a
higher band intensity in the 3120-3100 cm™! region, while red colors correspond
to a higher intensity in the 3100-3080 cm ™! region.

The chemical images of pseudoephedrine were obtained by subtracting the in-
tegrated region of 3335-3310cm™! (Enant) from the integrated region of 3310
3290 cm ! (Rac, Rac—Enant). Thus, higher band intensities in the region of 3335-

3310cm™! are shown in blue and in the region of 3310-3290 cm™! in red colors.
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4. Alcohol-Water Clusters

Ethanol is the smallest organic molecule which shows conformational isomerism.
There are three stable conformers, a trans conformer and two less stable gauche
conformers, gauche+ and gauche— (see Fig. 4.1). This conformational preference is
partially modified in the crystal which contains one trans and one gauche— ethanol
conformation in the asymmetric unit [95]. The molecule adopts to its environment.
Small ethanol clusters [10, 80] and ethanol-water [11, 14] clusters are elementary
model cases to study such an adaptive aggregation.

Alcohol-water mixtures show some anomalies on the macroscopic scale [96],
such as volume contraction [97,98] and asymmetric heats of mixing [99, 100]. The
anomalies are expected to emerge at a nanoscopic scale, at the level of hydrogen
bonded clusters [101]. Alcohol-water mixtures are of great importance for industrial
purposes and in daily life. Especially, ethanol-water mixtures are widely known for
their neuroactive effects.

So far, remarkably little is known about the conformations and interactions within
the smallest building blocks of aqueous solutions of the two simplest alcohols,
methanol and ethanol. The structure of the methanol-water dimer was unravelled
by microwave spectroscopy [102]. The methanol-water dimer and larger clusters
were investigated by matrix isolation infrared spectroscopy [103]. Vacuum isola-

tion studies, which lend themselves better to direct comparison between theory and

trans gauche+ gauche—

Figure 4.1.: Illustration of trans, gauche+, and gauche— ethanol conformations and
the right (r) and left (1) lone pairs.
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4. Alcohol-Water Clusters

experiment, were started in the framework of the author’s Hausarbeit im Rahmen
der Ersten Staatspriifung fiir das Lehramt an Gymnasien [81] and continued within
the present project [11, 14,75]. The sparsity of experimental data results from the
absence of a suitable UV chromophore which would allow for sensitive double-
resonance spectroscopy approaches. VUV double resonance techniques might be
feasible but are still in their infancy [104] and do not always provide faithful infrared
spectra [105].

In the following, the conformational preferences during adaptive aggregation
of small methanol-water and ethanol-water clusters investigated by Raman- and
FTIR-jet spectroscopy in the O-H stretching region will be analyzed. Concentra-
tion and relaxation studies as well as measurements of isotope labeled mixtures will
be shown. Quantum chemical calculations of mixed methanol- and ethanol-water
dimers to tetramers for structural investigations and for the assistance of the vibra-
tional assignments will be presented.

The main results of this chapter are published in Refs. [11, 14]. Verbatim cita-
tions are used with permission of all co-authors. Results on relative donor/acceptor
strengths, weak secondary hydrogen bonds, tunneling processes in acceptor lone
pair switching, and thermodynamic anomalies are elucidated in Refs. [11, 14] and

will not be repeated in this chapter.

4.1. Preliminary Considerations

Water and the alcohols methanol and ethanol possess a hydroxy group which can si-
multaneously act as a proton donor and acceptor for hydrogen bonding. In the case
of water two hydroxy groups are present and therefore, hydrogen bonded networks
can be established [106]. In the following, the hydrogen bond donor within a dimer
will be named first and the acceptor second. The abbreviations a for alcohol, m for
methanol, e for ethanol, and w for water will be used. Thus, wm names a dimer
in which water takes the role of the proton donor and methanol the acceptor. The
sequence of letters is irrelevant for higher cyclic clusters. In the case of ethanol the
trans, gauche+, and gauche— conformations need to be considered. The abbrevia-
tions €, €, and e, are used. There are two free electron pairs of each acceptor
oxygen atom differentiated as right (r) and left (1) lone pairs (see Fig.4.1). In case

of cyclic structures, the molecules may point up (#) and down (d) with respect to
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4.1. Preliminary Considerations

a2
C?d
Figure 4.2.: [llustration of a methanol molecule pointing up (1) and two water
molecules pointing down (d) the ring’s plane.

the ring’s plane (Fig.4.2). The formation of hydrogen bonds, the presence of iso-
merism, and the arrangement of molecules influence the conformation of the mixed
clusters and also the position of the O-H stretching band. The latter can be used to
unravel the conformation of the clusters.

There are numerous quantum-chemical calculations for methanol, ethanol and
their complexes with water available in the literature. Results for methanol-water
dimers can be found in Refs. [94, 107-115], among others. Data for higher clusters
are summarized in Refs. [110, 113, 116], whereas simulations on aqueous methanol
mixtures are described in Refs. [117, 118]. Calculations for mixed ethanol-water
dimers are presented in Refs. [107, 108, 112, 115, 119, 120]. Others also per-
formed studies on higher ethanol-water clusters (e.g. see Refs. [116, 121-123]).
In the present work, some of these calculations had to be repeated and com-
plemented in order to obtain all the information relevant for this study. E.g. in
Refs. [107, 115, 120, 121] conformational isomerism of ethanol is not considered.
Refs. [108, 112] distinguish between trans and gauche ethanol but do not take into
account the gauche+ and gauche— variants which are spectroscopically distinguish-
able in mixed dimers. Additionally, Raman intensities were rarely calculated or a
given level of approximation was not available for both alcohols.

To identify trends between methanol and ethanol in this work, reliable compar-
isons are indispensable. Calculations were carried out for all conceivable dimer
structures (aw and wa including torsional variants). In the case of ethanol, the dif-
ferent conformers were considered. For mixed cyclic trimers (aaw and aww) no
systematic calculations on all possible conformers were carried out due to expected
and experimentally confirmed spectral overlap. Only clusters with the right electron
pair being the hydrogen bond acceptor are considered since they are spectroscopi-
cally indistinguishable from their mirror images involving the left electron pair in

the hydrogen bond. For further details on the selection of calculated structures see
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4. Alcohol-Water Clusters

Ref. [81]. Predicted harmonic wavenumbers are summarized in Supplement E.
Predicted intensities were modified taking into account the approximate alcohol

mole fraction x, as well as the number of possible conformers. The probability p

for a given cluster type was estimated by a binominal distribution, leading to the

following equations for dimers:

Pww = (1 _xa)2
Pwa = (1 _xa) *Xa
Paw = Xa- (1 _xa)
Paa = (xa)z “4.1)
and trimers:

Pwww = (1 _xa)3

Paww = 3-Xa- (1 _xa)z

Paaw = 3- (xa)2 (1 —xa)

Paaa = (xa)3 4.2)

To account for the lower abundance of trimers relative to dimers in the supersonic
expansions, empirical intensity scaling factors are applied for the simulated spectra.
For the methanol-water trimers, intensity scaling factors of % and % are applied for
the simulated Raman and IR spectra, respectively. For the ethanol-water trimers, an
intensity scaling factor of JT is applied for both the simulated spectra. Furthermore,
the average intensities predicted by the MP2-S and MP2-M levels were used for
the simulated spectra (see Figs. 4.5, 4.7, and 4.10 later on), based on the relative

intensity information Oy and /¢ gathered in Supplement E.

4.2. Methanol-Water

Fig. 4.3 provides an overview of the O-H stretching region of the mixed methanol-
water system comparing Raman- and FTIR-jet spectra with assignments of the cor-
responding clusters. Bands appearing in the spectra of the mixed system but not in

the pure ones are assigned to mixed clusters. A list of assigned bands can be found
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Figure 4.3.: Raman- and FTIR-jet spectra of the mixed methanol-water system in
the O-H stretching region. Absorbance magnification factors are shown
in the insets, which share the wavenumber scale of the main spectra.
The left inset shows the effect of reduced methanol concentration, help-
ing in the mixed dimer assignment. The right inset shows the evolution
of mixed trimers with increasing methanol-to-water ratio.

in Tab. 4.1. Small IR/Raman differences of band positions are within the Raman
calibration accuracy.

The mixed band near 3567 cm~! appears in Raman- and FTIR-jet spectra, con-
sistent with a dimer origin. It corresponds to the band at 3508 cm™~! observed in size
selected ternary benzene-methanol-water trimers [125]. Two dimers mw and wm
are found at all levels of calculation (see Fig. 4.4). For a better comparison between
experimental and calculated spectra, the harmonic predictions of both dimers (see
Supplement E) are shown in Fig. 4.5. On top an experimental Raman-jet spectrum
and at the bottom the experimental FTIR-jet spectrum from Fig. 4.3 is repeated.
In between, relative Raman scattering powers oy and IR band strengths I of
mixed and pure clusters are plotted as stick spectra (for the scaling procedures see
Sect. 3.3). The O-H stretching band of mw is predicted at higher wavenumber than
ww where no band is observed, whereas the predicted red shift of wm matches the
new band emerging in the mixed system. The associated intensity transfer from the
relaxation of mw into wm is indicated by dotted arrows and lines in Fig. 4.5c. This
conformational preference is in agreement with most quantum chemical calcula-
tions [94, 107,109, 120, 126, 127] (but not at the B3-S and MP2-S levels) as well as
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4. Alcohol-Water Clusters

Table 4.1.: Experimental FTIR- and Raman-jet O-H stretching band positions V in

cm™! together with proposed assignments for pure and mixed methanol-
water dimers, trimers, and tetramers as well as for pure and mixed
deuterated methanol-deuterium oxide dimers and trimers.

Assignment \ VETIR \ VRaman ‘
WW 3602 | 3602
mm 3575 | 3577
wm 3567 | 3568
wm (shoulder) 3565.5
WWW, mmw 3533

mww, mmw 3514

WWW 3491
mmm 3475

mww 3439 | 3440
mmw 3425
mmm 3414
Wy 34002

Wy 33410
my 3294

m3w (?) 3239
my 3212
W5 3355¢

W5 3311¢
myw (?) 3191
ms 3167
mm (deuterated) 2637
ww (deuterated) 2632
wm (deuterated) 2611
www (deuterated) 2557°
mmm (deuterated) 2530
mww (deuterated) 2526
mmw (deuterated) 2526

“See also Ref. [124]
b Average of two components at 3334 and 3347 cm™! [77]
“Tentative assignment [77]
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4.2. Methanol-Water

mw wm

Figure 4.4.: Structures of the mw and wm dimer configurations at MP2-L level.

microwave spectroscopic investigations [102]. In cryogenic argon matrices, wm is
also found to be the most stable dimer isomer [103, 126], whereas nitrogen matrices
change this donor/acceptor preference [103, 128]. Diffusion Monte Carlo simula-
tions for wm and mw have shown that the stability of the mixed dimers also depends
on the zero point energy for the hindered internal rotation of the monomers [94].
The methanol hydroxy group is engaged in the hydrogen bond in mw. Thus, its
torsion mode is more restricted than in wm and blue shifted. Its contribution to
the zero point energy is thus strongly augmented, which contributes to the reduced
stability of mw compared to wm.

In the central part of Fig. 4.3 the wm dimer region from a Raman measure-
ment with relative concentration of m:w~1:3 (magnified by a factor of five) is
also shown. The wm band persists, whereas the mm band decreases compared
to the spectrum with a m:w ratio of 3:1. By taking a closer look at the wm band a
hardly resolved splitting of approximately 2.5 cm™! between a more intense band at
3568.0cm~! and a less intense one at 3565.5cm ™! can be noticed. This splitting is
not resolved in the corresponding IR spectrum due to more extensive rotational con-
tours. Since the splitting cannot be traced back to conformational or donor-acceptor
isomerism (see Refs. [14,75]), a tunneling process is the probable cause. To further
investigate this hypothesis, measurements with OD-deuterated methanol and deu-
terium oxide were carried out. Raman jet spectra of the O-D stretching region are
shown in Fig. 4.6. The theoretical prediction shown in Fig. 4.7 is again unambigu-
ous in terms of the donor/acceptor preference. The corresponding wm band was
observed at 2611 cm™!. No splitting can be resolved in the O-D stretching spectra.
Therefore, a mass-independent cause for the splitting in the O-H stretching region
can be excluded. The most likely reason for the splitting seems to be an exchange

of the water donor between the methanol acceptor lone pairs (see Refs. [14,75]).
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4. Alcohol-Water Clusters

Figure 4.5.: Comparison of calculated (MP2-S/MP2-M average) and experimental
Raman and FTIR spectra of pure and mixed dimers and trimers of the
methanol-water system: a) Raman-jet (® in counts-s~!), b) Raman pre-
diction for pure clusters (o7, in 10736.m?.sr 1), ¢) Raman prediction
for mixed clusters (o, in 1073¢-m?.sr~!), d) IR prediction for mixed
clusters (I in km-mol~ 1), e) IR prediction for pure clusters (/] in
km-mol~1), f) FTIR-jet (A=ln(17°) -10%). For the scaling procedure, see
Sect. 3.3. In the trimer case, the most stable MP2-M structure with two
equal molecules pointing into the same direction (Fig. 4.2) is used for
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Figure 4.6.: Raman-jet spectra of the mixed deuterated methanol-deuterium oxide
system in the O-D stretching region.
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Figure 4.7.: Comparison of calculated (MP2-S/MP2-M average) and experimental
Raman spectra of pure and mixed dimers and trimers of the deuterated
methanol-deuterium oxide system: a) Raman-jet (® in counts-s~1), b)
Raman prediction for pure clusters (o7, in 1073%.m?.sr~!), ¢c) Raman
prediction for mixed clusters (07, in 10736.m2.sr~!). For the scaling
procedure, see Sect. 3.3.
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4. Alcohol-Water Clusters

The more challenging trimer signatures are shifted further to low frequency. Due
to their cyclic, quasisymmetric nature, largely different Raman and IR intensities
for the individual O-H stretching bands can be expected. Concerted stretching [78]
leads to the lowest frequency band with a large change in polarizability. The IR
intensity profits from out-of-phase vibration of the three coupled oscillators. There
is no obvious localization of the vibrational amplitude on either water or methanol.
To discriminate among trimers of different compositions, Raman-jet results for dif-
ferent ratios of water and methanol are shown in the box in the upper-right corner
of Fig. 4.3. Adding small amounts of water to methanol leads to the appearance of
a band at 3425 cm~! (mmw). With more water, a mixed trimer band at 3440 cm ™!
is observed (mww). This mww feature can also be found in the FTIR-jet spectra
at 3439 cm™!, together with at least two new trimer bands which require quantum
chemical predictions for a tentative assignment.

There is considerable isomerism expected for mixed methanol-water trimers de-
spite the complete absence of competitive non-cyclic structures, as inferred exper-
imentally from the analogous methanol case [129] and theoretically in many stud-
ies [107,110, 111, 113]. This is somewhat different when a benzene chromophore
is attached. In all cases, one unit (arbitrarily) points above the hydrogen bonded
ring (#) and two below (d) in the most stable structure (Fig.4.2). At B3LYP level,
the two d units preferentially belong to different species, whereas MP2 calculations
predict the two d units to be the same in the most stable variant (see Tab. 4.2).
However, the differences are only on the order of 0.1 to 0.3 kJ-mol~! and therefore,
emphasis will be given on the MP2 preference in the following. The full set of
trimer results is summarized in Supplement E. There is a systematic increase of the
trimer dissociation energy with increasing methanol content as expected based on
dispersion energy contributions and also the trend in the dimers. Note, that the B3-S
approach almost fails in reproducing this trend (Tab. 4.2).

The quality of the harmonic wavenumber predictions can be tested for the Raman
active bands, which are straightforward to assign based on the experimental data.
There, a large wavenumber shift from www to mww followed by smaller shifts in
the same direction for mmw and mmm can be found. This is not fully reflected in
the MP2 prediction shown in Fig. 4.5, where mmw even overshoots mmm slightly.
However, the predicted shifts are within 20-30cm™! of experiment, which is rea-
sonable at this elementary level of theory.

As shown in traces d) and e) of Fig. 4.5, the IR situation is considerably more

46



4.2. Methanol-Water

Table 4.2.: Differences of zero point corrected dissociation energies of pure and
mixed methanol-water trimers ADy in kJ-mol~!. Numbers in parenthe-

ses refer to the OD-deuterated clusters.

WaWagWy, | MgWgW, | M,WgWg | Mg, W5 | MgMgW, | Mgzmgm,,

B3-S 0.00 —1.03 —0.88 —1.48 —1.30 —1.82
(—0.29) | (—0.50) | (—=1.18) | (=1.25) | (—2.08)

MP2-S | 0.00 —2.27 —2.59 —4.83 —4.92 —7.26
(—1.26) | (—1.48) | (=2.48) | (=2.69) | (=3.72)

MP2-M | 0.00 —4.16 —4.39 —8.41 —8.58 —12.85
(=3.06) | (—=3.20) | (=6.09) | (=6.31) | (—9.44)

MP2-L | 0.00 —5.24 —5.48 —-10.68 | —10.81 | —16.21
(—4.26) | (—4.30) | (—8.54) | (—8.73) | (—13.09)

congested with up to 8 new trimer transitions expected, due to the lifting of the C3
symmetry degeneracy. A comparison of traces e) and f) shows that the calculations
overestimate this degeneracy lifting. For mmm, the predicted splitting of 21 cm ™! is
to be compared to the experimental one of 5cm~! [129]. With this and the general
error bar of ~20-30cm ™! in mind, some mixed assignments of the three trimer
bands which fall in the region between the dimer absorption and the Raman active
trimer bands may be proposed (see Tab. 4.1). The band at 3533 cm ™! is expected
to have www contributions [130], but may derive most of its intensity from mmw.
The band at 3514cm™! is likely to have contributions from both mixed trimers.
However, one can clearly see that the Raman active bands are less ambiguous.

In the case of OD-deuterated methanol co-expanded with deuterium oxide only
one new band is present in the trimer region of the Raman-jet measurements (see
Fig. 4.6). No other band appears when the ratio of deuterated methanol and deu-
terium oxide is changed. A comparison of experimental and calculated spectra is
shown in Fig. 4.7. It can be seen that the mixed trimers (mww and mmw) are pre-
dicted near the turning point of the www — mmm sequence, lower in wavenumber
than mmm and closely neighboured. Therefore, the mixed band at 2536 cm™! can
tentatively be assigned to overlapping mixed trimers. The overshooting red shift
of mixed clusters, which was already predicted at some levels for non-deuterated
mixtures (see Supplement E) but not observed in the experiment, is fully developed
after deuteration in both experiment and theory. This points at substantial excess
effects in the mixtures, which are discussed in Refs. [11, 14].

A Raman-jet concentration study performed in order to investigate higher clusters
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4. Alcohol-Water Clusters

Figure 4.8.: Raman-jet spectra of the mixed methanol-water system in the O-H
stretching region of higher clusters. The pure water spectrum at the

is shown in Fig. 4.8. By adding water to the pure methanol-water system, two bands
at slightly higher wavenumbers than the pure methanol tetramer and pentamer arise.
A mixed methanol-water tetramer m3w at 3239 cm ™! and a mixed methanol-water
pentamer myw 3191 cm™

and comparison with quantum chemical calculations would be needed to support the
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4.3. Ethanol-Water
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Figure 4.9.: Raman- and FTIR-jet spectra of the mixed ethanol-water system in the
O-H (and O-D) stretching region. Absorbance magnification factors
are shown in the insets, which share the wavenumber scale of the main
spectra. The bottom centered inset shows relaxation of we; to weg by
adding Ar. The top centered inset shows the analog relaxation in the
O-D region (shifted in wavenumber to match the weg O-H spectrum).
The right inset shows the evolution of mixed trimers with increasing
ethanol-to-water ratio.

4.3. Ethanol-Water

Fig. 4.9 displays a survey of the Raman- as well as the FTIR-jet spectrum of the
mixed ethanol-water system. The Raman-jet spectrum was recorded at an esti-
mated ethanol:water concentration ratio of 1:1, whereas the ethanol:water ratio in
the FTIR-jet spectrum is approximately 2:1. Assignments of the observed bands are
summarized in Tab. 4.3.

In analogy to the methanol-water system, mixed dimer bands are present in the
Raman and FTIR-jet spectra. However, while the Raman spectrum shows two peaks
at 3551 and 3548 cm™!, the former is only a weak shoulder in the FTIR spectrum.
It is caused by a metastable conformation, which is relaxed into the more stable
conformation due to the larger average nozzle distance and therefore colder expan-
sion in the FTIR experiment. The mixed dimer band at lower wavenumber is due
to a gauche ethanol acceptor subunit, whereas the band at higher wavenumbers is
assigned to a trans acceptor. The left inset in Fig. 4.9 shows the acceptor region of
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4. Alcohol-Water Clusters

Table 4.3.: Experimental FTIR- and Raman-jet band positions ¥ in cm~! together
with proposed assignments for pure and mixed ethanol-water dimers and
trimers as well as for pure and mixed deuterated ethanol-deuterium oxide
dimers. A labels the acceptor mode. All other modes refer to vibrations

of the donor.

’ Assignment \ VETIR \ VRaman ‘
We; A, €€ A 3671
WW 3602
we; 3551
Wegt 3548 | 3548
€g—€f 35472 | 3548°
ee 3541 | 3544
€qtCot 35312 | 3532°
WWW 3531
eew 3505
WWW 3491
eew 3457
eee 3449
eWW 3427
eew 3409
eee 3386
ww (deuterated) 2632
€g—€; (deuterated) 2621°
ee (deuterated) 2615°
€¢+€g+ (deuterated) 2609°
we; (deuterated) 2602
weg (deuterated) 2601

“Taken from Ref. [10]
bSee also Ref. [75]
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4.3. Ethanol-Water

trans ethanol for Raman measurements without (top) and with (bottom) 5% argon.
In the lower central inset of Fig. 4.9 the hydrogen bonded O-H stretching bands
are shown. The intensity of the we; band at 3551 cm™! decreases along with the
acceptor band of trans ethanol when the heavier collider argon is added, showing
that weg . is more stable. Assuming a conservative lower limit of the effective con-
formational temperature in the argon doped expansion of 10K and at most 10%
remaining we; fraction, a lower limit for the energy difference between we; and
weg of 0.2kJ -mol~! from the Boltzmann population can be derived. These as-
signments are also supported by quantum chemical calculations (see Fig. 4.10 and
Supplement E). At all levels of calculation five mixed ethanol-water dimer config-
urations can be optimized. Relative stabilities and local minimum structures are
illustrated in Fig. 4.11. In the three most stable structures, water acts as the hy-
drogen bond donor. In these cases, not only the conformation of ethanol (trans or
gauche) is relevant, but also the choice of the acceptor lone pair (see Sect.4.1). As
illustrated in Fig. 4.11, we, (with a hydrogen bond to the right lone pair of ethanol)
is predicted to be the most stable and most compact mixed dimer at MP2-L level.
In contrast to we,_ it is stabilized by a secondary hydrogen bond-like interaction
between a C-H group and the water oxygen [131]. It bends the primary hydrogen
bond slightly further away from the linear arrangement. The enhanced stability of
e, in this complex parallels the stabilization observed for ethanol dimers [10,75,78],
as does the enhanced red shift. The donor/acceptor roles of ethanol and water in a
matrix are analogous to those of methanol and water, with we being the more sta-
ble one in argon and ew in nitrogen [103]. In the jet, ew dimers are expected to
relax into the more stable structures, as implied by the intensity shifts postulated in
Fig. 4.10 by the dotted lines. The we-splitting shrinks by a factor less than 2 upon
OD-deuteration of both ethanol and water (see Fig. 4.9). Theory predicts this factor
to be 1.3 (MP2-L). Furthermore, the relaxation behavior is analogous to that of the
nondeuterated dimer, although less pronounced because a smaller amount of argon
is added. Therefore, it is clear that the we-splitting is not due to tunneling, as in

wm, but rather to conformational isomerism.

To assign the trimer bands in the Raman-jet spectra, concentration variation was
applied (see the rightmost box in Fig. 4.9 with relative concentration estimates).
In analogy to the mixed methanol-water trimer bands, the intensity of the band

at higher wavenumber (3427 cm™!) increases with an increasing content of water,
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4. Alcohol-Water Clusters
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4.3. Ethanol-Water
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Figure 4.11.: Structures and relative stabilities of we/ew dimer isomers at MP2-L
level. Secondary hydrogen bond-like C-H- - - O contacts and hydrogen
bond lengths as well as the O-H- - - O angles are indicated.

while the more red shifted band at 3409 cm™~! increases with the relative ethanol
content. As supported by the calculations in Fig. 4.10 (and Supplement E), the band
at 3427 cm™! can be assigned to eww, while the band at 3409 cm™! corresponds
to eew. Isomerism does not scramble the coarse-grained sequence from www over
eww and eew to eee in the spectrum. The stability of the trimers (Tab. 4.4) increases
with an increasing alcohol content (except for the B3-S level), see also Ref. [111].
Again, the most stable configurations appear to be those with equivalent molecules
pointing in the same direction relative to the ring plane, but the preference is weak.
Trimers containing trans ethanol tend to be more stable than those containing the
gauche conformation, however no systematic exploration was attempted. At the
MP2-M and MP2-L levels only trimers containing trans ethanol with two equal
molecules pointing into the same direction were calculated and plotted (Fig. 4.10).
Unlike in the methanol-water case, the prediction of the trimer sequence matches
the experimental one in its qualitative behavior. There is no overshooting of the
red shift as a function of alcohol content, before the pure alcohol value is reached.
However, the size of the shifts is underestimated towards high ethanol content.

As Fig. 4.10 illustrates, the IR absorption of the Raman active trimer bands in-
volving synchronous O-H stretching motion is too low to make them detectable.

Instead, there are a few stronger bands predicted at higher wavenumbers e.g., the
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4. Alcohol-Water Clusters

Table 4.4.: Differences of zero point corrected dissociation energies of pure and
mixed ethanol-water trimers ADy in kJ-mol 1.

WagWaWy e dWdWu | € aWuW4d | €quWdWgq | € uWqWyg
B3-S 0.00 +0.75 +0.29 +0.60 —0.42
MP2-S | 0.00 —1.65 —1.69 —2.41 —2.79
MP2-M | 0.00 —5.32
MP2-L | 0.00 —6.65

CgouCg.dWd | g.dCguWd | €g,d% uWd | €t.dCuWd | €.dCt,dWu | €t,dt dCtu
B3-S +0.96 +0.87 —0.15 —0.06 +0.08 +0.30
MP2-S | —4.83 —4.85 —5.20 —5.30 —5.60 —8.09
MP2-M —11.02 —16.91
MP2-L —13.59

band at 3457 cm ™! may correspond to eew, as may the band at 3505 cm™!. Overall,
the IR spectra are more ambiguous to assign due to the higher congestion. More

reliable quantum chemical predictions would be helpful.

4.4. Conclusions

Dimers and trimers composed of water and either methanol or ethanol were studied
by Raman and FTIR spectroscopy in supersonic jets, complemented by harmonic
quantum chemical calculations to explore their limitations in reproducing the O-H
(O-D) stretching manifold. In mixed alcohol-water dimers water was found to as-
sume the role of the hydrogen bond donor. A simple case of adaptive aggregation is
the water-ethanol dimer. Here, water forces ethanol into its less stable gauche con-
formation upon dimerization. This dimer conformation profits from the interaction
with a C-H hydrogen bond of the methyl group. For mixed alcohol-water clusters
a cyclic structure can be assumed. A tentative assignment was made for a mixed
methanol-water tetramer and a pentamer.

The study of higher alcohols with water would be interesting in order to investi-
gate how an increased aliphatic chain [132] affects the hydrogen bond and also the
structures by introducing competing dispersion interactions. The study of highly
polar fluorinated alcohols [133] in combination with water [134] is also of interest.

The investigated ethanol-water dimer represents one of the simplest model cases
of what happens when a molecule being capable of hydrogen bond interactions is

embedded into a crystal. It will typically rearrange its functional groups in order to
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4.4. Conclusions

optimize intermolecular interactions. The conformational preferences of more com-
plex hydrogen bond formers within a crystal and their interactions will be discussed

in the following Chapters.
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5. Methyl Mandelate

Methyl mandelate is a chiral o-hydroxycarboxylic acid ester with an ester, a hy-
droxy, and a phenyl group (see Fig.5.1). Due to its numerous functional groups
it is a good model system to explore the competition between a variety of inter-
actions [38] e.g., inter- and strained intramolecular O-H- - -O=C hydrogen bonds,
which are important for the structure and function of biomolecules. Furthermore,
methyl mandelate is suitable to study the competition between dispersion forces
and hydrogen bond interactions. The aromatic ring is a weak acceptor for free OH
groups and is also responsive to 7—7m- and CH-7x interactions [135, 136]. Since
its functional groups are close to the chiral center (marked with an asterisk (*) in
Fig.5.1) aggregation might be influenced by effects of chirality recognition [3].
Furthermore, it shows structural similarities to mandelic acid and some neurotrans-
mitters which will be discussed later on in Chapters 6 and 7.

Monomers and small clusters of methyl mandelate were extensively studied by
FTIR-jet spectroscopy and double-resonance IR/UV spectroscopy [38, 137, 138].
IR and vibrational circular dichroism studies were performed on methyl mande-
late in solution [139-141]. KBr pellet and ATR-IR spectra are reported for the
solid state [38]. X-ray structure analysis and polarization FTIR microspectro-

scopic measurements were initiated within the present framework and are reported

(5) ()

Figure 5.1.: (S)- and (R)-methyl mandelate monomers. The center of chirality is
marked with an asterisk (*).
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5. Methyl Mandelate

in Refs. [37,38]. The relative vapor pressure of enantiopure and racemic methyl
mandelate was also determined [38, 142, 143].

In this chapter the aggregation of methyl mandelate and chirality recognition phe-
nomena will be discussed. First, the results of the X-ray structure analysis [38] will
be described and compared to FTIR-ATR spectroscopic [143] and relative vapor
pressure measurements [38, 142, 143]. Based on this, the monomer conformation
within the crystal structures and the most stable monomer in the gas phase will be
compared. Preliminary spectral considerations will be made before discussing FTIR
microspectroscopic results of sublimated methyl mandelate crystals. Emphasis will
be put on preferred growth directions, the assignment of the CH chromophores, and
the deduction of the molecular orientation from the spectra of the different crystal
faces. The vibrational assignment of the C-H stretching modes will be performed
by comparing the FTIR microspectra to quantum chemical calculations, FTIR-ATR
spectra of related compounds, and isotope labeling. Vibrational transition dipole
vectors will be deduced from crystal rotation and polarization experiments. The
direction of these vectors will be used to constrain the absolute orientation of the
molecules within the crystal and for the assignment of further vibrational bands. In
doing this, it will be shown that the polarization FTIR microspectroscopic method
is suitable for determining the molecular orientation and for the assignment of vi-
brational modes.

The (S)- and (R)-enantiomers of methyl mandelate show equivalent FTIR spectra
(not shown). All spectra of enantiopure methyl mandelate depicted in this work
were measured using the (R)-form. Nevertheless, the (S)-enantiomer is consis-
tently used in all figures since it matches the configuration of the enantiopure crystal
solved by the X-ray structure analysis.

Parts of this chapter are published in Refs. [37,38]. Verbatim citations of Ref. [37]

are used with the consent of the co-author.

5.1. Crystal Structures

Since no crystal structure of methyl mandelate had been published before, the struc-
ture analysis was carried out within this study and is published in Ref. [38]. Two
crystallization techniques were employed. Slow solvent evaporation of methyl man-

delate solutions in water, methanol, ethanol, and toluene was performed and subli-
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5.1. Crystal Structures

mation in evacuated glass tubes (ca. 10 mbar) at room temperature was carried out.
The X-ray structure analysis was carried out by B. Dittrich. Details on refinement
data can be found in Ref. [38].

(8)-methyl mandelate crystals were obtained by cooling of an oversaturated aque-
ous solution. Sublimation also led to large single crystals. In both cases, the enan-
tiopure crystals showed a needle-like habit. Enantiopure methyl mandelate crys-
tallizes in the monoclinic space group P2; (see Fig.5.16 later on). Attempts to
obtain racemic crystals by sublimation of racemic methyl mandelate were unsuc-
cessful. However, needle-like crystals with an (RRRS) pattern were obtained (see
Fig.5.21 later on). The quality of these crystals was poor, but after several at-
tempts a small untwinned specimen was obtained. The formation of non-racemic,
non-enantiomeric crystals is rarely observed [144, 145]. Like enantiopure methyl
mandelate, the (RRRS) compound also crystallizes in the monoclinic space group
P2,. The racemic compound was finally obtained from a solution of the racemate
in toluene. It also shows a rather rare (RRRS — SSSR) pattern [146] similar to the
mixed pattern of the (RRRS) crystal (see Fig. 5.20 later on). Racemic methyl man-
delate crystallizes in the triclinic space group P1.

The three stereoisomeric crystal structures of methyl mandelate have common
features. Each compound has eight molecules in the unit cell (Z=8) and four
molecules in the asymmetric unit (Z’=4). In one dimension there are infinite zigzag
chains of bifurcated O-H: - -:O=C and O-H-: - -O-H hydrogen bonds with different
distances and angles (see Fig. 5.2 for enantiopure methyl mandelate and Tab. 5.1).
Orthogonal to the hydrogen bonds, the aromatic rings interlock with each other by
m-m-interactions. These two layers are held together by van der Waals interactions
of the methyl ester groups and aromatic rings in a third dimension. Besides the con-
figurations and patterns, a major difference is the orientation of the aromatic ring.
In the enantiopure compound the aromatic rings alternatingly point up and down
with regard to the hydrogen bond chain. In the mixed (RRRS) and the racemic crys-
tals, every fourth monomer is enantiomeric to the others and does not follow the
alternating up/down pattern observed in the enantiopure crystal. Therefore, the sta-
pling of 7-7 interlocked hydrogen bonded chains is less efficient than in the case of
the enantiopure compound. In the case of the racemic crystal, (RRRS) and (SSSR)
layers alternate.

The monomers within the unit cell of all three crystals have the same qualitative

conformation (see Fig.5.5 later on) but differ in their interactions. Stronger and
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5. Methyl Mandelate

Face B

b

C

Figure 5.2.: Hydrogen bonded network of (S)-methyl mandelate showing four dif-
ferent hydrogen bonded OH groups [38]. Hydrogen bond distances are
given in A. Circled numbers enumerate the monomer units. Note that
only hydrogen bonds with a maximum H-X distance of 2.5A and a
minimum angle of 130° are shown.

weaker hydrogen bonds alternate (see Fig. 5.2 for enantiopure methyl mandelate,
Tab. 5.1). The average H- - - O distance of the bifurcated O-H- - -O=C and O-H- - -O-H
hydrogen bonds falls in the range of 2.0-2.2 A. Either a strong and a weak or two
intermediate contacts are formed. The average between both hydrogen bond angles
varies from 139-144°. The only exception is the monomer unit 4 of enantiopure

methyl mandelate which has an average angle of 131°.

The formation of three different crystal structures was verified by FTIR-ATR spec-
troscopy and by mass spectrometric measurements of the relative vapor pressures.
Mid infrared ATR spectra of enantiopure, 3:1 mixed, and racemic methyl mande-
late are shown in Fig. 5.3. The spectra exhibit differences regarding the shape and
position of several bands of the enantiopure compound compared to the 3:1 and the
racemic crystal. Most bands of the enantiopure substance appear blue shifted rela-
tive to the other compounds. No significant differences are observed for the mixed

(RRRS) and the racemic crystal in the mid infrared region.
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5.1. Crystal Structures

Table 5.1.: Types, distances d in A (dy—x and dy_x), and angles « in ° of hydrogen
bonds Y-H- - -X found in the crystal structures of enantiopure (S)-, mixed
(RRRS)-, and racemic (RRRS — SSSR)-methyl mandelate.

O-H-.--0=C
Monomer dH—X dY—X (04
(S)-Methyl mandelate

O-H --OH
du—x dy-x o

1 2.5 3.1 126 1.9 2.8 162
2 2.5 3.1 126 1.8 2.7 158
3 2.0 29 152 2.2 29 130
4 2.0 2.8 143 2.5 3.1 119
(RRRS)-Methyl mandelate

1 2.4 3.1 135 2.0 29 150
2 2.0 2.8 135 2.1 3.0 143
3 2.3 3.0 132 2.0 29 152
4 2.1 29 132 2.0 29 150
(RRRS — SSSR)-Methyl mandelate

1 2.1 29 133 2.1 29 147
2 2.2 3.0 135 2.0 29 150
3 2.0 2.8 137 2.1 30 143
4 2.3 3.1 134 2.0 29 151
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Figure 5.3.: FTIR-ATR spectra of enantiopure (S), mixed (RRRS), and racemic
(RRRS — SSSR) methyl mandelate recorded in the mid infrared region
(3660-2800cm ™!, 1400-750cm~!). The blue bars mark regions of
spectral differences.

The far infrared FTIR-ATR spectra of enantiopure, 3:1 mixed, and racemic
methyl mandelate (Fig. 5.4) show substantial differences experienced by lattice vi-
brations. The relative differences of the enantiopure compound on one hand and 3:1
and racemic methyl mandelate on the other hand are more pronounced in this spec-
tral region. Especially, the appearance of a new peak at 340 cm™!, the intensity gain
and sharpening at 220 cm™!, and the shifts at 170 and 60 cm™"' should be noted.
The spectra of the mixed (RRRS) and the racemic crystal also show differences in
the far infrared region. One difference is the band at 165cm™~! which appears in-
termediate in the spectra of the 3:1 crystal showing that the spectrum of the mixed
(RRRS) crystal cannot be represented by a superposition of the enantiopure and the
racemic crystal. This supports the formation of a third crystal structure next to the
enantiopure and the racemic crystal.

Relative vapor pressures of the three different methyl mandelate compounds were
determined by quadrupole mass spectrometry. The relative vapor pressures of enan-
tiopure and racemic methyl mandelate already had been measured by L. Schrader
and J. Zischang [38, 142, 143]. Within the scope of this work, the results were ver-

ified and the relative vapor pressure of the mixed (RRRS) compound was measured
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Figure 5.4.: FTIR-ATR spectra of enantiopure (S), mixed (RRRS), and racemic
(RRRS — SSSR) methyl mandelate recorded in the far infrared region
(470-30cm ™). The blue bars mark regions of spectral differences.

newly. Based on the mass peaks 79 and 107, the relative vapor pressure of the
enantiopure and the racemic compound is determined as (19+5)% and the relative
vapor pressure of the 3:1 mixed compound and the racemic methyl mandelate is de-
termined as (35+10)% at 293.0£0.5 K. Thus, although the FTIR-ATR spectra only
show subtle differences, the vapor pressures are considerably different as a result of

intermolecular diastereoisomerism.

5.2. Monomer Conformations

To characterize the conformation of methyl mandelate monomers a three-letter
nomenclature was employed [138]. It describes the syn (S,s), cis (C), skew (sk),
gauche (G), and anti (A) conformations of the H-O-C-C, the O-C-C=0, and the
0O=C-0O-CH3; dihedral angles.

The monomer units of enantiopure, 3:1 mixed, and racemic methyl mandelate do
not differ qualitatively within the unit cell but also not for the different crystals. The
energies and predicted wavenumbers are thus the same for relaxed (geometrically

optimized) enantiopure, 3:1 mixed, and racemic methyl mandelate monomer units.
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5. Methyl Mandelate

* *
*
Frozen monomer unit Relaxed monomer unit Most stable
from the crystal structure from the crystal structure monomer

Figure 5.5.: Frozen and relaxed monomer units ((S)-enantiomer) taken from the
crystal structure of enantiopure methyl mandelate [38] as well as the
most stable monomer [138] (B3LYP/6-311++G(3df,2p) level).

Therefore, only the enantiopure crystal’s monomer unit is shown in Fig. 5.5 and will
be considered in the remainder. It exhibits an AsC conformation. No intramolecular
hydrogen bond is formed in this conformation.

The most stable monomer conformation was determined by IR/UV double reso-
nance and resonant two-photon ionization spectroscopy in combination with quan-
tum chemical calculations on the MP2/6-31G(d,p) and DFT levels of approxima-
tion [138]. Two stable monomers were found, the more stable monomer having an
SsC and the other a GskC structure. The results were confirmed by FTIR-jet spec-
troscopy [38, 137]. Both conformations form an intramolecular O-H- - -O hydrogen
bond. In the case of the SsC structure the O=C is the hydrogen bond acceptor,
whereas in the GskC monomer the O-CHj3 group takes on this role. The struc-
ture and frequencies of the SsC conformation were recalculated on the B3LYP/6-
311++G(3df,2p) and MP2/6-311+G(2d,p) levels of theory within the current frame-
work. The most stable monomer calculated on the B3LYP method is depicted in
Fig.5.5.

The energy differences without and with zero point energies between the relaxed
monomer unit from the crystal structure and the most stable monomer conformation
as well as the distance and angle of the intramolecular O-H- - -O hydrogen bond
of the most stable monomer are summarized in Tab.5.5. The energy difference
with and without zero point energies of 13—15kJ-mol~! (B3LYP and MP2 levels)
results from the establishment of a hydrogen bond within the most stable monomer.
Nevertheless, the energetically unfavorable monomer unit is present in the crystal
structure since it is capable of stronger intermolecular hydrogen bonds than the most

stable monomer unit. Thus, the energy difference of the monomer units reflects the
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Table 5.2.: Distances d in A (du—o and dop_o) and angle o in ° of the O-H---O
hydrogen bond in the most stable monomer as well as energy differ-
ences without and with zero point energies (AE and AEj) of the re-
laxed monomer unit from the crystal structure [38] and the most sta-
ble monomer [138] of methyl mandelate in kJ -mol~! on the B3LYP/6-
311++G(3df,2p) and MP2/6-311+G(2d,p) levels of theory. No imagi-
nary frequencies are observed.

du_o do.o « AE AE
B3LYP/6-311++G(3df,2p) 2.1 27 119 —154 —14.6
MP2/6-311+G(2d,p) 2.1 27 120 —13.6 —129

benefit of intermolecular over intramolecular hydrogen bonds.

5.3. Preliminary Spectral Considerations

Methyl mandelate possesses a hydroxy group, a phenyl ring, and an ester functional
group (see Fig.5.5 above). Therefore, a variety of fundamental bands can be ex-
pected in the mid infrared region. There will be an O-H stretching fundamental,
several C-H stretching bands (aromatic, methyl, and a-acidic), a C=0 stretching
band, C-C stretching modes, and several combination bands. Predicted wavenum-
bers are listed in Supplement F.

The position and intensity of the O-H stretching band strongly depend on the
nature and strengths of the hydrogen bonds [147, 148]. The stronger the hydrogen
bond the more red shifted and intensified the band is e.g., the position of the theo-
retically localized O-H stretching band of the water monomer (W) red shifts
from 3707 cm™! to 3602 cm™! in the water dimer and to 3567 cm~! in the mixed
water-methanol dimer (see Chapter 4) [14, 81]. The O-H stretching band of the
methyl mandelate monomer was found to appear at 3549 cm™~! and 3552cm™! by
FTIR-jet and IR/UV depletion spectroscopy, respectively [38, 138]. Several dimer
bands were observed 10-35 cm™! red shifted to the monomer. Only one dimer band
is blue shifted by 7cm™!. The trimer and a higher cluster’s O-H stretching band are
red shifted by 88 cm~! and 248 cm~! as shown by FTIR-jet spectroscopy [38]. The
small shifts of the dimer O-H stretching bands result from the isolated character of

the hydrogen bonds and the competition from intramolecular hydrogen bonding in
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5. Methyl Mandelate

the monomer. Within the crystal the monomers form hydrogen bonded chains (see
Sect. 5.1). Therefore, larger red shifts can be expected.

Methyl mandelate has three different types of CH groups. There are the aro-
matic CH groups, the ester methyl group, and one o-acidic CH. The aromatic C-H
stretch may show a multiplet of up to five bands in the 3100 cm™" to 3000 cm ™! re-
gion [148]. The aliphatic ROC-Hj stretching bands appear in the 2995-2865 cm ™!
spectral region with the asymmetric stretchings at higher wavenumber than the sym-
metric [148]. C-H stretching bands of methyl mandelate monomers were found
at 3101cm™!, 3076cm™!, 3043cm™!, 3009cm™!, 2964 cm™!, and 2804 cm™!
by FTIR-jet spectroscopy [38]. Only slightly different positions (3105cm™!,
3080cm™!, 3045cm~!, 3009cm™!, 2963cm~!, and 2900cm™~!) were observed
using IR/UV depletion spectroscopy [38, 138]. The bands at higher wavenum-
bers are assigned to aromatic C-H stretching modes, while the bands at 3009 cm~!,
2964 cm~!, and 2900 cm™! are assigned to aliphatic C-H stretchings [138].

The C=0 stretching mode appears as a strong band in the region of 1800—
1650 cm™! [148]. The C=O0 stretching band of the methyl mandelate monomer was
detected at 1752cm~! by FTIR-jet spectroscopy [38]. Dimer bands were found
to be shifted by —17cm™! to +11cm™!'. C-C stretching bands appear around
1600cm™!. The modes show a lifted degeneracy and may appear as a quadru-
plet [147,148]. In benzene these modes are doubly degenerate. The substitution of
the benzene ring destroys the high symmetry of the ring.

Complex in-phase and antiphase coupling patterns for many molecular vibrations
(factor group splittings) can be expected [16]. Further spectral splittings may result

from quantitative differences in the molecular structures discussed in Sect. 5.1.

5.4. FTIR Microspectroscopy

5.4.1. Enantiopure Methyl Mandelate

In the following section, results on sublimated microcrystals of enantiopure methyl
mandelate studied by polarized FTIR microspectroscopy which are published in
Ref. [37] will be presented. Enantiopure methyl mandelate is a white powder with
a melting point of 56-58°C under ambient conditions (according to the supplier).
There is no evidence that it is hygroscopic.

The sublimation of enantiopure methyl mandelate led to microcrystals with two
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Figure 5.6.: Type A and B FTIR spectra of enantiopure methyl mandelate crystals
as well as the difference spectrum of type A subtracted from type B
(B—A). Wavenumbers for selected bands in the difference spectrum are
given in cm~!. They may differ slightly from those of the band maxima
in the raw spectra. Regions H and L used for integration are marked in
blue and red, respectively.

different habits. Liquid droplets which often formed above +35 °C crystallized into
dendritic carpets. Tabular crystals were directly obtained by sublimation in a tem-
perature range of +28 °C and +40 °C. After nucleation the methyl mandelate crystals
grew to a size of 10 um and larger within seconds.

The sublimated methyl mandelate crystals (dendritic carpets as well as tabular
crystals) show two different types of spectra which are denoted as type A and type
B in Fig.5.6. The spectra differ in relative intensities (e.g., in the C-C stretch-
ing or C-H bending region), in band shape (e.g., the O-H stretching band), and in
wavenumber (e.g., the C=0 stretching band). Different spectral types may result
from polymorphism, solvent content, or different crystal faces. The appearance of
a crystal hydrate appears to be rather unlikely since none was observed by X-ray
structure analysis (see Sect. 5.1). Furthermore, the crystallization was performed
via sublimation which minimizes the presence of solvents. A difference spectrum of
type A subtracted from type B (B—A) emphasizes the spectral differences (Fig. 5.6).

Wavenumbers of maxima and minima in the difference spectrum are given in cm~!.

67



5. Methyl Mandelate

FTIR image Vis picture
170 ym 170 um
\
& 3
e =
5 s
= ; ° B
= * 3
-3
BG

Figure 5.7.: FTIR image of an enantiopure methyl mandelate polycrystal showing
that type A and B spectra can coexist in a sample.

FTIR images were recorded in order to determine if both types of spectra can co-
exist and whether a single crystal only shows one spectral type. The images shown
in Figs. 5.7 and 5.8 were obtained by integrating the regions 3018-2982cm~! (H)
and 2972-2934cm™! (L) with the OPUS 6.5 [61] baseline corrected integration
method (see Chapter 3). Twice the integral absorption of region H was subtracted
from the integral of region L (L—2-H) to maximize the contrast between the two
C-H stretching sections. Blue colors show a higher intensity of bands in the region
of 3018-2982 cm ™!, whereas red colors refer to a higher intensity in the region of
2972-2934 cm™'. Absorption free regions and regions with balanced intensities in
the 3018-2982 cm™~! and 2972-2934 cm~! windows are shown in green (BG).

The FTIR image of a dendritic crystal shows that the two types of spectra can co-
exist in a sample (Fig.5.7). The images of two single crystals (Fig. 5.8) exhibit that
the crystals either show type A (top) or type B spectra (bottom). The visual pictures
next to the images show that the type A crystals’ shape is rectangular, whereas type
B spectra result when the shorter edge of the crystal is not orthogonal to the long
edge. This correlation was also observed for other single methyl mandelate crystals
not shown here. A 1:1 ratio for the occurrence of crystals showing type A and B
spectra was noticed as well.

Rotation experiments around the long crystal axis revealed that type A and type
B spectra can be interchanged (Fig.5.9). This shows that the spectral differences
cannot be attributed to polymorphism or solvation, but to different faces the crystals
are growing on and therefore to the molecular orientation. Since the distribution of
both spectral types was found to be balanced, the growth direction of the crystals
on the CaF, substrate appears to be largely statistical with respect to these short

axes [149]. In the following, crystal faces showing type A spectra are named face
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Figure 5.8.: FTIR images of enantiopure methyl mandelate crystals showing only
one type of spectra for single crystals.

A and crystals showing type B spectra face B.

Also, enantiomerically mixed (unknown ratio), OD-deuterated enantiopure, and
CDs-deuterated enantiopure methyl mandelate crystals grow on two faces. The
spectra are analog to the two spectral types observed in the enantiopure case as
shown for enantiomerically mixed methyl mandelate in Fig. 5.10. A comparison of
the difference spectra (Fig.5.11) exhibits the similarities which result from simi-
lar interactions within the crystal structures (see Sect. 5.1) and their directions of
growth. The polarization microspectra of the enantiomerically mixed methyl man-

delate crystals will be shortly discussed in Sect. 5.4.2.

There are strong differences in the region of the C-H stretching bands of face A
and B spectra. Especially, the intensities of the bands at 3003 cm ™! and 2954 cm™!
differ. FTIR-ATR spectra of methyl mandelate were compared to those of the struc-
turally similar molecules mandelic acid (MA), methyl lactate (ML), and methyl-d3
mandelate (Fig. 5.12) for the assignment of the C-H stretching bands to the aromatic
and aliphatic groups.

The C-H stretching bands in the 3100-3020 cm ™! region appear in the spectra of
methyl mandelate, mandelic acid, and methyl-d3 mandelate but not in the spectrum
of methyl lactate. Thus, the bands in this region can be assigned to aromatic C-H

stretching modes (see Tab. 5.3). While the spectra of mandelic acid and methyl-
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Figure 5.10.: Type A and B FTIR spectra of enantiomerically mixed methyl man-
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delate crystals of unknown ratio as well as the difference spectrum of
type A times 0.75 subtracted from type B (B—0.75-A). Wavenumbers
for selected bands in the difference spectrum are given in cm~!. They
may differ slightly from those of the band maxima in the raw spectra.
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Figure 5.11.: FTIR difference spectra of type A subtracted from type B of non-
deuterated enantiopure, nondeuterated enantiomerically mixed (un-
known ratio, nonenantiopure), OD-deuterated enantiopure, and D3-
deuterated enantiopure methyl mandelate crystals.
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Figure 5.12.: FTIR-ATR spectra of methyl mandelate (MM), mandelic acid (MA),
methyl lactate (ML), methyl-d; mandelate (MM-D3), and a difference
spectrum of nondeuterated and methyl-d; mandelate (MM —MM-D3).
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d; mandelate do not show bands around 3003 cm~! and 2954cm™!, the spectra
of methyl mandelate and methyl lactate do. Accordingly, the two bands must be
due to C-H stretchings of the methyl groups. This matches the assignments of
the C-H stretching signals observed in FTIR-jet and IR/UV depletion spectra at
3009 cm~! and 2964 cm™! [38, 138] (see Sect. 5.3). The weak band at 2903 cm™!
can be assigned to the stretching vibration of the a-acidic CH in agreement with
an aliphatic C-H stretching band appearing at 2004 cm™! in the FTIR-jet and at
2900 cm~! IR/UV depletion spectra [38, 138]. The difference spectrum of methyl-
d3 mandelate subtracted from methyl mandelate (MM —MM-D3) exhibits a weak
band of a third methyl C-H stretching mode at 3035 cm™!. It is hidden underneath
the aromatic C-H stretching bands in the nondeuterated methyl mandelate spectrum.
This methyl C-H stretching mode may also contribute to the band at 3043 cm~! in
the FITR-jet spectrum [38]. It was not assigned in the IR/UV depletion spectrum,
because of its low intensity and its overlap with aromatic signals [138].

The bands at 1973cm™!, 1956cm™!, 1600cm™!, 1587cm™!, 1454cm™!, and
1491 cm™! (see Fig. 5.6) do not appear in the methyl lactate spectrum but they do
appear in the spectra of the aromatic compounds. These bands are due to aromatic
fundamental modes with C-H bending and C-C stretching character. In particular
the two doublets near 1600cm™" and below 1500cm™! are robust signatures of
the phenyl group as discussed in Sect. 5.3 [147]. The bands at 2850/2848 cm™!
and 1436/1433 cm™! do not appear in methyl-d; mandelate and can be assigned to
bending vibrations of the methyl group.

Fig.5.13 shows a comparison of the experimental FTIR-ATR and quantum-
chemically predicted methyl mandelate spectra. It can be seen that the scaled har-
monic predictions for isolated molecules (universal best fit factor 0.966) largely
agree with the experimental assignments, although some intensities are distorted
and the splitting between symmetric and asymmetric C-H3 modes is exaggerated.
Based on these predictions, it is possible to assign the methyl vibration bands at
3035cm~! and 3003 cm™! to the asymmetric methyl stretching modes, while the
band at 2954 cm™~! corresponds to the symmetric stretching of the methyl group. In
contrast to the methyl vibrations, the aromatic C-H stretching bands are predicted
too close together for a detailed assignment based on theoretical band positions.
However, comparison to the mandelic acid case (see Chapter 6) and information on
the vibrational transition dipole vectors allow for the tentative assignment given in
Tab.5.3.
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Comparison between calculated spectra on the

B3LYP/6-311++G(3df,2p) level and experimental FTIR-ATR

spectra of methyl mandelate (MM), mandelic acid (MA), methyl lac-
tate (ML), and methyl-d3 mandelate (MM-D3) in the C-H stretching
region. Calculated spectra are scaled by a factor of 0.966 to roughly
match the experimental spectrum despite a neglect of anharmonic
effects. Aromatic positions are marked with a circle (o, blue), methyl
bands are marked with a triangle (A, red), pointing downward (57,
pink) in the case of the second methyl group of ML, and the position
of the a-acidic group is marked with a cross (X, green).
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Table 5.3.: Assignments of experimental band maxima in the FTIR microscopic

spectra of enantiopure methyl mandelate of face A, face B, FTIR-ATR
spectra, FTIR spectra of the melt as well as calculations of a monomer
unit relaxed from the crystal structure (Mongysta1) and of the most sta-
ble monomer (Mong,pe) on the B3LYP/6-311++G(3df,2p) level. All
wavenumbers are given in cm~!. The stretching and bending vibrations
are indicated as v and § and the symmetric and asymmetric vibrations
with sym and asym.

Assignment Face A Face B ATR Melt Mongysa Monggple
v(O-H) 3450 3420 3434 3487 3835 3723
V(C-Haromatic,sym) 3103 3103 3190 3193
V(C-Haromatic,2) 3085 3087 3088 3088 3184 3184
V(C-Haromatic,3) 3062 3060 3062 3064 3174 3173
V(C-Hgromatic,4) 3049 3164 3163
V(C-Hgromatic,5) 3035 3035 3035 3033 3156 3155
V(C-H3 a5ym1) 3035 3035 3033 3152 3159
V(C-H3 asym2) 3003 3003 3003 3008 3121 3127
V(C-H3 sym) 2954 2954 2956 2954 3050 3054
v(C-Hy) 2902 2901 2904 2903 3019 3012
28(C-H3) 2850 2848 2848 2849

aromatic combination 1973 1973

aromatic combination 1956 1956 1955

v(C=0) 1811 1811

v(C=0) 1740 1739 1736 1738 1817 1777
v(C=0) 1699 1699 1698

v(C=0) 1671 1669

V(C-Cyromatic,1) 1600 1600 1600 1601 1640 1641
V(C-Cyromatic,2) 1587 1587 1586 1587 1624 1626
V(C-Cyromatic,3) 1491 1491 1491 1495 1527 1528
V(C-Cyromatic 4) 1454 1454 1455 1454 1488 1488
0(C-Hj) 1436 1433 1433 1439

8(C-H3)shoutder 1411 1409

0(C-H3 asym1) 1501 1499
0(C-H3 asym2) 1488 1488
0(C-H3 sym) 1476 1478
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Figure 5.14.: Polarized FTIR spectra through face A and B of enantiopure methyl
mandelate. The double arrows show the direction of the electric vector
of the radiation which passes the polarizer and can excite correspond-
ing vibrational transition dipole vector components.

The spectral differences of the faces A and B provide information about the direction
of the vibrational transition dipole vector. The intensity of the band at 3003 cm ™!
(V(C-H3 asym2)) decreases significantly when turning the crystal from face A to B.
This suggests that its vibrational transition dipole is more or less perpendicular to
face B. In order to confirm its orientation within face A, polarization experiments
were carried out. In Fig. 5.14 the direction of the electric vector (double arrow) and
the corresponding spectra measured through face A and B are shown. Clearly, the
vibrational transition dipole has a negligible component along the long crystal axis
consistent with the vanishing band for face B. Fig. 5.15 shows the polarization spec-
tra through face A including the direction of the vibrational transition dipole vector
for several other bands. It can be noticed that the vibrational transition dipole vec-
tors of several closely spaced pairs of bands point in different directions. In many
cases, this is caused by in-phase and antiphase vibrations of the same molecular
mode within the crystal, i.e. factor group splitting.

In the weakly interacting C-Hs stretching case, this splitting is not spectrally re-
solved, thus allowing for a direct statement about the average molecular orientation

in the crystal. E.g., when looking at face A the vibrational transition dipole vec-
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Figure 5.15.: Polarized FTIR spectra of a methyl mandelate crystal showing face A.
Several neighboring bands show vibrational transition dipole vectors
in two directions as indicted by the arrows.

tor of the band at 3003 cm™! (V(C-H3 as5ym2)) points in the short direction of the
crystal, while the one of the band at 2954 cm™! (V(C-H3 sym)) points more in the
long direction. However, its largest component is perpendicular to face A. This is
consistent with the orientation of the molecules for the three crystal faces shown
in Fig. 5.16. Thus, face A largely corresponds to a view along the crystallographic
b axis, whereas face B corresponds to a view along the a axis. Beyond this spa-
tial orientation, which can also be obtained from pure X-ray studies, the polarized
spectra show that the band at 3003 cm ™! corresponds to the asymmetric component
perpendicular to the plane of the ester group. This is in agreement with the quantum
chemical predictions for the isolated molecule (see Supplement F).
Intermolecularly coupled oscillators such as the O-H stretching modes can also be
used to check or determine the absolute molecular orientation in the microcrystals.
The preferential orientation of the hydrogen bonded chains along the long crystal
axis is confirmed by the appearance of the lower frequency O-H stretching mode
for IR polarization along this direction, because the symmetric mode in a hydrogen
bonded zigzag chain is always the one with the lower frequency due to the coop-
erative nature of such hydrogen bonds. However, the underlying hydrogen bonds

themselves differ quite substantially (see Fig.5.2 and Tab. 5.1 in Sect. 5.1), super-
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Figure 5.16.: Molecular orientation of (S)-methyl mandelate along the three crystal
faces. The crystal structure was taken from Ref. [38] (see Sect. 5.1).
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Figure 5.17.: Comparison of experimental (top, black) and oriented gas model (bot-
tom, blue) polarization spectra (B3LYP/6-311++G(3df,2p) level) for
face A and B in the O-H and C-H stretching region of enantiopure
methyl mandelate. Wavenumbers of the oriented gas model spectra
are scaled by a factor of 0.966 and the theoretical intensity scale is
matched qualitatively to the C-H stretching region.

imposing the coupling pattern in a complex way. Pronounced couplings can also be
found for the C=0 stretching band due to its large transition dipole moment [150],
rendering a detailed assignment difficult.

In Fig.5.17 a comparison of experimental and oriented gas model spectra for
nonpolarized and polarized spectra of face A and B is made. The polarization and
face dependence of the asymmetric and symmetric methyl stretching bands are re-
produced satisfactorily. The broadening, intensification, and low-frequency shift of
the O-H stretching bands in the hydrogen bonded crystal are beyond the reach of
the oriented gas model as hydrogen bonds are neglected (Chapter 2). Nevertheless,
predicted intensity ratios of the different faces and polarizations are in reasonable
agreement with the experiment. The molecular orientation of the different faces
is confirmed. Crystal phase calculations of the vibrational spectra were started in
cooperation with R. Tonner [36]. The preliminary results are encouraging.

Further bands can be assigned by comparing the experimental and oriented gas
model polarization spectra. The bands at 3103cm™!, 1600cm~!, 1587cm™!,
1491 cm~!, and 1454cm™! (see Fig.5.15) are caused by aromatic groups. The

experimental and calculated vibrational transition dipole vectors of the symmetric
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I as well as the aromatic C-C stretch-

aromatic C-H stretching mode at 3103 cm™
ing modes at 1600 cm~ ! and 1491 cm™! [147] point in a similar direction as the
ones of the asymmetric methyl C-H stretching band at 3003 cm™!, while the direc-
tions of the vibrational transition dipole vectors of the aromatic stretching modes at
1587 cm™! and 1454 cm™! are more in agreement with the symmetric methyl C-H
stretching band at 2954 cm™!. The band assignments can be found in Tab. 5.3. The
corresponding vibrations are depicted in Supplement F. Thus, there is no need to
invoke a factor group splitting for their assignment.

The methyl bending bands at 1435cm™" and 1411 cm™! are too congested for
an individual assignment, but the persistence of structure in the molten phase
(Fig.5.18) suggests that factor group splitting is not the only explanation for their
appearance. The bands at 2850/2848 cm~ !, 1973 cm ™!, and 1956 cm ™! are caused
by overtone or combination vibrations. The methyl band at 2850/2848 cm™! can be
assigned to a bending overtone with the fundamental mode at 1409-1436cm™!.

In summary, large couplings between different molecules in the unit cell can be
found for v(O-H) and for v(C=0). For methyl and C-C stretching vibrations, the
coupling is negligible. In both cases, the polarization experiments provide informa-
tion on the molecular orientation in the crystal, whereas intermediate couplings are
not easily interpreted in terms of molecular orientation for such a complex crystal

structure with eight molecules in the unit cell.

5.4.2. Enantiomerically Mixed Methyl Mandelate

Racemic methyl mandelate melts at a slightly lower temperature than enantiopure
methyl mandelate. According to the supplier the melting temperature is 54—56 °C
under ambient conditions. Racemic methyl mandelate is a white powder. There is
no evidence that it is hygroscopic.

The racemic compound as it was provided by the supplier and not a mixture of
both enantiomers was chosen for the sublimation experiments. Several sublimation
attempts at ambient temperatures were needed to obtain single crystals suitable for
the X-ray structure analysis as described in Sect. 5.1. For the microspectroscopic
analysis a temperature range of 30—40°C was applied at the bottom of the subli-
mation cell. Polycrystals consisting of needle-like to tabular single crystals were
obtained with this method.

As in the enantiopure case, two types of spectra were obtained which are shown
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Figure 5.18.: FTIR spectra of enantiopure methyl mandelate crystals (face A and
B), FTIR-ATR spectrum of the powder multiplied by a factor of ten
and FTIR spectrum of molten enantiopure methyl mandelate.

in Fig.5.19. The spectral types are similar to type A and B spectra of enantiopure
methyl mandelate. The spectral differences of type A subtracted from type B spectra
for enantiopure and enantiomerically mixed methyl mandelate of unknown ratio are
compared in Fig. 5.11 above. The spectral behavior upon polarization is analogous
as well. Band positions are summarized in Tab. 5.4. Also, the habits of the crystal
faces are similar (face A: rectangular, face B: shorter edge not orthogonal to the
long edge) although not as well defined as in the enantiopure case. Similar crystal
structures can be assumed on the basis of the spectral and facial similarities. As
discussed in Sect. 5.1, the crystal structures of enantiopure, mixed (RRRS), and
racemic (RRRS — SSSR) methyl mandelate do indeed show the same patterns. Along
the three crystal axes comparable interactions take place within the three crystal
structures.

The sublimation of a racemic mixture at ambient temperatures leads to mixed
(RRRS) and not to a racemic crystal (see Sect. 5.1). Therefore, the sublimation of the
racemate in the sublimation cell is likely to have also led to the mixed (RRRS) crystal
and not the racemate. As discussed, the mid infrared ATR spectra of racemic and 3:1
mixed methyl mandelate (Fig. 5.3) are not distinguishable. Therefore, by comparing

mid infrared spectra it is not possible to decide whether a racemic or a 3:1 crystal is
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Figure 5.19.: Polarized FTIR spectra through face A and B of enantiomerically
mixed methyl mandelate of unknown ratio. The double arrows show
the direction of the electric vector of the radiation which passes the
polarizer and can excite corresponding vibrational transition dipole
vector components.

present. Additionally, the comparison of polarized spectra and vibrational transition
dipole vectors do not lead to a decisive conclusion since the molecular conformation
and their average arrangement are the same. Deviations between experimental and
oriented gas model polarization spectra are larger than the differences between the
oriented gas model spectra of the different crystals. Therefore, no oriented gas
model spectra were prepared for racemic and 3:1 methyl mandelate.

Figs. 5.20 and 5.21 show the molecular orientation along the crystal axes assum-
ing a racemic and a mixed (RRRS) crystal, respectively. If racemic crystals are
present, face A corresponds to a view along the crystallographic ¢ axis and face B
corresponds to a view along the a axis. Assuming the presence of mixed (RRRS)
crystals, face A corresponds to a view along the ¢ axis and face B corresponds to a
view along the b axis. An assignment to either the racemic or the 3:1 crystal needs

further investigations.
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Table 5.4.: Assignments of experimental band maxima in the FTIR microscopic
spectra of enantiomerically mixed methyl mandelate of face A, face
B, and FTIR-ATR spectra. All wavenumbers are given in cm~'. The
stretching and bending vibrations are indicated as v and 6 and the sym-
metric and asymmetric vibrations with sym and asym.

Assignment Face A Face B ATR
v(O-H) 3435 3425 3436
V(C‘Haromatic,sym) 3103 3104

V(C-Haromatic,2) 3087 3087 3089
V(C‘Haromatic,S) 3062 3062 3064
V(C-Haromatic,5) 3035 3033 3036
V(C-H3 asym1) 3035 3033 3036
V(C-H3 asym2) 3001 3003 3002

V(C-H3 sym) 2952 2952 2953
v(C-Hg) 2898 2902
28(C-H3) 2846 2846 2846
aromatic combination 1986

aromatic combination 1953

v(C=0) 1808 1807 1810
v(C=0) 1740 1739 1736
v(C=0) 1701 1703 1701
v(C=0) 1672 1672

V(C-Cyromatic,1) 1601 1601 1602
V(C-Cyromatic,2) 1587 1587 1587
V(C-Cyromatic,3) 1491 1491 1491
V(C-Cyromatic,4) 1454 1454 1456
0(C-Ha) 1435 1432 1432
0(C-H3)shoulder 1408 1404 1408
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Figure 5.20.: Molecular orientation of racemic methyl mandelate along the three

crystal faces. The crystal structure was taken from Ref. [38] (see
Sect. 5.1). The continuous frames mark the observed faces, whereas
the unobserved face is dash-framed.
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Figure 5.21.: Molecular orientation of mixed (RRRS)-methyl mandelate along the
three crystal faces. The crystal structure was taken from Ref. [38] (see
Sect. 5.1). The continuous frames mark the observed faces, whereas
the unobserved face is dash-framed.
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5.5. Conclusions

The FTIR microspectroscopic method of sublimated crystals investigated in trans-
mission mode was tested using methyl mandelate [37]. Prior to this, the crystal
structures were determined and FTIR-ATR spectra and relative vapor pressures
were measured. It was found that methyl mandelate crystals grow on two faces
on the CaF, substrate of the sublimation cell exhibiting two types of spectra. Spec-
tral differences of nonpolarized and polarized measurements were used to infer the
molecular orientation of the crystals. The orientation of the hydrogen bonded chains
and of the methyl group along the long axis were confirmed. Detailed assignment of
closely spaced normal modes was possible by comparison of experimental methyl
mandelate spectra with structurally similar substances, partial deuteration, as well
as a comparison of experimental and oriented gas model polarization spectra. The
increased complexity of the crystal compared to gas phase spectra was turned into
an advantage by applying crystal rotation, IR polarization, and monomer calcula-
tions. The FTIR microspectroscopic method will also be applied for mandelic acid
in Chapter 6 and for some phenylpropanolamines in Chapter 7. It was also applied
to the methylxanthines caffeine, theophylline, and theobromine [151,152], but these
results are not presented here. Assignments made in this Chapter will be used for

the spectral interpretation of mandelic acid and the phenylpropanolamines.
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6. Mandelic Acid

Mandelic acid is an aromatic -hydroxycarboxylic acid with one center of chirality
(marked with an asterisk (*) in Fig. 6.1). It is the corresponding acid to the ester
methyl mandelate which was discussed in Chapter 5. Like methyl mandelate it
contains a phenyl group, an a-acidic CH, and a carbonyl group. In contrast to
methyl mandelate it possesses two OH groups which are chemically very different.
The alcoholic hydroxy group is also present in methyl mandelate but not the acidic
carboxyl group. Therefore, there is a larger variety of hydrogen bond interactions.

Due to is chirality, mandelic acid is used in the field of enantioselective chemistry
for the separation of racemates, with important applications in the pharmaceutical
industry [145, 153-156]. A variety of phase diagrams are determined [157, 158].
The enantiomeric purity in solutions can be measured by simultaneous dual circu-
lar dichroism and UV spectroscopy [159]. Solutions of mandelic acid were also
investigated by IR spectroscopy [140, 160-163]. FTIR-ATR spectra of solid man-
delic acid were measured as well [20, 163—165]. The crystal structures of enan-
tiopure and racemic mandelic acid were solved by means of X-ray structure analy-
sis [88, 166—168].

In the following, the crystal structures of enantiopure and racemic mandelic acid

will be described. Then, the monomer units within the crystal structures which ex-
Saponification *
—

(S)-Methyl Mandelate (S)-Mandelic Acid

Figure 6.1.: (S)-enantiomers of methyl mandelate and mandelic acid. Centers of
chirality are marked with an asterisk (*).
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6. Mandelic Acid

hibit the same conformation as the most stable monomer will be discussed. Based
on the crystal structure of enantiopure mandelic acid and the monomer conforma-
tion preliminary spectral considerations will be made. Experimental and oriented
gas model spectra of enantiopure mandelic acid will be compared. Vibrational tran-
sition dipole vectors will be deduced from crystal rotation and polarization experi-
ments. The molecular orientation and a spectral assignment of several fundamental
modes will be inferred by a comparison of polarization spectra, deduced vibrational
transition dipole vectors, oriented gas model spectra, the crystal structure of enan-
tiopure mandelic acid, and the results gained for methyl mandelate in Chapter 5.

The (S)- and (R)-enantiomers of mandelic acid exhibit the same FTIR-spectra
[164]. All mandelic acid spectra depicted in the present work were measured using
the (R)-enantiomer. Nevertheless, the (S)-form is consistently used in all figures
since it matches the configuration of the enantiopure crystal characterized by X-ray
crystallography [88]. No spectra of the racemic compound were recorded.

The content of this chapter is published in Ref. [37]. Verbatim citations are used

with permission of the co-author.

6.1. Crystal Structures

In the case of mandelic acid the crystal structures of both the enantiopure and the
racemic compound were solved by X-ray structure analysis [88, 166—168]. (S)-
mandelic acid crystallizes in the monoclinic space group P2; (CSD REF Code:
FEGHAA) [88]. It contains four molecules in the unit cell (Z=4) and two molecules
in the asymmetric unit (Z’=2). Patil et al. report a hexagonal, platy habit for enan-
tiopure mandelic acid when crystallized from chloroform or from a 9:1 ethanol-
methylene chloride mixture [88]. However, the sublimation at 110-112°C under at-
mospheric pressure led to very thin needles. The molecules form corrugated chains
with -[--OH- -- O=C-OH:| - - repeat units, where three intermolecular hydrogen bonds
link the alcoholic OH and the C=0 group of an individual molecule (see Fig. 6.2 and
Fig. 6.7 later on). There are no hydrogen bonds connecting two corrugated chains.
The alcoholic and the acidic OH groups are nearly orthogonal to each other. The
angle between two neighbored hydrogen bonds H- - -O are 86° or 87°, whereas the
0-0-0 angles are 102° for both chains.

Two polymorphs of racemic mandelic acid are known, one thermodynamically

88



6.1. Crystal Structures

Figure 6.2.: Crystal structure of (S)-mandelic acid [88] along the crystallographic c-
axis. Two different types of O-H- - -O hydrogen bonds nearly orthogonal
to each other are shown. H-O hydrogen bond distances are given in A.

stable (I) and one metastable form (II) [166, 167, 169]. The stable form crys-
tallizes in the orthorhombic space group Pbca (CSD REF Codes: DLMANDOI,
DLMANDO3) [167, 168]. It contains 8 molecules in the unit cell (Z=8) and one
molecule in the asymmetric unit (Z’=1). The molecules form a two-dimensional
hydrogen bonded network along the crystallographic a and ¢ axes (not depicted).
Molecules of the same enantiomer are connected by O=C-OH-: - -OH hydrogen
bonds along the ¢ axis. In addition, every molecule forms OH- - -O=C-OH hydrogen
bonded dimeric units with the opposite enantiomers along the a axis. The dimeric
units are alternatingly oriented. The formation of solid racemate I from a 1:1 mix-
ture of powdered (R)- and (S)-enantiomers in Nujol mull at ambient temperature is
reported to occur within 2 hours [165].

The metastable form was obtained from an undersaturated aqueous solution by
slow evaporation at room temperature in the dark (CSD REF Code: DLMANDO02)
[166]. It crystallizes in the monoclinic space group P2;/c with eight molecules in
the unit cell (Z=8) and two molecules in the asymmetric unit (Z’=2). The metastable
racemic mandelic acid forms O=C-OH. - -OH hydrogen bonded strings of enan-
tiomeric molecules running along the crystallographic a axis (not depicted). Two
strings are connected by dimeric units of opposite enantiomers held together by

two OH- - -O=C-OH hydrogen bonds along the b/c bisector. There are two parallel
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6. Mandelic Acid

* *
Frozen monomer unit Relaxed monomer unit _ Most stable
from the crystal structure  from the crystal structure monomer

Figure 6.3.: Frozen and relaxed monomer units ((S)-enantiomer) taken from the
crystal structure of enantiopure mandelic acid [88] as well as the most
stable monomer (B3LYP/6-311++G(3df,2p) level). The conformations
of the relaxed monomer from the crystal structure and the most stable
monomer are the same.

chains which contain different monomer units. The units differ by the orientation
of the phenyl group. The two chains are held together by 7-stacking along the crys-
tallographic a/c bisector. The crystal structure of racemate II exhibits similarities
to the crystal structure of enantiopure mandelic acid. Both structures consist of two
symmetry independent double chains made up of only one kind of molecule. In
contrast, the crystal structure of racemate I differs significantly from enantiopure

and racemate II mandelic acid by forming two-dimensional networks.

6.2. Monomer Conformations

Mandelic acid monomers can be described by a two-letter nomenclature in analogy
to the nomenclature used for methyl mandelate (see Chapter 5) [138]. It describes
the syn (Ss), cis (C), skew (sk), gauche (G), and anti (A) conformations of the H-O-
C-C and O-C-C=0 dihedral angles.

The monomer conformations within the crystal structures of enantiopure and
racemic (stable and metastable) do not differ qualitatively. Therefore, the ener-
gies and wavenumbers of the relaxed monomer units are also the same by means
of quantum chemical optimization. In the following, only the monomer of (S)-
mandelic acid will be considered. An Ss conformation is exhibited which contains
an intramolecular O-H- - -O=C hydrogen bond (see Fig. 6.3). Note, that a rotation of

the phenyl group by about 45° takes place during structure optimization.
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There are no studies reported on the most stable monomer conformation of man-
delic acid. It can be assumed that isolated mandelic acid exhibits an Ss conforma-
tion in analogy to the most stable monomer of methyl mandelate which was found
to have an SsC conformation (see Chapter 5). The Ss form is the same confor-
mation found in the crystal structures of mandelic acid. Structure and frequency
calculations of this mandelic acid monomer were performed on the B3LYP/6-
311++G(3df,2p) and MP2/6-311+G(2d,p) levels within the current framework.

The H-O distance of the intramolecular O-H- - -O=C hydrogen bond is 2.1 A, the
0-O distance 2.7 A, and the angle 118° on the B3LYP/6-311++G(3df,2p) level. A
slightly different angle of 119° is predicted on the MP2/6-311+G(2d,p) level. The
distances and the angle of the intramolecular hydrogen bond are nearly the same as

calculated for the most stable conformer of methyl mandelate (see Chapter 5).

6.3. Preliminary Spectral Considerations

Several vibrational modes of mandelic acid can be expected to appear at similar
spectral positions with similar vibrational transition dipole vectors as in the case of
methyl mandelate. Tab. 6.1 summarizes the wavenumbers of fundamental modes
found in the ATR spectra of methyl mandelate (see Chapter 5 as well). The absence
of the methyl group in mandelic acid enables a less ambiguous assignment of the
aromatic C-H modes in the mandelic acid spectra. The carboxylic acid group itself
introduces a very strong intermolecular binding motif. Predicted wavenumbers and
intensities are listed in the Supplement F. Vibrational modes and transition dipole
vectors can also be found there.

Two O-H stretching bands, one of the alcoholic and one of the acidic OH group,
can be expected for mandelic acid. The spectral position of an O-H stretching mode
strongly depends on its hydrogen bond environment as discussed in Chapter 5. Also,
the nature of the OH group itself is important. Within a hydrogen bond, the acidic
O-H stretching mode is generally more red shifted and broadened than the O-H
stretching of the alcoholic O-H group [148]. Since the two OH groups are nearly
orthogonal to each other the corresponding modes will show opposite polarization
behavior, if the electric vector of the IR radiation does not bisect the vibrational
transition dipole vectors.

The C-H stretching region as well as the region below 1600cm™! are less con-
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6. Mandelic Acid

Table 6.1.: Wavenumbers ¥ in cm ™! of experimentally observed reference bands in
the ATR spectra of methyl mandelate (see Chapter 5).

Assignment Methyl Mandelate
V(O-H)aiconolic 3434
V(C'Haromatic,sym) 3103
v(C'Haromatic,Z) 3088
v(C'Haromatic,3) 3062
V(C‘HaromaticA) 3049
V(C'HaromatiC,S) 3035
v(C-Hqa) 2904
v(C=0) 1811
v(C=0) 1736
v(C=0) 1698
v(C=0) 1669
V(C'Caromatic, 1) 1600
V(C'Caromatic,Z) 1586
V(C'Caromatic,S) 1491
V(C‘CaromaticA) 1455

gested compared to methyl mandelate due to the absence of the methyl group. This
enables a less ambiguous assignment of the aromatic C-H and C-C stretching modes
and supports the assignment made for methyl mandelate in Chapter 5.

The monomer units of the mandelic acid crystal are qualitatively the same and
undergo the same interactions unlike in the case of methyl mandelate (see Sect. 6.1
and Chapter 5). Nevertheless, complex in-phase and antiphase coupling patterns
(factor group splittings) can also be expected for many molecular vibrations [16]

due to the complexity of the unit cell.

6.4. FTIR Microspectroscopy

In the following section, results on sublimated microcrystals of enantiopure man-
delic acid studied by polarized FTIR microspectroscopy which are published in
Ref. [37] will be presented.

(R)-mandelic acid is a white powder. There is no evidence that it is hygroscopic.
Its melting point under ambient pressure is 130—134°C (according to the supplier).

(R)-mandelic acid crystallizes at temperatures between +38°C and +45°C in the
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6.4. FTIR Microspectroscopy

FTIR image Vis picture
170 um 170 um

B
BG |

Figure 6.4.: FTIR image of enantiopure mandelic acid crystals grown on two faces
A (= 95% abundance) and B (=~ 5% abundance).
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sublimation cell. The sublimated crystals have a platy (oblate) habit. They can
grow on two faces, A and B as shown in Fig. 6.4. Face A is about 20 times more
abundant. However, this likely reflects a preferred position of the final crystals due
to their platy (oblate) shape and gravitation, rather than a preference emerging at
the nucleation stage.

Rotation experiments were carried out in order to verify that type A and B spec-
tra actually correspond to different faces of a given mandelic acid crystal. Fig.6.5
shows that rotation of a crystal exhibiting a type A spectrum leads to a type B
spectrum. Due to oversaturation, it was not possible to record suitable face C spec-
tra (through the long crystal axis). The aromatic C-H stretching band at the highest
wavenumber (3107 cm™!, H) only appears for face B, whereas the next C-H stretch-
ing band at 3089 cm™! (L) is only present in type A spectra.

Polarized FTIR spectra of face A of mandelic acid exhibit large differences
regarding the relative intensities of the alcoholic (3454 cm~ 1) and acidic (3230—
2370cm™~!) O-H stretching bands as well as the aromatic C-H stretching bands
(Fig. 6.6). Further differences can be found for the C=0 stretching band as well as
in the C-C stretching and C-H bending region. The nearly complementary intensity
pattern for the alcoholic and acidic O-H stretching bands with rotation of the po-
larizer can be explained by almost perpendicular O-H vibrational transition dipole
moment projections, which are aligned with the microcrystal axes (see Sects. 6.1
and 6.2). The aromatic C-H stretching bands all follow the behavior of the al-
coholic O-H stretching band. Thus, the aromatic CH group projections are also
perpendicular to the acidic OH group transition moment.

Face B exhibits similar polarization behavior, although the intensity pattern

changes somewhat. Again, the alcoholic O-H stretching and the C-H stretching
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Figure 6.5.:
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FTIR spectra of enantiopure mandelic acid obtained after rotation of
crystals growing on face A (top) to face B (bottom, strong peaks at-
tenuated by stray light) as well as a reference spectrum of face B (cen-
ter). Regions H and L used for integration are marked in blue and red,
respectively.



6.4. FTIR Microspectroscopy
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Figure 6.6.: Polarized FTIR spectra of enantiopure mandelic acid through face A
and B. The double arrows show the direction of the electric vector of
the radiation which passes the polarizer and can excite corresponding
vibrational transition dipole vector components. Wavenumbers for se-

lected bands in the difference spectrum are given in cm™!.
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bands are anti-correlated with the acidic O-H stretching band. The two findings can
be reconciled by positioning the common plane of the alcoholic OH and the phenyl
groups more or less parallel to face C, with most vibrational transition moments
pointing between the faces A and B. Assuming only weak deviations between bond
and transition moment vectors, structural information about the molecules in the
crystal can thus already be extracted from the polarization behavior in the crystal.

Fig. 6.7 shows the postulated orientation of the mandelic acid unit cell along the
three microcrystal faces assuming the same modification in the sublimation and
X-ray experiments [88]. The orientation along the crystallographic axes a and c re-
flects the structural results obtained by the polarization experiments. The alcoholic
and acidic OH groups are almost perpendicular to each other, and the plane of the
phenyl group is perpendicular to the acidic OH group. The OH groups do not align
with the ab or bc cell planes, consistent with the polarization measurements for the
microcrystal’s A and B faces. Like in the methyl mandelate case, the strong hy-
drogen bonded chain direction is the preferred growth direction in the sublimation
process.

A comparison of experimental and oriented gas model polarization spectra of
face A and B in Fig. 6.8 confirms that the alcoholic O-H stretching band gains in
intensity, while the acidic O-H stretching band decreases and vice versa. Thus, the
experimental O-H stretching bands can be easily assigned due to their opposite po-
larization behavior (Tab. 6.2) despite the dramatic shortcomings of the oriented gas
model for the acidic O-H stretching shift. The latter correlates with a shorter hydro-
gen bond length (see Fig. 6.2). There is also good agreement between experimental
and oriented gas model spectra of the aromatic C-H stretching bands. For both faces
the intensities increase with a polarization along the short crystal axis. The detailed
directions of the calculated transition moments of the two highest frequency transi-
tions are not as complementary as in the experiment (Fig. 6.6). This may be due to
the relatively large distortion of the phenyl ring orientation in the crystal compared
to the relaxed monomer conformation (see Fig. 6.3) and invites a crystal calculation.
The assignment of the aromatic C-H stretching bands is thus based mostly on the
sequence of the predicted modes.

The mandelic acid bands at 1604 cm™!, 1588/1589 cm !, 1496/1495cm~!, and
1456 cm~! (see Fig. 6.6) are very close to those of methyl mandelate (1600 cm ™!,
1587cm~!, 1491 cm~!, and 1454 cm_l) and can be assigned to the same vibra-
tional modes. An overview of the band assignments is given in Tab. 6.2. The corre-
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Figure 6.7.: Molecular orientation of (S)-mandelic acid along the three crystal faces.
The crystal structure was taken from Ref. [88]. The continuous frames
mark the observed faces, whereas the unobserved face is dash-framed.
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Figure 6.8.: Comparison of experimental (top, black) and oriented gas model (bot-
tom, blue) polarization spectra (B3LYP/6-311++G(3df,2p) level) of
face A (left) and face B (right) of enantiopure mandelic acid.
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6. Mandelic Acid

Table 6.2.: Assignments of experimental band maxima in the FTIR microscopic

98

spectra of mandelic acid of face A, face B, FTIR-ATR spectra (with-
out ATR correction) as well as calculations of the relaxed monomer
unit taken from the crystal structure (Mongpysm) on the B3LYP/6-
3114++G(3df,2p) level. All wavenumbers are given in cm~!. The
stretching and bending vibrations are indicated as v and § and the sym-
metric and asymmetric vibrations with sym and asym.

Assignment Face A Face B ATR Mon,ystal

V(O-H)a1coholic 3454 3465 3443 3732

V(O-H)acidic 3230-2370 3230-2370 3230-2370 3757
3172

V(C-Haromatic,sym) 3107 3108 3193

V(C-Haromatic,2) 3089 3089 3091 3185

V(C-Hyromaic3) 3064 3067 3068 3174

V(C’HaromaticA) 3053 3165

V(C-Hyromatic,5) 3035 3039 3039 3156

v(C-Hy) 2910 2908 3006

aromatic 1975

aromatic 1961 1963

v(C=0) 1803 1803

v(C=0) 1750

v(C=0) 1738 1799

v(C=0) 1714 1714 1712 1799

V(C-Caromatic,1) 1604 1604 1641

V(C-Cyromatic,2) 1588 1589 1589 1626

V(C-Cyromatic,3) 1496 1495 1495 1528

V(C-Cyromatic,4) 1456 1456 1455 1487




6.5. Conclusions

sponding modes are visualized in the Supplement F. The band at 1456cm™! (v(C-
Caromatic,4)) has a higher intensity in face A than in face B spectra, suggesting the
orientation of face A to be perpendicular to the ¢ axis. The aromatic C-C stretching
bands at 1604 cm ™! and 1496/1495 cm™! (V(C-Cyromatic,1) and V(C-Cyromatic,3)) are
weak or absent in face A spectra. The vibrational transition dipole vectors of both
point more or less along the C-C bond between the phenyl group and the substituent.
Therefore, they are not excited when looking along the ¢ axis. This confirms the
assignment of the crystallographic ¢ axis perpendicular to face A or else provides a
detailed normal mode assignment of these aromatic bands. All four C-C stretching
bands appear in face B spectra. Polarization spectra (Fig. 6.6) show that the vibra-
tional transition dipole vectors of V(C-Cyromatic,1) and V(C-Cyromaric,3) are oriented
along the short axis of face B. This again suggests that face B includes the crystal-
lographic ¢ axis as shown in Fig. 6.7 and it shows that the predicted sequence and
shape of the C-C stretching modes (Supplement F) is consistent with the one found

in the microcrystals.

6.5. Conclusions

Polarization FTIR microspectra of sublimated mandelic acid crystals were recorded
and vibrational transition dipole vectors inferred. Experimental and predicted re-
sults were compared and the molecular orientation within the crystal structure de-
termined. An assignment of several vibrational modes was performed which sup-
ports the vibrational assignment made for methyl mandelate in Chapter 5. Overall,
the performance of the polarization FTIR microspectroscopic method of sublimated
crystals was shown on another substance.

So far, only the enantiopure compound of mandelic acid was investigated. It
might be worthwhile to also investigate the racemic compound. As reported, the
stable racemate shows spectral differences compared to the enantiopure compound
in the mid infrared region [20, 164, 165]. A comparison of enantiopure and racemic
mandelic acid polarization spectra might support the assignment of vibrational
bands appearing in the region of 1400-1000cm~!. Further light may also be shed
on the polymorphism observed in the racemate [166—168, 170].
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7. Phenylpropanolamines

The 1-phenylpropan-1-ol-2-amines  (1R,2S)-norephedrine (NE), (1S§,29)-
pseudonorephedrine (PNE), (1R,2S)-ephedrine (E), and (1S,25)-pseudoephedrine
(PE) can be found in the Ephedra species of plants [171]. They are biologically
active and act on the sympathetic nervous system by altering the natural neurotrans-
mission process. E.g., (1R,2S)-norephedrine is used as an appetite suppressant,
(1R,2S)-ephedrine for broncho dilatation, and (1§,25)-pseudoephedrine in flu
medication [171].

Norephedrine, pseudonorephedrine, ephedrine, and pseudoephedrine are
structurally similar chiral substances (see Fig.7.1). Norephedrine and
pseudonorephedrine are diasteroisomers (C¢Hs—CHOH-CHNH(CH3)-CH3), as
are ephedrine and pseudoephedrine (C¢Hs—CHOH-CHNH,;—CH3). All possess a
phenyl, a hydroxy, and an amino group next to two acidic C-H groups (o and f3)
and at least one methyl group. The phenylpropanolamines of interest have two
chiral carbon atoms (marked with an asterisk (*) in Fig.7.1, (1): CHORR’, (2):
CHNRR’) and are open for chirality recognition. They are available for hydro-
gen bonding at the oxygen and the nitrogen functionalities as well as for aromatic
interactions. An overview of their FTIR-ATR spectra (Fig.7.2) exhibits spectral
similarities. Furthermore, they also show structural similarity to methyl mandelate
and mandelic acid which have been extensively studied within the framework of
the present work (see Chapters 5 and 6). Their melting points, sublimation and
condensation temperatures are listed in Tab. 7.1.

In this chapter, the aggregation of sublimated microcrystals of (1S,2R)-
norephedrine, (1R,2R)-pseudonorephedrine, (1R,2S)-ephedrine, and (1S,25)-
pseudoephedrine as well as mixtures of both enantiomers of norephedrine as well as
pseudoephedrine will be analyzed. Molecular recognition phenomena will be inves-
tigated in the case of norephedrine and pseudoephedrine. In the case of ephedrine
an anhydrate and a hydrate will be observed. Polarization FTIR spectra of the
above mentioned microcrystals will be presented. The molecular conformation of
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7. Phenylpropanolamines

Table 7.1.: Standard melting temperature (information provided by supplier and
Ref. [173]) (¥5) as well as observed sublimation (Us,p) and lig-
uid condensation temperatures (¥cong) Of the investigated phenyl-
propanolamines set at the bottom of the sublimation cell.

Substance 19;;/ °C Usubl/°C  Bcona/°C
Norephedrine, enant (NE, enant) 51-53 18-20 28
Norephedrine, rac (NE, rac) 102 40 -
Pseudonorephedrine (PNE) 76 3040 -
Ephedrine Anhydrate (E-AH) 37-39 30(?7)? 18
Ephedrine Hemihydrate (E-H) 39-43 - -
Pseudoephedrine, enant (PE, enant) 116-120 30-45 -
Pseudoephedrine, rac (PE, rac) 119 35-50 -

“see Sect. 7.6

the molecules within the crystals [89-92, 172] will be derived by a comparison of
experimental and oriented gas model spectra, by comparison with the results gained
from methyl mandelate and mandelic acid (Chapters 5 and 6), and by comparison
of the crystal habit and the interactions. It will be shown, that an assignment of
the molecular conformation is possible. Tentative molecular orientations will be
derived for enantiopure and racemic pseudoephedrine. Also, an assignment of sev-
eral vibrational bands will be carried out. The crystal structures, the conformations
within the published crystal structures [89-92, 172] and those of the most stable
monomers [82-87] as well as preliminary considerations concerning expected vi-
brational bands will be discussed beforehand. A variety of N-H modes will be
analyzed in Sect. 7.8.

Note, that the configuration of pseudonorephedrine investigated within the
present work (1R,2R) differs from the configuration in the published crystal struc-
ture (15,25) [90]. Both enantiomers show equivalent spectra (verified in the methyl
mandelate case [37], see Chapter 5). If not stated otherwise, the form found in the

crystal structure (15,25) is depicted in all figures.

7.1. Crystal Structures

The crystal structures of a variety of phenylpropanolamines and their salts have al-
ready been determined [89-92, 172]. The molecular conformations in the crystal
structures provided by the Cambridge Structural Database (CSD) (see Ref. [174])
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Figure 7.1.: Phenylpropanolamines investigated by polarization FTIR microspec-
troscopic sublimation experiments. The figure exhibits structural simi-
larities of the phenylpropanolamines among each other and with regard
to methyl mandelate and mandelic acid. Centers of chirality are marked
by an asterisk (*). The shown configurations are those investigated in
the solid state.
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Figure 7.2.: FTIR-ATR spectra of enantiopure norephedrine (NE, enant), racemic
norephedrine (NE, rac), enantiopure pseudonorephedrine (PNE, enant),
enantiopure ephedrine hemihydrate (E-H, enant), enantiopure pseu-
doephedrine (PE, enant), and racemic pseudoephedrine (PE, rac). Band
positions are given in cm™!.
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7.2. Monomer Conformations

Table 7.2.: Types, distances d in A (dy—_x and dy_x), and angles ¢ in ° of Y-H---X
hydrogen bonds appearing in the crystal structures of the investigated
phenylpropanolamines [§9-92].

O-H--N N-H---O CH -0 O-H---0
dy—x dy_—x o |dy—x dy—-x o |du—x dy-x o« |dyu_x dy-x «
NE, rac 1.89 278 176 | 2.28 3.07 139 - - - - - -
PNE, enant | 2.02 2.84 171 | 247 327 154 - - - - - -
E-AH,enant | 1.96 2.78 173 | (2.57) (2.87) (101)| 2.72 3.51 131 - - -
E-H, enant 194 274 168 | 2.23 3.09 167 - - - 200 286 170
PE,rac | 1.88 274 174 | 2.24) (2.68) (108)| 222 334 162 | - - -

are used for quantum chemical calculations and the simulation of spectra (see Chap-
ter 3). The crystal structures and the interactions which affect the habit of the sub-
limated microcrystals will be analyzed in the corresponding Sections. No polymor-
phism has been reported for any of the investigated phenylpropanolamines. There
is an anhydrous and a hydrous form in the case of ephedrine.

Similar patterns of interactions are present in the crystal structures of all inves-
tigated phenylpropanolamines. Tab.7.2 summarizes the types of hydrogen bonds,
their distances and angles. In one direction there are infinite chains of O-H: - -N hy-
drogen bonds with a distance of 1.9-2.0 A. These infinite strands are held together
by weaker N-H---O and C-H- - -O hydrogen bonds with a distance of 2.2-2.5 A. The
resulting layers are held together by van der Waals interactions.

7.2. Monomer Conformations

The conformation of monomers within a crystal depends on the possibility of
forming intra- as well as intermolecular interactions. The conformation can vary
within the unit cell of a given crystal (conformational isomorphism, e.g., trans-1,4-
cyclohexanediol [175]), for different polymorphs (conformational polymorphism,
e.g., vitamin A acid [176-178]) or for solvates (e.g., ephedrine anhydrate and
ephedrine hemihydrate [91], see below). A crystal’s monomer conformation may
vary from the most stable conformation under vacuum-isolated conditions. In the
following, the conformations and energy differences of fully relaxed crystal and

most stable monomer structures will be compared.
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7. Phenylpropanolamines

Butz et al. introduced an A/G notation for the different conformations of
norephedrine, ephedrine, pseudoephedrine, and hydrated clusters of ephedrine and
pseudoephedrine [82-84]. The notation describes the anti (A) and gauche (G)
arrangements of the CCCN and OCCN groups. In the published crystal struc-
ture of norephedrine the monomer units adopt a GG conformation [89]. In con-
trast, pseudonorephedrine, ephedrine (anhydrate as well as hemihydrate) and pseu-
doephedrine were found to have an AG conformation also in the crystal struc-
tures [90-92]. The amino groups of ephedrine anhydrate on one hand and ephedrine
hemihydrate and pseudoephedrine on the other hand are enantiomeric to each other.
To account for this, the structure of ephedrine anhydrate is named AG(a) and the
ones of ephedrine hemihydrate and pseudoephedrine are named AG(b) [82-84].
The monomer conformations found in the crystal structures of the investigated
phenylpropanolamines are depicted in Fig.7.3. It should be noted, that hydrogen
atoms are weak X-ray diffractors and the position is often geometrically calculated
and then refined [13, 179]. It is possible that not the AG(a) but the AG(b) con-
formations and vice versa are present in the crystal structures. Nevertheless, the
positioning of the hydrogens is in agreement with the establishment of hydrogen
bonds within the crystals. In the following, the correctness of the hydrogen position
will be assumed.

The most stable monomer conformations of norephedrine, ephedrine, and pseu-
doephedrine as well as of 1:1 and 1:2 ephedrine water clusters were determined
by combining resonant two-photon ionization, laser induced fluorescence, and res-
onant ion-dip infrared jet-spectroscopy in combination with ab initio calculations
(HF/6-31G(d), B3LYP/6-31+G(d), MP2/6-311+G(d,p)) by Butz et al. [82-84].
The conformations of ephedrine (calculated on the MP2/6-311++G(d,p) level)
and pseudoephedrine (calculated on the CC/aug-cc-pVDZ level) were confirmed
by Karaminkov et al. who also carried out low- and high-resolution resonantly
enhanced two-photon ionization spectroscopic studies with mass selection of jet
cooled molecules [85,86]. A mixed ephedrine-water dimer as well as two confor-
mations of ephedrine were observed with the same technique [180]. Further con-
formations of norephedrine, ephedrine, and pseudoephedrine were found by Alonso
et al. using gas phase molecular beam Fourier transform microwave spectroscopy
in combination with MP2/6-311++G(d,p) level calculations [87]. The most stable
monomer and some other conformations of ephedrine were also found in FTIR-jet

spectroscopic studies [181].
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7.2. Monomer Conformations

Frozen monomer unit Relaxed monomer unit Most stable
from the crystal structure from the crystal structure monomer
* * AT
Norephedrine
(NE) GG AG
*
*
Pseudonorephedrine
(PNE) AG AG
* *
* *
Ephedrine
Anhydrate ,
(E AH) AG(a) AG(a)
* *
* *
Ephedrine
Hemihydrate AG(a)
(E-H) AG(b)
* *
*
*
Pseudoephedrine
(PE) AG(b) AG(a)

Figure 7.3.: Frozen and relaxed monomer units taken from the crystal struc-
tures [89-92] as well as the most stable monomers [82-87]
(B3LYP/6-311++G(3df,2p) level) of the investigated phenyl-
propanolamines. Centers of chirality are marked with an asterisk

().
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7. Phenylpropanolamines

The most stable structures of norephedrine, ephedrine (monomer as well as hy-
drated ephedrine), and pseudoephedrine were all found to have an AG or an AG(a)
conformation [82—87]. In this conformations intramolecular O-H---N hydrogen
bonds are established. The AG and AG(a) conformations were recalculated within
the current framework using the B3LYP/6-311++G(3df,2p) level of theory (see
Chapter 3). No studies have been reported for pseudonorephedrine so far. There-
fore, the AG conformation was also assumed for pseudonorephedrine. The struc-
tures of the most stable monomer conformations are shown in Fig. 7.3 as well.

The energy differences without and with zero point energies between the relaxed
monomer unit from the crystal structure and the most stable monomer conformation
are summarized in Tab. 7.3. The conformations taken from the crystal structures are
4-12kJ-mol~! higher in energy and form intramolecular N-H. - -O contacts, whereas
in the most stable monomers O-H- - -N hydrogen bonds are established. Only in the
monomer unit of the ephedrine hemihydrate crystal an O-H- - -N bond is present as
well. The types, distances, and angles of the Y-H- - - X contacts are also summarized
in Tab. 7.3.

The energy differences between the most stable monomer conformation and the
relaxed monomer unit from the crystal structure are the highest for norephedrine
(12kJ-mol~! and 10kJ-mol~!). This can be explained with the energetically un-
favorable GG conformation in the crystal structure and the long distance of the
intramolecular Y-H- - -X contact in the relaxed monomer (2.8 A compared to 2.2 A).
Also, in the case of ephedrine anhydrate the energy differences are rather high
(10kJ-mol~! and 9kJ-mol~!). Both monomers establish an AG conformation, but
the amino group is rotated. The AG(a)’ conformation of the relaxed monomer
of the crystal structure is energetically less favorable. The energy differences of
the relaxed monomer from the crystal structure and the most stable monomer are
lower for pseudonorephedrine (5kJ-mol~! and 4 kJ-mol~!), ephedrine hemihydrate
(5kJ-mol~ 1), and pseudoephedrine (6 kJ :mol~! and 5kJ-mol~!). This can be ex-
plained with a similar conformation (AG) and similar H- - -X distances (2.3 A com-
pared to 2.1 A for pseudonorephedrine, 22A compared to 2.2 A for ephedrine
hemihydrate, and 22A compared to 2.1 A for pseudoephedrine). The monomer
units of the ephedrine hemihydrate and the pseudoephedrine crystals adopt an
AG(b) conformation which seems to be energetically favorable compared to the
AG(a)’ conformation found within the anhydrous ephedrine crystal. But, the en-

ergetical preference of AG(b) over AG(a)’ might be subtle. The establishment of
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7.3. Preliminary Spectral Considerations

Table 7.3.: Types, distances d in A (dy—_x and dy_x), and angles ¢ in ° of Y-H---X
contacts as well as energy differences without and with zero point ener-
gies (AE and AEj) of the relaxed monomer units from the crystal struc-
ture [89-92, 172] and the most stable monomers [82—87] of the investi-
gated phenylpropanolamines in kJ-mol~!. No imaginary frequencies are

observed.

dg-x dy-x a AE AE
Norephedrine (NE)
crystal N-H---O 2.8 3.0 102 11.7 104
stable O-H---N 22 28 117 0.0 0.0
Pseudonorephedrine (PNE)
crystal N-H---O 23 27 102 49 43
stable O-H---N 2.1 27 120 0.0 0.0
Ephedrine Anhydrate (E-AH)
crystal N-H---O 2.5 28 99 102 8.6
stable O-H---N 2.2 28 118 0.0 0.0
Ephedrine Hemihydrate (E-H)
crystal N-H---O 3.00 (2.8) (66) 49 5.1
crystal O-H---N 2.2 2.8 115
stable O-H---N 2.2 28 118 0.0 0.0
Pseudoephedrine (PE)
crystal N-H---O 2.2 27 110 57 46
stable O-H---N 2.1 27 120 00 0.0

an O-H---N hydrogen bond within the ephedrine hemihydrate monomer and the
shorter N-H- - -O contacts of pseudoephedrine are more likely the reason for the

lower energy differences.

7.3. Preliminary Spectral Considerations

The phenylpropanolamines are structurally similar to mandelic acid and methyl
mandelate (Fig.7.1). They have an alcoholic hydroxy group, an aromatic group,
a methyl group, and an o-acidic CH group in common. Therefore, several vibra-
tional modes can be expected to appear at similar wavenumbers and to have similar
vibrational transition dipole vectors. Tab. 7.4 summarizes band positions of methyl
mandelate and mandelic acid (see Chapters 5 and 6) which are expected to be ob-

served. In addition, the phenylpropanolamines possess an amino or a methylamine
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7. Phenylpropanolamines

Table 7.4.: Wavenumbers v in cm™! of experimentally observed reference bands
in the ATR spectra of enantiopure methyl mandelate and mandelic acid
(see Chapters 5 and 6).

Assignment Methyl Mandelate Mandelic Acid
V(O‘H)alcoholic 3434 3443
V(C'Haromatic.,sym) 3103 3108
V(C'Haromatic.)) 3088 3091
V(C'Haromatic,3) 3062 3068
V(C'Haromatic,4) 3049 3055
V(C'Haromatic.,S) 3035 3039
V(C'H3,asym1) 3033 -
V(C'H3,asym2) 3003 -
V(C'H?J,sym) 2956 -
V(C-Hq) 2904 2908
V(C'Caromatic, 1) 1600 1604
V(C'Caromatic,Z) 1586 1589
V(C'Caromatic,3) 1491 1495
V(C'CaromaticA) 1455 1455

group and a second CH group (-acidic). In the following, modes involving these
functional groups will be discussed in detail (for all others see Chapter 5). Predicted
wavenumbers and intensities are listed in the Supplement F. Also, vibrational modes
and transition dipole vectors are depicted there.

The position and the intensity of the O-H stretching band strongly depend on
aggregation and the resulting interactions. The hydroxy groups of the phenyl-
propanolamines are hydrogen bonded to amino groups (O-H---N) as mentioned
in Sect. 7.1. They form long strands of monomer units and are therefore expected
to be further red shifted and intensified.

N-H Stretching Mode

Norephedrine and pseudonorephedrine are primary amines, ephedrine and pseu-
doephedrine secondary amines. Therefore, there is a splitting resulting in
an asymmetric and a symmetric N-H stretching mode for norephedrine and
pseudonorephedrine but only one N-H stretching mode for ephedrine and
pseudoephedrine. The asymmetric N-H stretching band can be expected at
3375+25cm ™! and the symmetric one at 3300£30cm™! [147, 148]. The N-H
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7.3. Preliminary Spectral Considerations

L as well.

stretching band of the secondary amines usually appears around 3300 cm™
The position and intensity may be affected by hydrogen bonding but less so than
for the O-H stretching band because the NH group is a poorer hydrogen bond
donor [147]. The integrated N-H band strength of primary amines is about twice
the one of secondary amines [148].

Tab. 7.5 summarizes predicted wavenumbers of the N-H and N-D stretching vi-
brations for the investigated phenylpropanolamines (monomers relaxed from the
crystal structure and most stable monomers, see Sect. 7.2), its fragments iso-
propylamine, methylisopropylamine, ethylamine, and methylethylamine and the
aggregated fragments of ethylamine and methylethylamine with dimethylether or
methanol (see Fig. 7.4). The fragments are chosen to model the amino group and its
behavior upon conformation, methylation, intramolecular coordination, and aggre-
gation. Two conformations (I and II) of the isopropylamine as well as the methyliso-
propylamine fragment are present in the investigated phenylpropanolamines. Iso-
propylamine I is a fragment of the norephedrine crystal and of the most stable
structure of pseudonorephedrine, isopropylamine II of the most stable conformer
of norephedrine and of the pseudonorephedrine crystal. Methylisopropylamine
I is realized in the ephedrine anhydrate crystal and in the most stable monomer
of pseudoephedrine, methylisopropylamine II in the ephedrine hemihydrate crys-
tal, the most stable monomer of ephedrine, and in the pseudoephedrine crystal.
The monomers and clusters of ethylamine and methylethylamine are based on the
structures of isopropylamine and methylisopropylamine. In the case of methylethy-
lamine one trans and two gauche conformations ((a) and (b)) are considered.

The N-H stretching modes of the methylated amines are predicted to appear mid-
way between the asymmetric and symmetric N-H stretching modes of the corre-
sponding primary amines. Only for the monomer unit from the ephedrine hemihy-
drate crystal and the most stable pseudoephedrine monomer this is not true. Here,
the N-H stretching of the methylated substance are approximately 30 and 40 cm ™!
more red shifted than the average of the symmetric and asymmetric N-H stretching
modes. An explanation for these deviations will be given below. The N-H stretching
modes of form I and II of isopropylamine and methylisopropylamine are predicted
at different wavenumbers. Form I is red shifted by approximately 10-20cm™!.
Also, the position of the methyl group in methylethylamine has an influence on the
wavenumber. The trans conformation shows the smallest wavenumber, followed by

gauche(a) which is shifted by 9cm™! to higher wavenumber. The N-H stretching
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7. Phenylpropanolamines

Table 7.5.: Predicted harmonic wavenumbers @ in cm~! and IR intensities I in
km-mol~! of the N-H and N-D stretching modes of relaxed monomers
from the crystal structure (Xcrystar), of the most stable monomers (Xsgaple,
see Sect. 7.2) and of fragments of the investigated phenylpropanolamines
(NE, PNE, E, and PE) on the B3LYP/6-311++G(3df,2p) level. The
fragments are isopropylamine (IPA, I and II) and methylisopropylamine
(MIPA, I and IT) as well as (nondeuterated and ND/OD-deuterated) ethy-
lamine (EA) and trans-, gauche(a)-, and gauche(b)-methylethylamine
(MEA) with and without the aggregation partners dimethylether (DME)
and methanol (MeOH) (see Fig. 7.4).

asym sym
-NH, (0] I o I || -NHCHj3; (0] 1
NEcrystal 3567 3 | 3490 I || E-AHcrystal 3531 5
E-Herystal 3498 0
NEgable 3582 3 | 3501 0 || Egable 3543 3
PNEc;ystal 3586 6 | 3507 2 || PEciystal 3538 6
PNEsble 3578 5 | 3491 1 || PEguble 3497 1
IPA T 3558 0 | 3479 2 || MIPAT 3506 O
IPA 11 3569 0 | 3492 1 || MIPATI 3523 0
EA 3572 1| 3494 1 || trans-MEA 3513 0
gauche(a)-MEA 3522 0
gauche(b)-MEA 3538 1
EA+DME(d) 3559 39 | 3480 48 || trans-MEA+DME 3497 74
EA+DME(u) 3564 24 | 3480 45 || gauche(a)-MEA+DME 3507 74
gauche(b)-MEA+DME 3520 99
EA+MeOH 3562 4 | 3486 18 || trans-MEA+MeOH 3500 7
gauche(a)-MEA+MeOH 3505 7
gauche(b)-MEA+MeOH 3518 7
MeOH+EA+DME(u) | 3540 54 | 3462 134
NEcrystal,deut 2628 3 2521 1 E‘AHcrystal,deul 2582 5
NEstable,deut 2641 3| 2531 1 Estable,deut 2592 3
PNE_ystal, deut 2644 5| 2534 2 || PE¢iystal,deut 2587 12
PNEstable,deut 2636 4| 2525 2 PEstable,deut 2556 1
EAgeut 2632 2 | 2525 0 || trans-MEA geyt 2569 1
gauche(a)-MEA gey 2575 1
gauche(b)-MEA gey¢ 2588 2
EAgeut+tDME(d) 2626 20 | 2517 25 || trans-MEA geyi+DME 2558 51
EA jeut+DME(u) 2624 28 | 2516 27 || gauche(a)-MEAge,++DME 2566 50
gauche-MEA(b)gey+DME 2576 64
EA jeui+MeOD 2625 3 | 2520 4 || trans-MEA 4o +MeOD 2559 1
gauche(a)-MEA 4o «+MeOD | 2562 3
gauche(b)-MEA 4¢,t:+MeOD | 2573 2
EA-NDH---DME(u) | 3505 69 | 2583 1
EA-NHD---DME(u) | 3541 1 | 2557 43
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Isopropylamine (IPA) Methylisopropylamine (MIPA)
Ethylamine (EA) Methylethylamine (MEA)
trans gauche(a) gauche( b)

e
X

+Dimethylether
(DME) d

5
m

+Methanol

e
LS
(MeOH) %
&

%@%&

Figure 7.4.: Isopropylamine (I and II), methylisopropylamine (I and II), ethy-
lamine, trans-, gauche(a), and gauche(b)-methylethylamine monomers,
and complexes of ethylamine, trans-, gauche(a)-, and gauche(b)-
methylethylamine with dimethylether or methanol. The two clusters
of ethylamine with dimethylether are denoted d and u for down and up.

%%%%

+Methanol (MeOH)
+Dimethylether (DME)

113



7. Phenylpropanolamines

mode of gauche(b)-methylamine is predicted at 25 cm™! higher wavenumber than
the trans-form. The predicted wavenumbers of ethylamine and methylethylamine
shift upon aggregation with dimethylether or methanol. The resulting red shift is
in the order of 8-20cm™!. It is almost the same for aggregation leading to an N-
H.--O or an O-H: - -N hydrogen bond. The red shift increases to about 30 cm™!
in the case of the cooperative O-H---N-H---O hydrogen bond of the methanol-
ethanol-dimethylether cluster.

The deviation of the predicted N-H stretching wavenumbers of the nine phenyl-
propanolamine monomers (average position of the asymmetric and symmetric N-H
stretch for nonmethylated amines) compared to the predicted wavenumber of ethy-
lamine (3533cm™ ') is between —14cm~! and +36cm~! with a mean value of
+4cm~! and a root mean square (rms=/ % DN xl-z) of 18 cm™!. These wavenum-
ber deviations are a result of multiple interactions taking place within the calculated
monomers, such as inductive effects. In order to identify the influencing parameters
and shifts, N-H stretching wavenumbers of eight methylisopropanolamines which
are fragments of ephedrine and pseudoephedrine (see Fig.7.5) were calculated in
addition to the phenylpropanolamines and the fragments discussed above. The full
set of 25 compounds deviates from the ethylamine N-H stretching mode average by
—17 to +36.cm™~! with a mean value of +7 cm™! and a root mean square deviation
of 17cm~!. Tab. 7.6 summarizes the predicted wavenumbers, the deviations to the
N-H stretching wavenumber of ethylamine, postulated parameters influencing these
wavenumbers as well as the resulting shifts, predicted wavenumbers starting from
ethylamine (3533 cm™') which was chosen as the interaction free reference sys-
tem and adding the influence of these parameters, and the difference between the
predicted and calculated wavenumbers. Ideally, the predicted wavenumbers should

have the same value as the calculated wavenumbers.
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from E'AHcrystal from E'Hcrystal from Estable
& | & ”I %;; ; IV %
V ?? V$ VII ! ! Vﬁ

from PEcystal from PEgaple

Figure 7.5.: Methylisopropanolamines I-VIII. I is a fragment of the monomer from
the ephedrine anhydrate crystal, III from the ephedrine hemihydrate
crystal, IV of the most stable ephedrine monomer, V of the monomer
from the pseudoephedrine crystal, and VII of the most stable pseu-
doephedrine monomer. The methylisopropanolamines II, IV, VI, and
VIII have an inverted amino group relative to I, III, V, and VI.
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7.3. Preliminary Spectral Considerations

A nonterminal amine is on average red shifted by 15cm™!

lated amine by 10cm™!.

dicted by calculation at 3519 cm~! and by the model at 3518 cm~!. Gauche(a)-

and a methy-

E.g., the nonterminal amine isopropylamine I is pre-

methylethylamine calculated at 3522 cm™! is the methylated analog to ethylamine
and would be predicted at 3523 cm~!. The absence of a trans arrangement between
the N-H and the B-acidic C-H group causes a blue shift of about 15cm™'. E.g.,
gauche(b)-methylethylamine calculated at 3538 cm™! is blue shifted by 16cm™!
compared to gauche(a)-methylethylamine calculated at 3522cm™'. Y-H- - -X con-
tacts within the monomer lead to a blue shift with one exception causing a red
shift. The blue shift is about 15cm~! for the O-H- - -N with an antiparallel ar-
rangement of the N-H and O-H rotors. The blue shift is also 15cm™! for the N-
H- - -O contact and ca. 5cm~! for the C-H- - -O contact. E.g., the O-H- - -N con-
tact in methylisopropanolamine IV calculated at 3540cm™! causes a blue shift
of 17cm™! compared to methylisopropylamine II calculated at 3523 cm~!. The
monomer unit from the crystal structure of pseudonorephedrine with an N-H- - -O
contact is predicted 16 cm~! towards higher wavenumber (calculated at 3547 cm ™)
compared to isopropylamine II calculated at 3531cm™~'. The C-H---O contact
of methylisopropanolamine II causes a blue shift of 5cm™! to 3528cm™! com-

pared to methylisopropylamine II calculated at 3523 cm™!.

Only in the case of
O-H- - -N hydrogen bonds with an approximately perpendicular arrangement of the
NH and OH rotors, as defined by a small HNCC torsional angle, the N-H stretching
wavenumbers are red shifted. Such an O-H- - -(H)N hydrogen bond is e.g., present
in methylisopropanolamine IIT at 3501 cm~! but not in the case of methylisoproy-
lamine IT at 3523 cm™! causing a red shift of 22cm™~!.

The differences of the predicted and calculated wavenumbers are between
—12cm~! and +10cm~! with a mean value of —1cm™! and a root mean square
of 6cm™! for the full set of 25 compounds. This shows that the wavenumber differ-
ences of the N-H stretching mode can be formally described with the above men-
tioned parameters. However, it should be emphasized that these parameters only
model a theoretical quantity and the description is not necessarily unique, but will
be subject to revisions. Nevertheless, it provides a first instrument to predict N-H
stretching wavenumbers based on the conformation and its interactions in compar-
ison to other amines [132]. The residual deficiencies corresponding to a root mean
square of 6¢cm™! are smaller than the expected model misinterpretations. Further-

more, it is reasonable to assume that the shift caused by the Y-H- - -X contacts varies
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within a certain range depending on the strength of the given contact.

N-H stretching intensities (summarized in Tab. 7.5) are low, but can be enhanced
upon hydrogen bonding [147]. The intensity of the asymmetric stretching is gen-
erally higher than the intensity of the symmetric stretching. For the calculated iso-
propylamines this is not true. The intensity of the symmetric stretching remains
higher on the MP2/6-311+G(d) level. Also, in the case of ethylamine and its clus-
ters the asymmetric N-H stretching intensity is not higher than the intensity of the
symmetric stretching. The predicted intensities of the investigated amines increase
about 20-100 fold upon forming N-H- - -O hydrogen bonds with dimethylether. The
predicted intensities of the N-H stretching bands also increase when the amino
group acts as the hydrogen bond acceptor (O-H- - -N) in complexes with methanol
but less so. The highest intensification (50-130 fold) is predicted for the methanol-
ethylamine-dimethylether cluster in which a cooperative O-H---N-H---O hydro-
gen bond network is established. In jet expansions the N-H stretching bands were
found to be rather weak. E.g., no N-H stretching band appears for aminoethanol
monomers [182] and only the asymmetric stretching band was observed with sig-
nificant band strength for the glycine ethyl ester monomer [183]. Upon aggregation
a pronounced intensity increase was found e.g., for pyrrolidine clusters in jet ex-
pansions (up to three orders of magnitude) [74, 184] and dimethylamine in the gas
phase [185]. Also, in the spectra of crystals an enhancement of the intensities is
expected especially in the case of a cooperative hydrogen bond network.

Fig. 7.6 shows the influence of a hydrogen bond on the direction of the vibrational
transition dipole vector of the N-H stretching modes for ethylamine and methylethy-
lamine. The vectors of isopropylamine and methylisopropylamine (I and II) are
shown for comparison. For the vibrational modes and vibrational transition dipole
moments of the phenylpropanolamines see Supplement F. The single N-H stretch-
ing mode of the methylated amines tends to a have a vibrational transition dipole
vector perpendicular to the N-H bond in direction of the lone pair. For the non-
methylated amines, the direction of both N-H stretching modes is dictated by local
symmetry. The vibrational transitional dipole vector of the asymmetric stretch is
perpendicular and the symmetric one parallel to a hypothetical average N-H bond.
If the nonmethylated or methylated NH group engages as an N-H- - -O hydrogen
bond donor (aggregation with dimethylether) the vector aligns with the hydrogen
bond. If the methylated amine group engages as an O-H- - -N hydrogen bond accep-
tor (aggregation with methanol) the vibrational transition dipole vector aligns along
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the hydrogen bond as well. In the case of the nonmethylated amines the local sym-
metry present for the monomer is conserved upon forming an O-H- - -N hydrogen
bond (aggregation with methanol).

Overall, two N-H stretching bands can be expected for norephedrine and
pseudonorephedrine, one for ephedrine hemihydrate, and one less intense N-H band
for ephedrine anhydrate and pseudoephedrine. The single N-H stretching bands
can be expected to appear in between the symmetric and asymmetric N-H stretch-
ing bands of the corresponding nonmethylated phenylpropanolamines. The N-H
stretching modes will intensify after forming an N-H- - -O hydrogen bond within the
crystal. The vibrational transition dipole vectors will align approximately along the
hydrogen bonds.

Deuteration of the OH and NH group (ND/OD deuteration) will lead to strong
red shifts. This helps identifying bands appearing in the same spectral region (e.g.,
C-H stretching bands). Predicted wavenumbers of the N-D stretching bands are
summarized in Tab.7.5. Wavenumbers are listed for relaxed monomers of the
crystal structure, the most stable monomers, and chosen fragments (ethylamine
and methylethylamine) without and with aggregation partner (dimethylether and
methanol). The red shift upon deuteration is predicted to be between 930 cm™! and
980 cm~!. The red shift is around 940 cm~! for the asymmetric N-H/N-D stretch-
ing band, it is around 970 cm~! for the symmetric stretching, and 940-950 cm™!
for the methylated amines. Therefore, the splitting between the asymmetric and
symmetric stretching is predicted to be larger for the N-D than for the N-H stretch-
ing mode. This rather untypical behavior is probably related to mode mixing of the
N-D with a C-H stretching mode. The predicted intensities remain more or less the
same upon deuteration which also results from the above mentioned mode mixing.
Only for the N-D- - -O deuterium bonded complexes the intensity is lower than in
the nondeuterated N-H- - -O bonded cases. A small loss of intensity can also be no-
ticed for the O-D- - -N bonded clusters. Since the deuterated phenylpropanolamine
crystals establish N-D---O or O-D- - -N deuterium bonds a decrease of intensity can
be expected compared to the nondeuterated substances. In the partly deuterated
ethylamine-dimethylether complexes the N-H and N-D stretching modes have a lo-
calized character. The modes of the hydrogen and deuterium bonded group appear
in between the asymmetric and symmetric stretching modes with closer vicinity to
the symmetric mode and are much more intense than the isolated N-H and N-D

stretching mode.
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Figure 7.6.: Influence of the position of the methyl group and the influence of a
hydrogen bond on the direction of the vibrational transition dipole vec-
tors of the N-H stretching modes in ethylamine and methylethylamine.
The direction of the vibrational transition dipole vectors (yellow, unit
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indicated.
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N-H Bending Mode

The N-H bending mode of primary amines is known to appear in the region of 1650—
1590cm™"! [147, 148]. The bending mode of the secondary amines is reported to
appear in the region of 16501550 cm™! by Ref. [148] and around 1500cm™"' by
Ref. [147]. Therefore, the bands fall into the region of the C-Cyromatic Stretching
bands. They show a blue shift, intensification, and broadening upon aggregation
[147,148]. The N-H bending mode of primary amines is more intense than the one
of secondary amines [148].

Tab. 7.7 summarizes the predicted wavenumbers of the N-H (and N-D) bend-
ing modes for the investigated phenylpropanolamines (monomers relaxed from
the crystal structure and most stable monomers, see Sect. 7.2), its fragments iso-
propylamine, methylisopropylamine, ethylamine, and methylethylamine and the
aggregated fragments of ethylamine and methylethylamine with dimethylether or
methanol (Fig. 7.4). The N-H bending modes of the primary amines are to a great
extent local modes, while the N-H bending modes of the secondary amines are
mixed N-H/C-Hj3 (or C-H3/N-H) bending modes (see Supplement F and Fig. 7.7).
The contribution of the N-H bend in the mixed N-H/C-H3 bending modes varies for
the different substances. Only the two highest frequency mixed modes are listed
in Tab.7.7. Upon ND/OD deuteration only one dominant N-D bending mode is

present.
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7. Phenylpropanolamines

Table 7.7.: Predicted harmonic wavenumbers @ in cm~! and IR intensities / in
km-mol~! of the N-H and N-D bending modes of relaxed monomers
from the crystal structure (Xcrystal), 0f the most stable monomers (Xgaple,
see Sect. 7.2) and of fragments of the investigated phenylpropanolamines
(NE, PNE, E, and PE) on the B3LYP/6-311++G(3df,2p) level. The
fragments are isopropylamine (IPA, I and II) and methylisopropylamine
(MIPA, I and II) as well as (nondeuterated and deuterated) ethylamine
(EA) and trans-, gauche(a)-, and gauche(b)-methylethylamine (MEA)
with and without the aggregation partners dimethylether (DME) and
methanol (MeOH) (see Fig. 7.4).

-NH, w I || -NHCH; (0] I | o 1
NEciystal 1661 21 || E-AHcrystal 1523 16 | 1481 23
E-Herystal 1524 21 | 1489 17
NEgable 1648 40 || Eguaple 1523 13 | 1479 12
PNE ystal 1644 46 || PEiysal 1524 40 | 1488 16
PNEguble 1649 26 || PEguple 1521 14 | 1482 15
IPA T 1654 29 || MIPA 1 1523 13 | 1477 13
IPA 11 1653 34 || MIPAII 1526 11 | 1479 8
EA 1654 29 || trans-MEA 1518 14 | 1500 8
gauche(a)-MEA 1524 12 | 1500 2
gauche(b)-MEA 1520 9 | 1486 8
EA+DME(d) 1668 24 || trans-MEA+DME 1531 16 | 1507 2
EA+DME(u) 1665 18 || gauche(a)-MEA+DME 1534 11 | 1508 1
gauche(b)-MEA+DME 1534 4 | 1508 2
EA+MeOH 1650 30 || trans-MEA+MeOH 1528 6 | 1475 29
gauche(a)-MEA+MeOH 1524 11 | 1478 12

gauche(b)-MEA+MeOH 1521 13 | 1486 11
MeOH+EA+DME(u) | 1665 19

NEcrystal,deut 1244 20 E'AHcrystal,deut 1261 29
NEqtabie,deut 1232 27 || Estable,deut 1257 19
PNEc ystal,deut 1231 60 PEcrystal, deut 1261 47
PNEstable,deut 1222 26 PEstable,deut 1251 16
EAgeut 1237 27 || trans-MEA ey 1265 20

gauche(a)-MEA geyt 1264 18

gauche(b)-MEA geyt 1265 20
EA geut+DME(d) 1244 19 || trans-MEAy.,«+DME 1267 17
EA geu+DME(u) 1246 21 || gauche(a)-MEAg+DME | 1270 14

gauche-MEA(b)geyi+DME 1271 18
EA eyt +MeOD 1233 24 || trans-MEA 4., +MeOD 1256 16

gauche(a)-MEA 4t +MeOD | 1258 14
gauche(b)-MEA 4, (+MeOD | 1257 15

EA-NDH---DME(@) | 1528 19
EA-NDH.--DME() | 1520 8
EA-NHD---DME(u) | 1495 16
EA-NHD---DME(u) | 1488 1
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7. Phenylpropanolamines

The N-H bending modes of the primary amines are predicted at roughly 130 cm™!
and 170 cm~! higher wavenumbers than the mixed N-H/C-H3 bending modes of
the secondary amines. In the deuterated case the N-H bend of the primary amines is
predicted at about 30 cm~! lower wavenumber than the secondary amine bend. The
shift upon deuteration is thus significantly larger for the primary amines (420 cm™!)
than for the secondary amines (240 cm™~! for an averaged mixed N-H/C-H3 bending
mode). The aggregation with dimethylether (N-H- - - O hydrogen bond) leads to an
average blue shift of 10cm™!, whereas the aggregation with methanol (O-H---N
hydrogen bond) causes a red shift of about 10cm™! on average. Only in the case
of the nondeuterated methylethylamine-methanol complexes no red shift is pre-
dicted for the mixed N-H/C-H3 mode at higher wavenumber. In the methanol-
ethylamine-dimethylether complex ethylamine simultaneously acts as a hydrogen
bond donor and acceptor. In this case, the N-H bending mode is blue shifted by
10cm™!. This points at a stronger influence of the N-H- - -O than of the O-H---N
hydrogen bond on the spectral position of the N-H bending mode. However, in
the case of ethylamine the aggregation with dimethylether (EA+DME(u)) causes
a blue shift of 11 cm~!, while the aggregation with methanol causes a red shift of
4cm~!. This shows that whether a red or blue shift is present for amines being
hydrogen bond donor and acceptor depends on the specific case. For the partly
deuterated ethylamine-dimethylether complexes two N-H(D) bending modes with
a higher bending contribution of the N-H than the N-D bend (not depicted) are pre-
dicted. They fall between the positions of the nondeuterated and the deuterated
amines with a tendency towards higher wavenumbers and show a mixing with C-H
bends. Both modes of the hydrogen bonded complex (EA-NDH.--DME(u)) are
predicted to appear at higher wavenumber than the modes of the deuterium bonded
complex (EA-NHD- - - DME(u)).

The N-H bending modes of the nondeuterated primary amines are predicted to be
more intense than the mixed modes of the secondary amines. An exception is the
predicted intensity of the monomer conformation realized in the pseudoephedrine
crystal. Deuteration tends to have an intensity decreasing influence on the N-H
bending mode of the primary amines. However, in most cases of the secondary
amines the mixed mode is intensified. The intensities of the N-D modes of the pri-
mary and secondary amines are more or less comparable. Upon aggregation with
dimethylether or methanol the intensities decrease in most cases. For a classifi-

cation of the effects further evaluations are needed. In the case of the deuterated
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amines aggregation leads to a decrease of the intensity for all substances. In the
partly deuterated case the higher frequency mode is the more intense one for both
complexes.

In Fig.7.7 the directions of the vibrational transition dipole vectors of the N-H
bending mode are shown for isolated and aggregated fragments of the phenyl-
propanolamines (for the vectors of the investigated phenylpropanolamines see Sup-
plement F). The vector bisects the two N-H bonds in the case of the primary amines.
Deviations result from asymmetric substituents. The direction of the vibrational
transition dipole moment of the primary amines remains more or less conserved
upon aggregation. The directions of the mixed modes are quite different (also for
the deuterated substances, not shown). They depend on the relative contributions
of the NH and the CH groups, on the conformation, and on aggregation. For a

systematic classification further evaluations would be needed.

Further Modes

O-H and N-H stretching band positions, intensities, and shapes depend much on
the interactions present. However, C-H stretching bands are less influenced, es-
pecially the aromatic ones [138, 147, 186]. It can be expected that the aromatic
C-H stretching bands will appear at the same position (10 cm™!) as in the methyl
mandelate and mandelic acid case (Tab. 7.4). Similar wavenumbers (9 cm™') are
indeed predicted by quantum chemical calculations (see Supplement F). Red shifts
of 15-50cm~! are calculated for the methyl C-H stretching modes of the phenyl-
propanolamines compared to methyl mandelate. The methyl C-H stretching vibra-
tions are predicted to couple with the a- and B-acidic C-H stretching and with the
N-methyl C-H stretching modes in the case of ephedrine and pseudoephedrine.
Also, similar polarization behavior and thus directions of vibrational transition
dipole vectors were found for several modes in the methyl mandelate and the man-
delic acid case. The transition dipole vectors of the C-Haomatic sym and the C-
Caromatic stretching modes of the investigated phenylpropanolamines are visualized
in Fig.7.8 (see also Supplement F). The directions of the C-Haromatic,sym (green)
and the C-Cyromaric,2 (brown) transition dipole vectors roughly point along the C-
Caromatic Stem but deviate into the direction of the o-acidic CH group. In the case
of norephedrine it is perpendicular to the C-Cyomatic Stem. The vibrational transi-

tion dipole vector of the C-Cyromatic,1 stretching mode (purple) is aligned along the
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R 1 C-Corom.1

H /\ OH
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Figure 7.8.: Directions of the vibrational transition dipole vectors of several stretch-
ing modes of the investigated phenylpropanolamines. In the cases of
norephedrine (NE) and pseudonorephedrine (PNE) the direction of the
C-Harom,sym and the C-Cyrom, stretching mode deviate as indicated,
respectively.

backbone between the phenyl ring and the amine moiety (Cyromatic-C-C-N(-C)). In
most cases, it is parallel to the C-Cyomatic Stem. The direction is perpendicular to
the C-Cyromatic stem in the case of pseudonorephedrine due to mixing with the N-H
stretching mode. The directions of the C-Cyromatic,3 (blue) and C-Cyromatic 4 (red)
transition dipole moments are parallel and perpendicular to the C-Cyromatic Stem.
The directions are more or less in agreement with the observations in the methyl

mandelate and mandelic acid cases.

FTIR-ATR Spectra

FTIR-ATR spectra of the investigated phenylpropanolamines are shown in Fig. 7.2.
The enantiopure compounds were measured for all substances, in the case of
pseudonorephedrine and pseudoephedrine also the racemic compounds were in-
vestigated. As predicted, two N-H stretching bands appear in the spectra of nor-
and pseudonorephedrine and only one in the spectra of ephedrine hemihydrate and
pseudoephedrine. They are located around 3330 cm™!. Note, that the N-H stretch-
ing band of racemic pseudoephedrine is more intense than the one of the enantiopure
compound. This might be an evidence for the presence of an N-H- - -O bond within
the racemic crystal.

A broad O-H stretching band is present in the region of 3200-2500cm~!. It

overlaps with the C-H stretching modes. Four C-Cgromatic Stretching bands appear
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around 16001450 cm™! at similar positions as for methyl mandelate and mandelic
acid. The bands overlap with an N-H bending band and several C-H bending modes.

In the case of ephedrine a broad band around 3500 cm™! and a smaller one at
1650 cm™! appear additionally. These bands can be assigned to the O-H stretching
and bending modes. Ephedrine is known to be hygroscopic and can crystallize in the
form of a hemihydrate [172]. The ephedrine bottle used for measurements has not
been freshly opened before measurements. The ephedrine probably hydrated and
the recorded FTIR-ATR spectra belong to ephedrine hemihydrate. No FTIR-ATR

spectra were recorded for anhydrous ephedrine.
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7.4. Norephedrine

7.4.1. Enantiopure Norephedrine

Enantiopure norephedrine (Fig. 7.9) is a white powder which melts at 51-53°C (ac-
cording to the supplier, Tab.7.1). There is no evidence that it is hygroscopic. No

crystal structure is reported for enantiopure norephedrine.

Crystallization

It was not possible to sublimate crystals of enantiopure norephedrine at room tem-
perature (22-23°C) in a time period of a few hours. The air conditioner was used to
lower the room temperature and thus also the upper window of the cell to 18-20°C.
The evacuation of the sublimation cell to less than 1 mbar already led to single crys-
tals as well as a few polycrystals without the need of heating up the bottom of the
cell. At temperatures above 28°C (bottom window) liquid drops of norephedrine
condensed on the top window (Tab. 7.1).

The habit of the obtained norephedrine crystals was varying. Single crystals
showed diverse profiles from triangular to hexagonal as well as tabular and
platy habits. FTIR measurements exhibited three types of spectra (see Fig.7.10)
which might be due to different crystal faces or due to different polymorphs.
Squarish tabular crystals (with variable profiles) revealed spectra denoted Face A

(see Fig. 7.10). Platy crystals showed spectra named Face B, whereas Face C spectra

* * * * * *
Frozen monomer unit Relaxed monomer unit Most stable
from the crystal structure from the crystal structure monomer

Figure 7.9.: Frozen and relaxed monomer units ((1S,2R)-enantiomer) taken from
the crystal structure of racemic norephedrine [89] as well as the most
stable monomer [83, 87] (B3LYP/6-311++G(3df,2p) level). Centers of
chirality are marked with an asterisk (*).
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Figure 7.10.: Enantiopure norephedrine polarization FTIR spectra of face A, B, and
C. The arrows show the direction of the electric field vector. Spectra
of face B are multiplied by a factor of 3. The visual pictures of the

measured crystals are shown above the corresponding spectra. Band

positions are given in cm™!.

were obtained after measuring elongated tabular crystals (see Fig. 7.10). The occur-
rence of the three spectral types was nearly equally distributed. It was not possible
to perform rotation measurements in order to verify if the spectral differences are
caused by different faces of the same polymorph. The density of sublimated crystals
on the substrate was rather high, so the isolation of the designated crystals was not
possible. Furthermore, the different morphologies would have made an assignment
to specific faces difficult.

ND/OD-deuterated enantiopure norephedrine was obtained from a solution of
(18,2R)-norephedrine in D,0. The solution was evacuated in the sublimation cell
at a laboratory temperature of 15°C (with opened windows in winter time). Liquid
drops were obtained at the bottom and the top of the cell. By lowering the room

temperature to 10°C two types of polycrystals formed at the top of the cell. There
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B 1493
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Figure 7.11.: ND/OD-deuterated enantiopure norephedrine FTIR spectra of the
melt (top), of a polycrystal of type I (center), and polarized FTIR spec-
tra of a polycrystal of type II (bottom) after sublimation. The arrows
show the direction of the electric field vector. The measured section of
the type II polycrystal is shown above the corresponding spectra. The

type I crystal did not show much contrast and is therefore not shown.

Band positions are given in cm~!.

were polycrystals which contained oval single crystals of 5-10 um (type I) as well
as platy polycrystals with a defined growth direction (type II). In Fig.7.11 FTIR
spectra of a liquid drop and a polycrystal of type I as well as polarized FTIR spectra
of a type II polycrystal are shown. The visual image depicted in Fig.7.11 shows
a section of the polycrystal measured. The type I spectrum shows similar C-H
stretching patterns as the spectrum of the nondeuterated face C crystal. Therefore,
analogous faces can be assumed. There is no nondeuterated spectrum which corre-
sponds to the ND/OD-deuterated type II spectrum. Either the faces of the crystal

correspond to different crystallographic axes or a polymorphic form is present.

FTIR Spectra

The vibrational assignments of enantiopure norephedrine are summarized in
Tabs. 7.8 and 7.9. The assignments of the N-H and O-H stretching and the
N-H bending modes are performed by comparison of experimental and predicted
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wavenumbers (see also Sect. 7.3) as well as by comparing spectra of the nondeuter-
ated and ND/OD deuterated substance in which the corresponding bands are shifted
towards lower wavenumber. The positions and intensities of the N-H stretching
modes will be discussed in Sect. 7.8. The N-H bending band is slightly blue shifted
with regard to the scaled relaxed monomer prediction (see the comparison of exper-
imental and oriented gas model spectra of racemic norephedrine in Fig.7.18 later
on) due to hydrogen bonding (Sect. 7.3).

The band at 3182/3184cm™! in the spectra of the nondeuterated compound
(Fig.7.10) vanishes upon deuteration (Fig.7.11). Thus, it is also caused by the NH
or OH group. It can be more specifically assigned to the N-H bending overtone with
the fundamental being at 1608/1606 cm~!. The band appears about 35 cm™! more
red shifted than a harmonic overtone would be (3216/3217cm™"). The red shift
results from a negative diagonal anharmonicity constant (x; ;) [79] and a Fermi-
resonance between the N-H bending overtone and the symmetric N-H stretching
mode [187, 188].

In the spectrum of ND/OD deuterated enantiopure norephedrine three bands ap-
pear in the N-D stretching region of type I (Fig.7.11) and only two bands in the
spectra of the melt and the type II crystal. The bands at 2490 cm™! and 2376 cm™!
in the spectrum of type I can be assigned to the asymmetric and symmetric N-D
stretching modes in agreement with the assignments made for the other primary
phenylpropanolamines in this Chapter. They show a larger splitting than the corre-
sponding nondeuterated N-H stretching bands, consistent with the predictions (see
Sect. 7.3). The band at 2416 cm™! corresponds to the localized and bonded N-D
stretching mode of partly deuterated norephedrine resulting from an isotopic ex-
change. The band at 3273 cm™! is the analogous localized N-H stretching mode.
Both bands appear in closer vicinity to the symmetric than to the asymmetric
stretching mode. In the spectra of type II and the liquid an N-D stretching band
at 2499/2501 cm~! appears broadened and slightly blue shifted compared to the
asymmetric N-D mode in the type I spectrum due to a weakening of the deuteration
bonds. The symmetric stretch disappears in the broad O-H stretching band.

A comparison of molten phase spectra measured in the sublimation cell of
ND/OD-deuterated and nondeuterated enantiopure norephedrine as well as ATR
spectra of the solid state of enantiopure norephedrine is shown in Fig.7.12. The
N-H and N-D stretching bands are broadened in the liquid phase due to the lack of
a periodic hydrogen bond network. Also, the positions of the N-H stretching bands
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7. Phenylpropanolamines

Table 7.8.: Assignments of experimental band maxima in the FTIR microscopic
spectra of enantiopure norephedrine of face A, face B, face C (Fig. 7.10),
FTIR-ATR spectra (without ATR correction, Fig.7.2), FTIR spectra of
the melt (not shown) as well as calculations of the relaxed monomer
unit taken from the crystal structure (Mongysa) on the B3LYP/6-
3114++G(3df,2p) level. All wavenumbers are given in cm~!. The
stretching and bending vibrations are indicated as v and 0 and the sym-
metric and asymmetric vibrations with sym and asym. Tentative assign-
ments and bands without assignment are labeled with a question mark
).

Assignment Face A Face B Face C ATR Melt Mongystal
V(N-Hysym) 3338 3338 3338 3339 3355 3567
V(N-Hgym) 3271 3271 3271 3269 3290 3489
v(0O-H) 3500-2500 3400-2600 3400-2500 3500-2400 3600-2500 3831
26(N-H) 3182 3182 3184 3181 3169
V(C-Haromatic,sym) 3103 3107 3199
V(C-Haromatic 2) 3087 3085 3085 3086 3085 3185
V(C-Haromatic.3) 3064 3062 3062 3065 3062 3172
V(C-Haromatic.4) 3048 3049 3162
V(C-Haromatic,s) 3037 3033 3033 3036 3030 3154
? V(C-H3 a5ym1) 3001 2999 3001 3001 3104
? V(C-H3 a5ym2) 2960 2962 2962 2970 3089
? v(C-H3 sym) 2922 2922 2923 2929 3028
? 2914 2908 2908 2909 2897

? v(C-Hgy) 2869 2869 2868 2873 2978
? v(C-Hg) 2850 2962
O0(N-H) 1608 1606 1606 1605 1585 1661
V(C-Caromatic,1) 1608 1606 1606 1605 1601 1644
V(C-Caromatic,2) 1585 1585 1622
V(C-Caromatic,3) 1493 1493 1493 1493 1493 1531
V(C-Caromatic.4) 1456 1454 1454 1452 1452 1485
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Table 7.9.: Assignments of experimental band maxima in the FTIR microscopic
spectra of enantiopure ND/OD-deuterated norephedrine polycrystals of
type I, type II, and the melt (Fig.7.11). All wavenumbers are given in

cm™!. The stretching and bending vibrations are indicated as v and
0 and the symmetric and asymmetric vibrations with sym and asym.
Tentative assignments and bands without assignment are labeled with a
question mark (?).

Assignment Type I Type II Melt
V(N-Hjocalized) 3273

V(C‘Haromatic,sym) 3103

V(C-Haromatic,2) 3085 3087 3084
V(C‘Haromatic,3) 3062 3066 3060
V(C‘Haromatic,4) 3051

V(C-Haromatic,s) 3035 3035 3028
? V(C-Hj asym1) 3001 2993

? V(C-H3 a5ym2) 2962 2964 2968
? v(C-H3 sym) 2923 2932 2929
? 2908 2900
? v(C-Hgy) 2868 2866 2871
? v(C-Hp) 2842

? 2798

V(N-Digym) 2490 2499 2501
V(N'Dlocahzed,bonded) 2416 2418 2422
V(N-Dgym) 2376

v(0-D) 2600-1900 2450-2200 2600-1900
V(C-Caromatic,1) 1604 1603 1603
V(C-Cromatic,2) 1585 1587 1583
V(C-Cyromatic,3) 1493 1493 1493
V(C-Caromatic.4) 1454 1452 1452
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Figure 7.12.: Liquid transmission spectra of the ND/OD-deuterated and the non-
deuterated melt as well as an FTIR-ATR spectrum of the nondeuter-

ated solid sample of enantiopure norephedrine. The ATR spectrum is

multiplied by a factor of 4. Band positions are given in cm™ .

are less red shifted in the spectrum of the melt. In analogy, the N-H bending mode
is less blue shifted. The presence of the N-H bending band in the region around
1600 cm™~! can nicely be recognized by a comparison with the ND/OD-deuterated
norephedrine spectrum in which this mode does not appear. The positions of the
C-H stretching bands are nearly the same in the ND/OD- and the nondeuterated
norephedrine spectra.

The aromatic C-H and C-Cyomatic Stretching bands are assigned according to
observations made in the cases of methyl mandelate, mandelic acid, and the other
phenylpropanolamines in this Chapter. The tentative assignment of the aliphatic
C-H stretching modes is performed on the basis of the assignments made for the
other phenylpropanolamines in this Chapter.

So far, no crystal structure of enantiopure norephedrine has been published. Thus,
only the spectral differences of the three faces can be used to infer the molecular
orientation within the crystal. The orientation along the different faces will be dis-
cussed separately. The conclusions about the molecular orientation refer to the av-
erage over the unit cell. Single molecules within the unit cell may deviate from the

proposed orientation. Note, that it is only a simplistic scheme which does not reflect
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7.4. Norephedrine

the dimensionality correctly and which does not include all functional groups.

The O-H stretching band appears for both polarizations of face A, but the in-
tensities are approximately two times higher for a horizontal polarization. Nearly
horizontally aligned O-H---X hydrogen bonds can be assumed. The case of the
NH, group is more complicated. The intensities of the asymmetric N-H stretching
and the N-H bending band are nearly equal for both polarizations. For the asymmet-
ric N-H stretching and the N-H bending mode a diagonal transition dipole vector
can be assumed, while the one of the symmetric modes seems to be horizontally
aligned. In Sect. 7.3 the influence of a hydrogen bond on the vibrational transition
dipole vector of the NH, group was analyzed. It was shown, that in the case of an
N-H- - - X hydrogen bond both the asymmetric and symmetric N-H transition dipole
vectors align more or less along the N-H hydrogen bond. Since the polarization
behavior of the asymmetric and symmetric N-H stretching bands differ, this is only
partially the case. The directions of the transition dipole vectors of the three N-H
modes suggest a sidewards slightly downpointing orientation of the amine group
(see Fig.7.13). The C-Cyromatic,3 stretching band at 1493 cm~ ! is much stronger at
a vertical polarization, while the C-Cyromaiic 4 stretching band at 1456 cm~! shows
the opposite behavior. Therefore, a vertical transition dipole vector and a vertical
orientation of the C-C stem can be assumed. The symmetric C-H stretching band
of the phenyl group is visible for both directions of polarization. The band seems
to be more pronounced in the vertically polarized spectrum. But this is probably af-
fected by the overlaying O-H stretching band. It can be assumed that the vibrational
transition dipole vector is diagonal to the probed directions. This and the relatively
strong intensity of the symmetric C-H stretching band fits to a view on the plane of
the aromatic group with the C-C stem being vertically aligned (in agreement with
the considerations made above).

In the spectra of face B the polarization behavior of the four N-H stretching and
bending bands and the O-H stretching band differs. The N-H bands are strong for
the vertical polarization, while the O-H stretching band appears in the horizontally
polarized spectra. This is in agreement with a horizontal O-H and a vertical N-H
hydrogen bond. The C-Cjromatic,3 stretching band does not appear in the spectra of
face B. The same is true for the symmetric phenyl C-H stretching mode. A view
along the C-C stem can therefore be assumed. However, the C-Cyromatic 4 stretching
band at 1454 cm™! is present for both polarizations, but shows a stronger intensity

at a vertical polarization. This points at a rather vertical orientation of the phenyl
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Figure 7.13.: Schematic layout of a norephedrine molecule oriented according to
the measured crystal faces. Note, that this simplistic view does not re-
flect the dimensionality correctly and that it does not include all func-
tional groups.

group. The proposed orientation corresponding to face B is depicted in Fig.7.13.
It shows substantial analogies to the orientation of a face A racemic crystal (see
Sect. 7.4.2) rotated by 90° around the z-axis. This is in agreement with very similar
polarization spectra and similar morphologies. It can be assumed that the crystal
structures are alike.

Assuming that the tentative assignments of the C-H stretching modes in Tab. 7.8
are correct, one can also derive the orientations of the aliphatic C-H groups of face
B (here the C-H stretching region does not suffer from oversaturation). The asym-
metric]l methyl stretching at 2999 cm™! is more intense for a vertical polarization,
while the asymmetric2 methyl stretching at 29062 cm™~! is intense in the horizontally
polarized spectrum. The symmetric stretching is stronger in the vertical polariza-
tion. Therefore, the methyl group is oriented such that one CH points upwards and
the other two are diagonally aligned. The C-CH3 stem points more or less into the z
direction. The a-acidic C-H stretching mode is present in the horizontally polarized
spectrum and the B-acidic C-H stretching in the vertically polarized one. Thus, the
o-acidic CH is horizontally and the -acidic CH vertically oriented. The proposed
orientation is shown in Fig. 7.14. Note that the OH group may be rotated since the
spectral information of the O-H stretching band refers to the direction of the hy-
drogen bond. For the NH; group this is only partially the case. The vibrational
transition dipole vector of the N-H stretching mode also aligns along the hydro-
gen bond. However, the vector of the N-H bending mode is mainly unaffected (see
Sect. 7.3).

In face C spectra the O-H stretching band is less pronounced, but shows a strong

polarization dependence. It appears at a vertical polarization. Therefore, vertically
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Figure 7.14.: Proposed average conformation and orientation of a norephedrine
molecule according to face B of enantiopure norephedrine.

oriented O-H hydrogen bonds with inclination towards the direction of measure-
ment can be assumed. The asymmetric and symmetric N-H stretching bands as
well as the N-H bending fundamental and overtone are present for both directions
of polarization, but are more intense in the horizontally polarized spectrum. This
points at rather horizontally aligned N-H hydrogen bonds. The C-Cyromatic,3 1S more
pronounced in the spectra of face C, while the intensity of the C-Cyromaric 4 stretch-
ing band is more or less equal for both polarizations. This leads to the inconsistent
conclusion of a horizontally oriented C-C stem and a diagonally oriented phenyl
ring. The truth is probably somewhere in between as depicted in Fig. 7.13.

The proposed orientations of face A and C correspond to a nearly 90° rotation
around the z axis. The two orientations might correspond to similar faces of crys-
tals which grew slightly screwed to each other. But, the fact that the two N-H
stretching bands behave differently upon polarization points rather at the formation
of different polymorphs. The orientations of face B and C can be obtained by a 90°
rotation around the y axis. Therefore, face B and C might belong to different faces
of analogous crystals. However, the morphologies are different.

The N-H stretching and bending positions which are the same for all three
faces deviate only little from the positions observed for racemic norephedrine (see
Fig.7.2). A similar hydrogen bonded network and a similar conformation of the
monomer units can therefore be assumed. The mismatch of the proposed orienta-
tions and the irregular habit of the sublimated crystals points at a disordered crystal

structure or at the formation of polymorphs.

137



7. Phenylpropanolamines

7.4.2. Racemic Norephedrine

Racemic norephedrine (Fig. 7.9) melts at 102°C under ambient pressure (according

to the supplier, see Tab. 7.1). There is no evidence that it is hygroscopic.

Crystal Structure

Racemic norephedrine crystallizes in the monoclinic space group P2{/c by slow
evaporation of a solution of chloroform (CSD REF Code: NOREPHO1) [89, 172].
It contains four molecules in the unit cell (Z=4) and one molecule in the asym-
metric unit (Z2’=1). Norephedrine molecules of the same chirality are connected
via O-H- - -N hydrogen bonds (1.9 A, green dots and circles) more or less along the
crystallographic b axis (see Fig.7.15 and Fig.7.19 later on). Every molecule is
connected to one opposite enantiomer by two reciprocal weak N-H- - -O hydrogen
bonds of 2.3 A length along the a /¢ bisector (purple dots and circles). By these two
interactions infinite zigzag strands of -[--O-H:--N-H:] - - hydrogen bonds along the
c axis are formed (yellow highlight). Every molecule is part of two neighboring
counterpropagating zigzag strands. In such a strand the O-H- - - N hydrogen bonded
molecules have the same chirality, while the N-H- - - O bonds connect opposite enan-
tiomers. The hydrogen bonded layers are connected by 7-interactions between the

phenyl groups.

Crystallization

In order to sublimate racemic norephedrine a freshly prepared 1:1 mixture of
(18,2R)- and (1R,25)-norephedrine was used. In a first attempt, crystals already sub-
limated without tempering the bottom of the cell at a pressure below 1 mbar with the
use of the air conditioner (18-20°C) as in the case of enantiopure norephedrine (see
Sect. 7.4.1). FTIR spectra (not shown) are equivalent to those of the enantiopure
substance. This can either be explained by the formation of enantiopure crystals or
by differences between the enantiopure and racemic substance which are too small
for the applied resolution.

Another 1:1 mixture of (15,2R)- and (1R,2S)-norephedrine which was prepared in
a separate flask and reevacuated every week over a period of two months behaved
differently. In this case the sublimation temperature was 40°C. Crystals obtained
by this procedure grew into polycrystals as well as into single platy crystals with
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(1S2R) '«

Figure 7.15.: Schematic view of the hydrogen bond network in racemic
norephedrine. The O-H---N hydrogen bonds are marked with green
dots and the weaker N-H- - -O hydrogen bonds with smaller purple
dots. An infinite cooperative zigzag strand is highlighted in yellow.
The phenyl rings pointing up are filled in black, whereas phenyl rings
pointing down are represented by open circles. The second NH is not
depicted, because it is not involved in hydrogen bonds. It also has a
nonvanishing projection onto the depicted plane. The configuration of
the norephedrine molecules is given.
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varying profiles (as was the case for the enantiopure compound, see Sect. 7.4.1).
Both crystal types led to the same spectra shown in Fig.7.16. Differences to the
spectra of the enantiopure crystals in Figs.7.10 and 7.11 appear for a variety of
bands. The formation of a hydrate can be excluded since no additional strong O-H
stretching band is present. It can be assumed that racemic crystals were present. The
formation of an enantiopure polymorph is also possible but less likely. The spectral
differences between the enantiopure and the racemic compound will be discussed in
Sect. 7.4.3. It was not possible to measure spectra of the other faces. This was due
to the frequently polycrystalline nature and due to the variable profile of the single
crystals, making an assignment to specific faces difficult.

ND/OD-deuterated racemic norephedrine crystals were obtained using the pre-
treated 1:1 mixture of (15,2R)- and (1R,2S)-norephedrine. A spatula tip of the pes-
tled 1:1 mixture was dissolved in 10 drops of D,O in the open sublimation cell and
heated to 30°C. After cooling the solution down to room temperature the cell was
closed and evacuated. A solid substance with undefined habit crystallized from the
solution. Crystalline strings with a defined direction of growth were used for FTIR
polarization measurements (see Fig. 7.17). A visual picture of the measured section
of the crystal is shown above the spectra.

Sublimation of the ND/OD-deuterated racemic norephedrine at 45°C led to platy
crystals with variable profiles (triangular—hexagonal) as well. Polarization spectra
are equivalent to the ones measured using the crystals obtained directly from the
solution (see Fig.7.17). It can be noticed that a partial exchange of deuterium by
hydrogen from ND to NH and from OD to OH took place during the sublimation
process. The N-H and O-H stretching bands as well as the band at 2422 cm~! and
the region around 1450 cm~! increase, while the N-D and O-D stretching bands
decrease compared to the spectra recorded using crystals from the solution.

A comparison of nondeuterated and ND/OD-deuterated polarization spectra
(Figs.7.16 and 7.17) of racemic norephedrine exhibits similarities in the C-H
stretching region and in the behavior of the N-H and N-D as well as the O-H and
O-D stretching bands. Thus, it is likely that analogous faces had been measured.

All spectra are therefore denoted Face A.
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Figure 7.16.: Racemic norephedrine polarization FTIR spectra of face A. The ar-
rows show the direction of the electric field vector. The visual pictures

of the measured crystal are shown above the corresponding spectra.

Band positions are given in cm™ .

FTIR Spectra

The assignments of the experimental bands of racemic norephedrine are summa-
rized in Tab.7.10. The N-H and O-H modes are assigned according to the quan-
tum chemical predictions and the preliminary spectral considerations in Sect. 7.3.
The experimental bands are also assigned by the comparison of nondeuterated and
ND/OD-deuterated pseudonorephedrine spectra as well as by comparison with the
spectral positions of the other investigated phenylpropanolamines.

A comparison of the spectra of the ND/OD-deuterated crystals obtained from a
solution and by sublimation (Fig.7.17) reveals an N-H/D bending mode of partly
deuterated norephedrine at 1452cm~!. The band intensifies after the ND/OD-
deuterated substance is exposed to humidity during the sublimation process anal-
ogous to the localized N-H and N-D stretching bands. The experimental posi-
tion is also in agreement with the predicted wavenumbers of an N-DH:--O and
an N-HD- - - O bonded amine group (see Sect. 7.3). The N-D bending mode of fully
ND/OD-deuterated norephedrine appears at 1211 cm™! (not shown).

The aromatic C-H and the C-Cyomatic Wavenumbers are in agreement with
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Figure 7.17.: ND/OD-deuterated racemic norephedrine polarization FTIR spectra
of face A. Crystals were obtained from a solution of D,O (bottom,
sol) and by sublimation (top, subl). The arrows show the direction of
the electric field vector. The visual pictures of the measured crystals
are shown above the corresponding spectra. The crystal obtained from
the solution extended beyond the measured section which is displayed.

Band positions are given in cm™ .
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Table 7.10.: Assignments of experimental band maxima in the FTIR microscopic

spectra of nondeuterated (Fig.7.16) and ND/OD-deuterated racemic
norephedrine of face A (Fig.7.17), FTIR-ATR spectra (without ATR
correction, Fig.7.2) as well as calculations of the relaxed monomer
unit taken from the crystal structure (Mongrysa) on the B3LYP/6-

3114++G(3df,2p) level. All wavenumbers are given in cm™'. The
stretching and bending vibrations are indicated as v and 6 and the
symmetric and asymmetric vibrations with sym and asym. Tentative
assignments and bands without assignment are labeled with a question
mark (?).

Assignment Face A Face A (ND/OD) ATR Monystal
V(N-Hasym) 3332 3332 3331 3567
V(N'Hlocalized) 3278

V(N-Hgym) 3273 3270 3489
v(O-H) 3300-2500 3200-2600 3300-2500 3831
20(N-H) 3178 3179

? 3116

V(C-Haromatic,sym) 3100 3103 3101 3199
V(C-Haromatic,2) 3085 3084 3083 3185
V(C-Haromatic,3) 3064 3062 3065 3172
V(C'Haromatic,4) 3162
V(C-Haromatic,5) 3035 3035 3034 3154
? 3028 3026

? V(C-H3 a5ym1) 3004 3004 3104
? V(C-H3 asym2) 2979 2979 2980 3089
? 2954 2954 2953

? v(C-H3 sym) 2920 2922 2918 3028
9

? 2914

? 2895

? v(C-Hy) 2866 2866 2866 2978
? v(C-Hg) 2844 2840 2845 2962
? 2800 2799

? 2773 2770 2772

? 2758 2756

? 2731 2727 2728

? 2698 2692 2696

V(N-Dysym) 2486

V(N'Dlocalized,bonded) 2422 (sol: 2413)

V(N-Dyypm) 2370

v(O-D) 2500-1900

O(N-H) 1608 1607 1661
V(C-Cyromatic,1) 1603 1603 1607 1644
V(C-Cyromatic,2) 1583 1582 1584 1622
V(C-Cyromatic,3) 1500 1495 1499 1531
5(O—H/C—Ha/C—Hﬁ) 1481 1481 1439
V(C-Cyromatic,4) 1452 1452 1452 1485
O0(N-H/D) 1452 1452
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the spectral positions of methyl mandelate, mandelic acid, and the other phenyl-
propanolamines in this Chapter. A tentative assignment of the aliphatic C-H stretch-
ing modes is performed after the determination of the molecular orientation in
agreement with the assignments of the other phenylpropanolamines in this Chap-
ter.

Fig 7.16 shows a strong dependence of the N-H and O-H stretching bands on the
direction of polarization. The O-H and both N-H stretching band intensities are
complementary and thus the transition dipole moments of these modes are approx-
imately perpendicular to each other within face A (see Supplement F) and more or
less aligned with the polarizer grid position. A similar but less pronounced contrast
is found for the N-D and the O-D stretching bands (see Fig. 7.17). Quantum chem-
ical calculations of the isolated relaxed crystal monomer ((1R,2S5)-norephedrine)
predict nearly parallel transition dipole vectors of the asymmetric N-H stretching
mode and the O-H stretching vibration, while the one of the symmetric N-H stretch-
ing mode is perpendicular (see Supplement F). The transition dipole vectors of the
N-H stretching modes cannot be predicted well using monomer calculations. The
vectors of both N-H stretching modes tend to align along the N-H- - -O hydrogen
bond as shown for ethylamine in Sect. 7.3. The remaining polarization contrast be-
tween the N-H and O-H stretching bands can partly be explained by a rotation of the
O-H group during structure optimization (see Fig. 7.9). The angle between the OH
group and the bisector of the NH, group decreases by 18° (from 122° to 104°). Fur-
thermore, the O-H- - -N and N-H- - -O hydrogen bonds are nearly orthogonal to each
other in the crystal structure (Figs. 7.15 and 7.19) [89]. It can therefore be assumed
that also the vibrational transition dipole vectors are nearly orthogonal to each other
which would match the above mentioned experimental observations. The same is
true for the N-D (2486 cm™! and 2370 cm~! ) and O-D stretching bands. The bands
at 3278cm~! and at 2422 cm™~! can be assigned to localized deuterium bonded
modes of partly deuterated norephedrine as in the case of enantiopure norephedrine
(see Sect. 7.4.1). They show the same polarization behavior as the asymmetric and
symmetric modes.

A strong dependence on the direction of polarization is also found for the bands
at 1608 cm™!, 1500 cm !, and 1481 ¢cm~—!. All of these bands are intense for a hor-
izontal polarization in analogy to the N-H stretching bands. The band at 1608 cm ™!
is due to an overlap of the C-Cyromatic,1 stretching and the N-H bending mode. The
N-H bending band vanishes almost completely after deuteration revealing a less
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intense band at 1603 cm~!. This band is only caused by the C-Cyromaic,1 stretch-
ing since the N-D bending is shifted towards lower wavenumbers upon deuteration.
The C-Cyromatic,1 stretching band seems to intensify for a horizontal polarization.
But since the sublimated crystals are not fully deuterated (the N-H bending mode
might lead to an increase of intensity in the region of 1603 cm™") and because there
are contributions of atmospheric water vapor, the intensity differences are not re-
liable. The bands at 1500cm~! and 1481 cm™~' might be due to a combination
of the C-Cyromatic,3 stretching and a mixed bending mode of the O-H, the o- and
B-acidic C-H groups (denoted OH in the right part of Fig7.18). The mixed O-H,
a- and B-acidic C-H mode is predicted at 92 cm~! lower wavenumbers than the
C-Cyromatic,3 mode, but it might appear at higher wavenumbers due to a blue shift
caused by the hydrogen bonds within the crystal. After deuteration both bands van-
ish exhibiting the former presence of an O-H or N-H mode. A band appearing at
1495cm ™! can clearly be assigned to the C-Cyromaric 3 stretching mode. The two ab-
sorptions at 1500 cm ™! and 1481 cm™! are only observed for racemic norephedrine
and not for enantiopure norephedrine or the other phenylpropanolamines investi-
gated in the present work. A coupling of the C-Cyromasic 3 stretching and the mixed
O-H/C-Hqo/C-Hg bending mode probably causes a splitting towards higher and
lower wavenumbers.

The band at 1452 cm™! is rather independent of the direction of polarization for
both the nondeuterated and the ND/OD-deuterated racemic norephedrine. Only
a slight increase in intensity can be observed for a horizontal polarization. This
band is probably caused by a combination of the C-Hj3 bending and the C-Cyromatic 4
stretching modes.

An assignment of the molecular orientation of racemic norephedrine within the
crystal is difficult since it was not possible to measure more than one face and be-
cause of the effect of hydrogen bonding on the relative direction of vibrational tran-
sition dipole vectors of the N-H and O-H and the N-D and O-D stretching bands
(see above). The measured face of racemic norephedrine (face A) most likely cor-
responds to a view between the crystallographic a and c axes (a/c). In this a/c view
the hydrogen bonded network of O-H- - -N and N-H- - -O connected strands is most
pronounced. It can be assumed that these two rather strong interactions determine
the direction of the crystallization growth. A comparison of experimental (non-
deuterated and deuterated) polarization FTIR-spectra of face A and oriented gas

model polarization spectra of the a/c view is shown in Fig.7.18. There is a good
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agreement between the intensity ratios of the O-H stretching band as well as the N-H
bending and the mixed O-H/C-Hq/C-Hg bending mode. This supports the assign-
ment of face A to the a/c view. A mismatch with regard to the intensity ratios of the
N-H stretching band can be noticed. As discussed above, this discrepancy results
from the influence of the N-H- - -O hydrogen bond within the crystal which itself is
nearly orthogonal to the O-H- - -N hydrogen bond. A mismatch of the experimental
and simulated N-H stretching band is therefore expected. The C-Cyromatic,3 mode
does not appear in the spectra, while the intensity of the C-Cyromaric 4 band is equal
for both polarizations. It can be inferred that the C-C stem points into the direction
of the radiation with the phenyl ring being intermediate a horizontal and vertical
position which is the case in the a/c view. Overall, there is some evidence that face
A corresponds to the a/c view. In order to verify this assumption measurements of
the two other faces would be needed.

The C-H stretching region is more complicated. The aromatic C-H stretching
modes appear at similar wavenumbers as in the spectra of methyl mandelate and
mandelic acid (see Tabs. 7.4 and 7.10) but the aliphatic C-H stretches are more red
shifted as predicted by the monomer calculations (see Supplement F). An assign-
ment by comparing the predicted and experimental sequence is not possible due to
the presence of additional bands, probably caused by overtones of the C-H bending
modes. Nonetheless, the polarization behavior provides some hints for a tentative
assignment. The methyl group is horizontally aligned in the proposed orientation
(see Fig.7.19). Therefore, the symmetric stretching band should be more intense
in the horizontally polarized spectra such as the band at 2954 cm™!. However, the
band at 2954 cm~! does not appear in the spectra of enantiopure norephedrine. The
symmetric methyl stretching mode is therefore tentatively assigned to the band at
2920cm~!. Note, that the experimental and predicted polarization behavior do not
match. The C-H3 5ym2 mode has a vertically aligned transition dipole vector and
matches the behavior of the band at 2979 cm™!. The other asymmetric methyl mode
points into the direction of measurement with a contribution in the vertical direc-
tion. Its polarization behavior fits the band at 3028 cm~!. Nonetheless, this mode is
assigned to the band at 3004 cm™! since it matches the assignments in the spectra
of the other phenylpropanolamines. Also, the scaled position is in better agree-
ment with the band at 3004 cm~!. The vibrational transition dipole vectors of the
acidic C-H modes are predicted to align more or less along the C-H bond (see Sup-

plement F). Therefore, the a-acidic C-H stretching mode should appear for both
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Figure 7.18.: Comparison of experimental and oriented gas model polarization
spectra without deuteration (B3LYP/6-311++G(3df,2p) level) of face
A of racemic norephedrine. The nondeuterated spectra (top, black),
the ND/OD-deuterated spectra (center, green), and oriented gas model
spectra (bottom, blue) are shown. Harmonic wavenumbers are scaled
by a factor of 0.966 to account for anharmonicity. Assigned bands in
the left part are stretching modes. The aromatic, asymmetric (asym1
and asym2), symmetric, and acidic C-H stretching modes (¢ and f3)
are indicated. The N-H bending, several C-Cyomatic stretching (abbre-
viated C-Cy), and the mixed O—H/C—Ha/C—Hﬁ bending modes (abbre-
viated O-H) are shown in the right part.
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Figure 7.19.: Molecular orientation of racemic norephedrine along the three crystal
faces. The crystal structure was taken from Ref. [89]. The configura-
tions of the individual molecules are labeled. The shape of the frames
does not imply a crystal habit. Green circles mark selected O-H---N
and purple circles N-H- - - O hydrogen bonds.
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7.4. Norephedrine

polarizations. It is assigned to the band at 2866 cm~!. The B-acidic mode has a
vertically aligned transition dipole, but shows predominantly into the direction of
measurement. It is assigned to the band at 2844 cm~!. The unassigned bands in

Tab. 7.10 probably belong to overtone or combination modes of the C-H group.
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7.4.3. Comparison of Enantiopure and Racemic Norephedrine

There are spectral differences for enantiopure and racemic norephedrine microcrys-
tals and powder (see Figs.7.20 and 7.2) as a result of different crystal structures,
itself a manifestation of chirality recognition. Toda et al. investigated the racemic
crystal formation of a powdered (15,2R)- and (1R,2S)-norephedrine mixture via IR
spectroscopy in Nujoll mull and by X-ray structure analysis [165]. They found a
shift of 5cm ™! from 3335 cm™! (enantiopure norephedrine) to 3330 cm~! (racemic
compound) and no shift for the band at 3270 cm~!. They incorrectly assigned these
bands to the O-H and not to the N-H stretching vibration. Within this project
the asymmetric N-H stretching band shifted from 3338cm™! to 3332cm™! (see
Fig.7.20 as well as Tabs. 7.8 and 7.10) in the FTIR spectra of the microcrystals.
Thus, a comparable red shift of 6cm~! was found. The symmetric N-H stretching
band slightly blue shifts from 3271 cm™! in the enantiopure case to 3273cm™! in
the spectra of racemic norephedrine. In Ref. [165] no shift is reported. The symmet-
ric N-H stretching mode is slightly more intense in the ATR spectra of the racemic
compound (Fig. 7.2).

Further spectral differences between enantiopure and racemic norephedrine can
be noticed in the O-H, C-H, and C-C stretching as well as O-H, N-H, and C-Hj3
bending region (see Figs. 7.2 and 7.20). These differences will not be discussed in
detail. However, it should be emphasized, that in the case of the racemic compound
the O-H stretching band has more intense contributions at lower wavenumber which
points at stronger O-H hydrogen bonds. Also, the higher intensity of the N-H bend-
ing band of the enantiopure compound as well as the appearance of the mixed O-H
bending band at 1481 cm~! in the spectra of the racemic compound are noteworthy.

An indication of the chirality recognition is also the difference in temperature
used for the sublimation. In order to crystallize the enantiopure compound a tem-
perature range of 18-20°C was used. On the other hand, the racemic compound
crystallized at 40°C which is significantly higher. Also, the melting temperature
of racemic norephedrine (~ 100°C) is significantly higher than the melting tem-
perature of enantiopure norephedrine (~ 50°C). It can be assumed that the racemic
crystals are more stable than the enantiopure compound. This assumption could
be verified by measuring the relative vapor pressures via mass spectrometry as per-
formed in the case of methyl mandelate (Chapter 5).

A study of lattice energies using Dreiding II force field of seven homochiral and
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Figure 7.20.: Comparison of racemic (rac) and enantiopure (enant) norephedrine
polarization FTIR spectra. The arrows show the direction of the elec-

tric field vector.
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7. Phenylpropanolamines

racemic neuroactive substances (e.g., ephedrine derivatives) suggests van der Waals
interactions to be the major force for chiral discrimination [189]. Electrostatic and
hydrogen bonding energies are assumed to have a minor influence although they are

difficult to estimate.
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7.5. Pseudonorephedrine

Enantiopure pseudonorephedrine (Fig. 7.21) is a white powder which melts at 76°C

(according to the supplier, Tab. 7.1). There is no evidence that it is hygroscopic.

Crystal Structure

(1S,25)-Pseudonorephedrine was crystallized as block-like crystals by vapor diffu-
sion from ethyl acetate and hexanes (CSD REF Code: GEVNEB) [90]. The deter-
mined space group is P2; (see also Ref. [172]). Pseudonorephedrine contains two
molecules in the unit cell (Z=2) and one molecule in the asymmetric unit (Z’=1).
Infinite strands of -[--O-H---N-H:| - - hydrogen bonded zigzag chains (O-H- - -N:
2.0A, N-H-: --0: 2.5 A) are formed along the crystallographic a axis (see Fig.7.26
later on). Every molecule is part of two hydrogen bonded strands which are aligned
parallel along the b axis. In a third dimension van der Waals interactions of the

phenyl and the methyl groups take place.

Crystallization

Pseudonorephedrine sublimates at substrate temperatures around 35°C within min-
utes. The habit of the crystals is tabular. The rotation spectra in Fig. 7.22 of two mi-
crocrystals show that there are clear differences concerning the C-H and C-Comatic

stretching bands of face A and of face B and C. These differences can be used to

*
* * *
Frozen monomer unit Relaxed monomer unit Most stable
from the crystal structure from the crystal structure monomer

Figure 7.21.: Frozen and relaxed monomer units taken from the crystal structure
of pseudonorephedrine [90] as well as the most stable monomer (as-
sumed, B3LYP/6-311++G(3df,2p) level). Centers of chirality are
marked with an asterisk (*).
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Figure 7.22.: Enantiopure pseudonorephedrine FTIR spectra obtained after rotation
of crystals showing type A and type B spectra. Rotating the crystal
interconverts the spectral types A and B and exhibits a spectrum of
type C. The visual pictures of the measured crystals are shown above
the corresponding spectra. The saturation of the spectra is substantial.

assign spectra to face A. On the other hand, the spectra of face B and C are quite
similar. Subtle differences in the intensity of the O-H stretching and the contour of
the region below 2000 cm™! can be used to tentatively distinguish spectra of face
B and C. The distribution of crystals growing on face A, B, and C was found to be
largely equal. In Fig 7.23 FTIR polarization spectra of face A and B are shown.

In order to obtain ND/OD-deuterated pseudonorephedrine the pestled compound
(tip of spatula) was dissolved in 8 drops of D;O in the unclosed sublimation cell.
The cell was heated up to 35°C to accelerate the solvation process. After cooling
back to room temperature the cell was closed and evacuated. ND/OD-deuterated
pseudonorephedrine started to crystallize due to the evaporation of D, O to a crystal
size of 0.05—-1 mm within minutes. Crystals obtained by this procedure had a platy
habit. Polarized FTIR spectra of the crystals are shown in Fig. 7.24. In the case of
the crystals obtained from solution no correlation between the face (habit) and the
type of spectra was possible. The denominations Face A and Face B were made
after comparison with spectral types of sublimated crystals.

Sublimated ND/OD-deuterated pseudonorephedrine crystals were grown by us-
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Figure 7.23.: Enantiopure pseudonorephedrine polarization FTIR spectra of face A
and B. The arrows show the direction of the electric field vector. The

visual pictures of the two measured crystals are shown above the cor-

responding spectra. Band positions are given in cm™ .

ing the crystals obtained after evaporation of D,O. Spectra of sublimated ND/OD-
deuterated pseudonorephedrine crystals are shown in Fig.7.25. The assignment
of spectral types to faces was performed by comparing the habit of the ND/OD-
deuterated and nondeuterated crystals. Spectra shown in Figs. 7.24 and 7.25 were

recorded in the closed sublimation cell (not on the removed CaF, substrate).

FTIR Spectra

The assignments of the experimental bands are summarized in Tab.7.11 for non-
deuterated and in Tab. 7.12 for ND/OD-deuterated pseudonorephedrine. The N-H
and O-H stretching and the (mixed) bending modes are assigned according to
the quantum chemical predictions and the preliminary spectral considerations in
Sect. 7.3. The experimental bands are also assigned by comparison of non-
deuterated and ND/OD-deuterated pseudonorephedrine spectra. In analogy to
norephedrine, also the N-H bending overtone is assigned.

The aromatic C-H and the C-Cyomatic Wavenumbers are in agreement with

the spectral positions of methyl mandelate, mandelic acid, and the other phenyl-
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Figure 7.24.: ND/OD-deuterated enantiopure pseudonorephedrine polarization
FTIR spectra crystallized from D,0O solution of type A and B. The ar-
rows show the direction of the electric field vector. The visual pictures
of the measured crystals are shown above the corresponding spectra.
The visual picture of the crystal exhibiting a type B spectrum was
multiplied by a factor of 0.5. Band positions are given in cm™!.
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Figure 7.25.: ND/OD-deuterated enantiopure pseudonorephedrine polarization
FTIR spectra of sublimated crystals of face A and B are shown. The
arrows show the direction of the electric field vector. The visual pic-
tures of the measured crystals are shown above the corresponding

spectra. Band positions are given in cm™!.
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propanolamines in this Chapter. The assignment of the aliphatic C-H stretching
modes will be performed after determination of the molecular orientation on the
basis of their polarization behavior. Also, the assignments of the mixed modes will
be confirmed by their polarization behavior.

The bands at 3355/3354cm™! and 3288/3290cm™! in Fig.7.23 can be as-
signed to the asymmetric and the symmetric N-H stretching modes. Two bands at
2503 cm~! and 2420/2418 cm™! appear in the N-D stretching region of ND/OD-
deuterated pseudonorephedrine obtained out of the solution (Fig.7.24). These
bands are caused by the asymmetric and the symmetric N-D stretching modes. After
sublimation of the ND/OD deuterated compound two further bands at 3336 cm ™!
and 3307 cm ™! arise in the N-H stretching region and one further band at 2443 cm™!
in the N-D stretching region (Fig.7.25). These bands can be assigned to local-
ized N-H and N-D stretching modes of partly deuterated pseudonorephedrine (see

Sect. 7.3). The more intense and more red shifted band at 3307 cm ™!

is caused by
the hydrogen bonded N-H, while the band at 3336cm™'! probably corresponds to
the free N-H stretching mode. In the N-D stretching region only the bonded N-D
band at 2443 cm~! is present. An explanation will be given in Sect. 7.8.

The N-H and O-H stretching bands are present in the spectra of both face A and
B for both polarizations (see Fig.7.23). Thus, the O-H and N-H hydrogen bonds
are visible in both orientations. The symmetric aromatic C-H stretching band at
3101 cm™! appears only in the vertically polarized spectrum of face B. The C-C
stem is thus not visible in the orientation of face A, while it is vertically oriented in
the case of face B (see Supplement F). The C-Cyromatic,1 and C-Cyromatic2 stretch-
ing bands at 1601 cm~! and 1585cm™! are overlayed by the N-H bending mode.
The resulting broad band is present in the spectra of face A and B. It almost van-
ishes after deuteration (see Figs.7.24 and 7.25) revealing the contribution of the
C-Curomatic,1 and C-Cyromatic,2 stretching modes. Their polarization dependence is
in agreement with the orientation of the C-C stem stated above. Furthermore, it can
be inferred that the oc-acidic CH group is horizontally aligned in Face A and B. The
broad band around 1600 cm ™! in the nondeuterated pseudonorephedrine spectra de-
creases almost completely in the vertically polarized spectra of face A (Fig.7.23).
A decrease in intensity can also be observed in the horizontally polarized spectra of
face B. Since most contributions belong to the N-H bending mode, it can be inferred
that the amine group is rather horizontally aligned in the case of face A and more

or less vertically aligned in the case of face B. The C-Cyromaric,3 stretching band
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Table 7.11.: Assignments of experimental band maxima in the FTIR microscopic
spectra of enantiopure pseudonorephedrine of face A, face B, face C
(Fig.7.23), FTIR-ATR spectra (without ATR correction, Fig.7.2) as
well as calculations of the relaxed monomer unit taken from the crys-
tal structure (Mongys) on the B3LYP/6-311++G(3df,2p) level. All

wavenumbers are given in cm~!. The stretching and bending vibra-
tions are indicated as v and 9§ and the symmetric and asymmetric vibra-

tions with sym and asym. Unassigned bands are labeled with a question

mark (?).
Assignment Face A Face B Face C ATR  Mongystal
V(N-Hasym) 3355 3354 3355 3354 3586
V(N-Hgym) 3288 3290 3288 3289 3507
v(O-H) 3500-2500 3500-2500 3500-2500 3839
26(N-H) 3150
V(C-Haromatic,sym) 3101 3104 3188
V(C-Haromatic,2) 3085 3084 3181
V(C-Haromatic,3) 3059 3060 3061 3171
V(C-Haromatic,4) 3045 3045 3046 3161
V(C-Haromatic,5) 3033 3035 3034 3153
V(C-H3 a5ym1) 2997 2994 2997 2997 3109
V(C-H3 a5ym2) 2970 2972 2970 2970 3084
V(C-H3 sym) 2935 2937 2935 2936 3027
26(C-H) 2877 2879 2878
v(C-Hy) 2860 2864 2996
v(C-Hp) 2844 2843 2933
? 1963
? 1948 1948 1948 1948
? 1876 1892 1876
? 1803
? 1751 1751 1751
O(N-H) 1615-1550 1630-1530 1644
V(C-Cyromatic,1 /O(NH) 1601 1601 1603 1601 1642
V(C-Cyromatic,2) 1585 1585 1585 1582 1622
V(C-Cyromatic,3) 1491 1491 1491 1491 1528
0(C-Hsz 1) 1450 1452 1450 1447 1502
0(C-Hj3 ) 1450 1452 1450 1447 1498
V(C-Cyromatic.4) 1450 1452 1450 1447 1486
6(C—H3/C—Hﬂ) 1450 1452 1450 1447 1415
o (O-H/C-Hq/C-Hp) 1450 1452 1450 1447 1408

159



7. Phenylpropanolamines

Table 7.12.: Assignments of experimental band maxima in the FTIR microscopic
spectra of enantiopure ND/OD-deuterated pseudonorephedrine of face
A and face B (Figs.7.24 and 7.25). All wavenumbers are given in

160

cm’l.

The stretching and bending vibrations are indicated as v and

0 and the symmetric and asymmetric vibrations with sym and asym.
Unassigned bands are labeled with a question mark (?).

Assignment Face A Face B
V(N-Hasym) 3355 3355
V(N'Hlocalized,free) 3336 3336
V(N'Hlocalized,bonded) 3307 3307
V(O-Hgym) 3200-2700
V(C'Haromatic,sym) 3103
V(C‘Haromatic.,z) 3085 3085
V(C'Haromatic,3) 3060 3060
V(C'Haromatic,4) 3045 3045
V(C'Haromatic,S) 3033 3031
V(C'H3,asyml) 2997 2997
V(C'H3,asym2) 2970 2970
V(C_H3§ym) 2935 2935
26(C-H) 2875 2875
V(C-Hy) 2860 2860
v(C-Hp) 2842 2842
28(C-H) 2806 2806
20(C-H) 2798 2798
V(N-Dysym) 2503 2503
V(N'Dlocalized,bonded) 2443 2443
V(N-Dgym) 2420 2418
v(0-D) 2500-1800 2500-1800
V(C'Caromatic,l) 1601 1601
V(C-Caromatic,2) 1585 1585
? 1547 1545
V(C'Caromatic,3) 1491
V(C'Caromatic.4) 1450 1450
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appears in the horizontally polarized spectra of face A. It is highest in intensity in
the case of a vertical polarization of face B which is in agreement with a vertical
orientation of the C-C stem. The C-Cyomatic.4 band at 1450 cm~ ' and 1452cm ™ is
present in all spectra of face A and B. It has an unusually high intensity in the spectra
of face A. This increase can be explained by two C-H3, a mixed C—H3/C—Hﬁ, and a
mixed O-H/C-Hq/C-Hg bending mode at the same spectral position. The slight in-
tensity decrease upon deuteration (see Fig. 7.24) supports the additional assignment
of the O-H/C-Hq/C-Hg bending mode to the band at 1450/1452 cm ™!

The spectral differences appearing upon polarization can be used to fix the molec-
ular orientation of face A to a view along the crystallographic ¢ axis and face B to
a view along the crystallographic b axis (see Fig.7.26). Since there is no notice-
able change in conformation due to structure optimization (see Fig. 7.21), monomer
calculations should predict the experimental behavior to a reasonable extent.

A comparison of experimental face A and face B spectra with oriented gas model
spectra is shown in Fig. 7.27. As expected the red shift of the O-H and N-H stretch-
ing modes is underestimated. Good agreement can be noticed for the experimental
and predicted intensity ratios of the O-H stretching mode. There is a lack of agree-
ment between the experimental and oriented gas model intensity of the N-H stretch-
ing band of face B. In the spectra measured using a vertical polarization the N-H
stretching bands are clearly visible, while the simulation predicts them to have no
intensity. The weakness of the N-H stretching transition moments can lead to unex-
pected aggregation-induced reorientations of the dipole moment derivatives [183].
The molecular orientation of face B is shown in Fig.7.26. It can be seen that the
N-H- - -O hydrogen bonds are almost perfect horizontally aligned. Therefore, also
by comparison of the molecular orientation and crystal face no N-H stretching bands
would be predicted for a vertical polarization. The mismatch might result from a
turned orientation than the proposed one or from polymorphism. Reasonable agree-
ment can be noticed in the lower part of Fig.7.26 showing that the assignment of
face A to a view along the crystallographic ¢ axis and of face B to a view along the
crystallographic b axis is trustworthy.

The knowledge of the molecular orientation and the polarized spectra can be used
to assign the bands in the aliphatic C-H stretching region. A comparison of experi-
mental and oriented gas model polarization spectra of the C-H stretching region is
shown in the upper part of Fig. 7.27. There is good agreement of the position and
polarization behavior of the methyl stretching bands in the ND/OD-deuterated and
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Figure 7.26.: Molecular orientation of pseudonorephedrine along the three crystal
faces. The crystal structure was taken from Ref. [90]. The continuous
frames mark the observed faces, whereas the unobserved face is dash-
framed.
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Figure 7.27.: Comparison of experimental and oriented gas model polarization spectra
without deuteration (B3LYP/6-311++G(3df,2p) level) of face A (left) and
face B (right) of pseudonorephedrine. The nondeuterated spectra (top,
black), the ND/OD-deuterated spectra (center, green), and oriented gas
model spectra (bottom, blue) of nondeuterated (solid line) and ND/OD-
deuterated (dashed line) are shown. Harmonic wavenumbers are scaled by
a factor of 0.966 to account for anharmonicity. Assigned bands in the two
upper parts are stretching modes. C-H stretching modes are indicated. The
N-H bending, C-Cyromatic,1,» and C-Cyromaic,2 (abbreviated N-H+), other C-
Caromatic Stretching modes (abbreviated C-Cy), C-H3z bending modes, a mixed
C-H3/C-Hg bending mode (abbreviated C-Hj3 ), and a mixed O-H/C-H/C-
Hg bending mode (abbreviated O-H) are shown in the lower part. The as-
terisk (*) marks the experimental position of the C-C4 bending mode, both
C-Hj bending modes, the mixed C-H3/C-Hg bending mode, and the mixed
O-H/C-H/C-Hg bending mode. 163
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the oriented gas model spectra (scaled by a factor of 0.966, see Chapter 3). Thus,
the bands at 2997/2994 cm™!, 2970/2972 cm ™!, and 2933/2935cm ™! can unambi-
giously be assigned to two asymmetric and the symmetric methyl stretching bands.
Also, the polarization behavior of the bands at 2860 cm™~! and 2844 cm™~! is in good
agreement with the predicted direction of the vibrational transition dipole vector of
the o- and B-acidic C-H stretching modes. Only, in the case of the vertically po-
larized spectrum of face B the experimental and predicted behavior of the -acidic
mode deviates. Since, the B-acidic C-H bond is more or less horizontally aligned in
the molecular orientation of face B (matches the experimental behavior), the strong
intensity in the oriented gas model spectrum is probably an artifact of the rotation
method. The scaled red shift of the o-acidic mode is slightly under- and the one of
the B-acidic slightly overestimated.

The band at 2877/2879 cm™! cannot be assigned to a C-H stretching mode. It
is probably caused by C-H bending overtone. The same is true for the more red
shifted bands at 2806 cm™! and 2798 cm™! in the ND/OD-deuterated spectra.
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7.6. Ephedrine

Enantiopure anhydrous ephedrine (Fig. 7.28) is a white powder which melts at 37—
39°C (according to the supplier, Tab. 7.1). It is a hygroscopic substance. The enan-
tiopure hemihydrate melts at 39—43°C. It is a white to clear substance.

FTIR-ATR spectra have only been recorded for the hemihydrate of ephedrine (see
Fig.7.2). It has not been possible to measure FTIR-ATR spectra of the anhydrous
compound. The ephedrine sample used for the measurements was stored in a bottle
which had been opened a few months before. Probably, the sample was hydrated in

the bottle. Remeassurements with a fresh substance should be carried out.

Crystal Structures

In the case of ephedrine, the crystal structures of anhydrous (1R,2S)-ephedrine
(E-AH) and (1R,2S)-ephedrine hemihydrate (E-H) are available [91, 172].
The crystal structure of anhydrous ephedrine crystallized from an alcoholic
solution was solved by Collier et al. (CSD REF Code: EPHE) [91]. They
report a needle-like habit with the a axis representing the fastest growth
direction.  Anhydrous ephedrine crystallizes in the space group P2;2124
(see also Ref. [172]). There are four molecules in the unit cell (Z=4)

and one molecule in the asymmetric unit (Z’=1). O-H---N hydrogen bonds

* * *
* * *

Frozen monomer unit Relaxed monomer unit Most stable
from the crystal structure from the crystal structure monomer

Figure 7.28.: Frozen and relaxed monomer units taken from the crystal structure of
anhydrous ephedrine [91] as well as the most stable monomer [82, 85,
87] (B3LYP/6-311++G(3df,2p) level). Centers of chirality are marked
with an asterisk (*).
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Figure 7.29.: Schematic view of the hydrogen bond network in ephedrine hemi-
hydrate. The O-H---N hydrogen bonds are marked with green dots,
N-H- - -O hydrogen bonds with purple dots, and O-H---O hydrogen
bonds with blue dots. A finite cooperative hydrogen bonded strand
is highlighted in yellow. Black atoms are above, gray atoms in,
and light gray atoms beyond the plane of the water molecules. The
ephedrine molecules are reduced to the OH and NH group connected
by a straight line.

(2.0 A) which run along the crystallographic ¢ axis connect the molecules along the
a axis (see Fig.7.32 later on). The strands are connected by 7-interactions of the
phenyl and the methyl group.

Malone and Parvez reported the space group B22,2 for ephedrine hemihydrate
in 1978 [172]. A reassignment of platy ephedrine hemihydrate crystals obtained
from an aqueous solution led a correction of the space group to C222; by Collier
et al. in 1978 (CSD REF Code: EPHEDHO04) [91]. Ephedrine hemihydrate has 8
ephedrine and 6 water molecules in the unit cell. In the asymmetric unit there are
one ephedrine and one water molecule as unraveled by X-ray and neutron studies
[91,172,190]. Two ephedrine molecules form dimeric units which are connected by
two O-H- - -N hydrogen bonds (1.9 A) along the crystallographic c axis (see Fig. 7.29
and Fig.7.34 later on). These dimers are linked together by O-H- - -O hydrogen
bonds along the a axis with water being a double proton donor (2.0 A). It connects
the ephedrine dimers to chains. As visualized in Fig.7.29, there are cooperative
(blue and green) and anti-cooperative hydrogen bonds (purple). The chains are held
together by m-stacking of two phenyl rings and van der Waals interactions of a

phenyl and a methyl group.
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Crystallization

In the case of the sublimation experiments only one sublimated polycrystal of an-
hydrous ephedrine was obtained. It consisted of tabular single crystals. All other
sublimation attempts led to a condensation of droplets at the upper window (above
18°C). At temperatures below 18°C nothing happened. It is conceivable that the
obtained polycrystal grew on powder of ephedrine sticking on the upper CaF; sub-
strate. But this is rather unlikely since the CaF, windows had been cleaned be-
fore every measurement. Also, as stated above, the powder probably consisted of
ephedrine hemihydrate and not the anhydrous compound. The recorded polarized
FTIR spectra of the anhydrous ephedrine crystal are shown in Fig. 7.30.

A single crystal of ephedrine hemihydrate was obtained from an aqueous so-
lution. The crystal has a platy habit. Fig.7.31 shows the visual picture and the
polarization FTIR spectra of this crystal. Ivanova et al. recorded linear polarized
and nonpolarized IR spectra of ephedrine hemihydrate (grown by slow evaporation
from an aqueous solution at room temperature) [191]. The differences to ATR and
crystal spectra measured in this work might be due to the KBr pellet technique they
used.

For both, the anhydrous and the ephedrine hemihydrate, only one face of one
crystal has been measured. The observed faces are arbitrarily denoted Face A. No
ND/OD deuteration experiments were carried out for ephedrine (neither anhydrous

nor hemihydrate).

FTIR Spectra

The vibrational assignments of ephedrine anhydrate and ephedrine hemihydrate are
summarized in Tab. 7.13. The assignments of the N-H and O-H stretching and the
mixed C-H3/N-H bending modes are performed by comparison of experimental and
predicted wavenumbers (see also Sect. 7.3).

In the ephedrine hydrate spectra an O-H stretching band pattern appears less red
shifted than in the spectra of the other investigated phenylpropanolamines. It is
caused by the crystal water which acts as a double proton donor for weaker O-H- - - O
hydrogen bonds and as a double proton acceptor for N-H- - - O hydrogen bonds (see
Sect. 7.3). Cooperative and anti-cooperative effects more or less cancel each other
out and additionally cause a less red shifted O-H stretching band [130, 192]. The

water O-H stretching band shows contributions to lower wavenumbers (3421 cm™!)
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Figure 7.30.: Enantiopure anhydrous ephedrine polarization FTIR spectra. The ar-
rows show the direction of the electric field vector. The visual pictures
of the measured crystal are shown above the corresponding spectra.

Band positions are given in cm™ .
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Figure 7.31.: Enantiopure ephedrine hemihydrate polarization FTIR spectra. The
arrows show the direction of the electric field vector. The visual pic-
tures of the measured crystal are shown above the corresponding spec-

tra. Band positions are given in cm™!.
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at a vertical polarization which can be assigned to the symmetric stretch. The asym-
metric contribution appears at higher wavenumber (3460 cm™!) for the horizontal
polarization. In the ATR spectrum of ephedrine hemihydrate (Fig. 7.2) a broad band
at 3200-2200 cm ™! is present which can be assigned to the O-H stretching mode of
ephedrine. The O-H bending mode of water appears at 1647 cm™'. The shoulder of
the N-H stretching band probably results from an asymmetric coupling of the two
NH groups bonded to the same water molecule.

The aromatic C-H and C-Cyromatic Stretching bands of ephedrine anhydrate and
hydrate are assigned according to observations made in the case of methyl mande-
late, mandelic acid, and the other phenylpropanolamines in this Chapter. The ten-
tative assignment of the aliphatic C-H stretching modes is performed on the basis
of the pseudonorephedrine and pseudoephedrine assignments and the predictions.
Note, that the predicted C-H stretching positions of ephedrine hemihydrate deviate
from the predictions of the other phenylpropanolamines. Nonetheless, the experi-
mental positions are tentatively assigned in analogy.

Face A of anhydrous ephedrine probably corresponds to a view along the crys-
tallographic b axis as depicted in Fig. 7.32. But since spectra of the other two faces
are missing the assignment cannot be verified. Fig.7.33 shows a comparison be-
tween the experimental spectra of face A and the oriented gas model spectra of a
view along the crystallographic b axis. There is reasonable agreement regarding the
intensity changes of the experimental and simulated N-H and C-Cyomatic stretching
bands. One might notice that the experimental intensity change of the O-H stretch-
ing band does not agree with the simulated one. In Fig.7.32 the hydrogen bonds
in the view of face A are depicted. The O-H- - -N hydrogen bonds run more or less
along the ¢ axis. Thus, one would predict the O-H stretching mode to be excited at
a vertical polarization as it is the case in the experimental spectra. The discrepancy
of experimental and simulated behavior results from a slight rotation of the O-H
group during the monomer relaxation. In Fig.7.28 a comparison of a frozen and a
relaxed monomer is displayed showing the structural modification upon relaxation.
The Cyromatic-C-O-H dihedral angle changes by ca. 30° (from 99° to 67°). This ro-
tation of the O-H group has an effect on the direction of the calculated transition
dipole vector. The divergence of experimental and simulated intensity changes of
the O-H stretching band in Fig. 7.33 can therefore be explained.

In the lower wavenumber region good agreement between experimental and ori-

ented gas model polarization spectra can be found for the C-Cyromatic, 1, C-Caromatic,3
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7. Phenylpropanolamines

Table 7.13.: Assignments of experimental band maxima in the FTIR micro-
scopic spectra of enantiopure anhydrous ephedrine (AH, Fig.7.30)
and ephedrine hemihydrate (H, Fig.7.31), FTIR and IR-DFG Vapor
Phase (Vap FT and Vap DFG, Ref. [193]) and calculations of the
monomer unit taken from the crystal structure of ephedrine anhy-
drate (Mongysta,aH) and ephedrine hemihydrate Mongrysa g on the

B3LYP/6-311++G(3df,2p) level. All wavenumbers are given in cm™ .
The stretching and bending vibrations are indicated as v and 6 and the
symmetric and asymmetric vibrations with sym and asym. Tentative
assignments and bands without assignment are labeled with a question

mark (?).
Assignment AH H Vap FT  Vap DFG  Mongysaian MOnerystalH
V(O-H)water 3427
V(N-H)sym 3313 3296 3531 3498
V(N-H)asym 3261
v(0O-H) 3440-2400 (3200-2200) 3842 3733
V(C-Haromatic,sym) 3107 3189 3203
V(C-Haromatic,2) 3084 3087 3182 3184
V(C-Haromatic,3) 3062 3064 3070 3074 3170 3170
V(C-Haromatic,4) 3058 3160 3159
V(C-Haromatic,4) 3045 3160 3159
V(C-Hyromatic,5) 3030 3030 3034 3037 3148 3146
? V(C-H3 a5ym1) 3020 3102 3114
? V(C-H3 a5ym2) 3096 3108
? 3006
? 2983 2981
? VINC-H3 asym1) 2974 2979 2974 2971 3082 3101
? VINC-H3 35ym2) 2958 3038 3068
? v(C-H3 sym) 2940 2935 2943 3034 3042
? 2929
? 2916 2915
? 2891 2881 2886
? 2879
?Vv(C-Hy /g sym) 2866 2856 3013 2931
?V(C-Hy /g asym) 2846 2844 3002 2914
? V(INC-H3 sym) 2806 2810 2952 2947
? 2796
? 2717
? 2555
? 1971
? 1959
? 1901
? 1836
? 1813
? 1770
0(0O-H)water 1647
V(C-Caromatic,1) 1603 1604 1642 1645
V(C-Caromatic,2) 1585 1621 1623
V(C-Caromatic,3) 1491 1487 1527 1530
? 6(C-H3/N-H) 1479 1523 1524
? 8(C-H3»/N-H) 1462 1509 1508
V(C-Cyromatic 4) 1448 1454 1484 1483
0(C-H3 4/N-H) 1492 1498
? 6(N-H/C-Hj3) 1425 1481 1489
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r - =

Figure 7.32.: Molecular orientation of anhydrous ephedrine along the three crystal
faces. The crystal structure was taken from Ref. [91]. The continu-
ous frame marks the observed face, whereas the unobserved faces are
dash-framed.
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Figure 7.33.: Comparison of experimental (top, black) and oriented gas model (bot-
tom, blue) polarization spectra (B3LYP/6-311++G(3df,2p) level) of
face A of anhydrous ephedrine. Assigned bands in the left part are
stretching modes. The C-C,omatic stretching modes (abbreviated C-
Cx), mixed C-H3/N-H bending modes (abbreviated C-Hsz and 1, 2, 4
for the individual modes), a mixed N-H/C-H3 bending mode (abbrevi-
ated N-H), and a mixed O-H/C-H3 bending mode (abbreviated O-H)
are shown in the lower part. The question mark (?) labels an unas-
signed band.

172



7.6. Ephedrine

and C-Cyromatic.4 stretching modes. These bands appear at 1603 cm™ !, 1491 ecm™!,
and 1448cm™'. The mixed C-H3/N-H bending modes and the mixed C-Hz/N-H
bending mode cannot unambiguously be assigned. For the assignment performed
in Fig.7.33 and in Tab. 7.13 the calculated order was used. The above mentioned
modes are predicted to be more intense at a vertical polarization. This is in good
agreement with the experimental vertically polarized spectrum. Here, several bands
appear in the region from 1500-1400cm~!. All in all, Fig.7.33 shows that it is
justified to assume the molecular orientation depicted in Fig. 7.32.

A further indication for the proposed molecular orientation is the consistency
of interactions within the crystal and the habit of the grown crystal. As described
above a polycrystal consisting of tabular single crystals was obtained. The strongest
interaction is the O-H- - -N hydrogen bond followed by N-H- - -O hydrogen contacts.
These are located in the ac plane. Therefore, it can be concluded that face A corre-
sponds to a view along the b axis. Nevertheless, spectra of the other faces would be
valuable.

An assignment of the molecular orientation of ephedrine hemihydrate is more
difficult. According to the comparison of habit and interactions one would expect
that face A corresponds to a view along the crystallographic b axis. In this view the
hydrogen bond network is most pronounced (see Fig.7.34). However, the crystal
was not obtained by sublimation but from an aqueous solution. Therefore, external
interactions might have an influence on the crystallization growth and on the crys-
tals habit. The conclusion of the analysis of the polarization spectra is different.
Face A does not correspond to a view along the crystallographic b axis. As can
be seen in Fig.7.31 there is a striking change in intensity in the case of the O-H
bending mode of the water molecule appearing at 1647 cm™!. The direction of the
vibrational transition dipole vector of this mode runs along the crystallographic b
axis. Therefore, it cannot be excited in the view along the b axis. The symmetric
aromatic C-H stretching mode exhibits some intensity in the horizontally polarized
spectrum. A rather diagonal orientation of the C-C stem with the phenyl plane
less visible can be inferred since the vibrational transition dipole vector deviates by
about 30° from the C-Comatic axis (see Supplement F). This would match a view
along the crystallographic b axis. However, this orientation is already excluded.

Interestingly, both the C-Cyomatic3 and the C-Cyromatic4 stretching band at
1487 cm~! and 1454cm™! are quite high in intensity for both directions of po-
larization. It can be assumed that the reason is an underlying mixed band with con-
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I A — — —_— —

Figure 7.34.: Molecular orientation of ephedrine hemihydrate along the three crys-
tal faces. The crystal structure was taken from Ref. [91]. The continu-
ous frame marks the observed face, whereas the unobserved faces are
dash-framed.
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tributions of the OH (or NH) group which also causes a shift to lower and higher
wavenumbers respectively compared to the positions in the spectra of the other
phenylpropanolamines. An ND/OD-deuteration of ephedrine hemihydrate might
help to solve this question and to unravel the assignment of the C-H stretching
modes. With this information the molecular orientation might more confidently be

assigned.
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7.7. Pseudoephedrine

7.7.1. Enantiopure Pseudoephedrine

Enantiopure pseudoephedrine (see Fig. 7.35) is a white powder which melts at 116—
120°C (according to the supplier, Tab.7.1). There is no evidence that it is hygro-

scopic.

Crystal Structure

(1S5,25)-pseudoephedrine crystallizes in the space group P212;2; (CSD REF Code:
PSEPD) [92,172]. It contains four molecules in the unit cell (Z=4) and one molecule
in the asymmetric unit (Z’=1). The molecules are held together by isolated O-H- - -N
hydrogen bonds (1.9 A) which are aligned in a zigzag manner along the crystallo-
graphic b axis (see Fig. 7.40 later on). The hydrogen bonded chains are connected
by weak aromatic C-H- - -O interactions (2.2 A) along the a axis and by van der
Waals interactions of the phenyl and the methyl group in another dimension. The
formation of needle-like racemic pseudoephedrine crystals was reported by Duddu
et al. and characterized by its X-ray diffraction pattern [173].

* * *
*
* *
Frozen monomer unit Relaxed monomer unit Most stable
from the crystal structure from the crystal structure monomer

Figure 7.35.: Frozen and relaxed (1S,2S)-monomer units taken from the crystal
structure of enantiopure pseudoephedrine [92] as well as the most sta-
ble monomer [82, 86, 87] (B3LYP/6-311++G(3df,2p) level). Centers
of chirality are marked with an asterisk (*).
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Crystallization

Enantiopure pseudoephedrine crystals were obtained in a temperature range of 30°C
to 45°C. The tabular crystals exhibit two types of spectra (see Fig. 7.36) with similar
abundance. It is possible to assign the two spectral types to two different faces of
the crystals by rotating the crystal. As can be seen in Fig.7.37 rotating a crystal
showing spectra of face A leads to the spectral type of face B and vice versa. The
rotation experiments also exhibit spectra corresponding to face C of the crystal.

ND/OD-deuterated crystals were obtained from a solution of a tip of spatula of
enantiopure pseudoephedrine in 15 drops of D,O. The solution was heated up to
55°C and cooled down to room temperature in the open sublimation cell. The cell
was subsequently evacuated. During the evacuation process platy crystals grew into
a polycrystal in the solution. Polarization FTIR measurements were carried out on
monocrystalline fragments of the polycrystal which are shown in Fig. 7.38. Spectra
of two different faces A and B were obtained.

Sublimated ND/OD-deuterated crystals grew on top of the cell after heating it
up to 35°C. Monocrystals with a tabular habit were obtained. Polarization FTIR
spectra measured of the two faces A and B correspond to those measured using the
polycrystals from the solution (see Figs. 7.38 and 7.39).

A comparison of the spectra and visual pictures of the nondeuterated and
the ND/OD-deuterated enantiopure pseudoephedrine crystals (Figs 7.36 and 7.39)
shows similarities in the C-H and C-Comaic Stretching region as well as in the habit
of the crystals. Face A and face B belong to analogous faces of the nondeuterated
and the ND/OD-deuterated crystals. FTIR spectra of face A and B of enantiopure
pseudoephedrine (see Figs. 7.36, 7.38, and 7.39) can easily be distinguished by the
intensity of the O-H and O-D stretching bands which are much higher in the case of
face B.

FTIR Spectra

The vibrational assignments are summarized in Tabs.7.14 and 7.15. The assign-
ments of the N-H and O-H stretching and the mixed N-H/C-Hj3 bending modes are
performed by comparison of experimental and predicted wavenumbers (see also
Sect. 7.3) and by the behavior upon the ND/OD-deuteration. The N-D stretching
position will be addressed below. The tentative assignments of the N-H/C-H3 and

C-H3/N-H bending modes are supported by further considerations after determin-
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Figure 7.36.: Enantiopure pseudoephedrine polarization FTIR spectra of face A.

The arrows show the direction of the electric field vector. The visual

pictures of the measured crystals are shown above the corresponding

spectra. Band positions are given in cm™.
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Figure 7.37.: Enantiopure pseudoephedrine FTIR spectra obtained after rotation of
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crystals showing type A and type B spectra. Rotating the crystal inter-
converts the spectral types A and B and exhibits oversaturated spec-
tra of type C. The visual pictures of the measured crystals are shown
above the corresponding spectra.
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Figure 7.38.:
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ND/OD-deuterated enantiopure pseudoephedrine polarization FTIR
spectra of face A and B. Crystals were obtained from a solution of
D;0. The arrows show the direction of the electric field vector. The
visual pictures of the measured crystals are shown above the corre-
sponding spectra. The visual picture of the crystal showing face A
was cut at the long axis of the crystal. Band positions are given in
cm ™1,
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Figure 7.39.: ND/OD-deuterated enantiopure pseudoephedrine polarization FTIR
spectra of of face A and B. Crystals were obtained by sublimation.
The arrows show the direction of the electric field vector. The visual
pictures of the measured crystals are shown above the corresponding
spectra. Band positions are given in cm™!.
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ing the molecular orientation later on. The aromatic C-H and C-Cygmatic Stretching
bands are assigned according to observations made in the case of methyl mandelate,
mandelic acid, and the other phenylpropanolamines in this Chapter. The aliphatic
C-H stretching modes will be assigned after the determination of the molecular ori-
entation of the two faces.

In the nondeuterated spectra only one N-H stretching band appears (as ex-

I and

pected), whereas there seem to be two N-D stretching bands at 2475 cm™
2434/2436cm~! in the ND/OD-deuterated spectra. They result from a Fermi-
resonance of the N-D stretching fundamental and the N-D bending overtone at
1226 cm~! (not shown) [194]. The assignment is supported by their polarization
behavior and by their behavior upon deuteration.

Polarization FTIR spectra of face A clearly show a dependence of the N-H and
O-H stretching bands on the direction of polarization. Both bands gain intensity
with a polarization parallel to the long crystal axis. Thus, a horizontal alignment
of the isolated O-H---N hydrogen bonds and of the N-H axis can be assumed.
In the case of face B the N-H and O-H stretching bands are high in intensity for
both directions of polarization. This behavior matches a diagonal alignment of the
O-H- - -N hydrogen bonds and the N-H group. Since the intensities of the N-H and
O-H stretching bands are higher in intensity in the spectra of face B, the O-H:--N
hydrogen bonds and the N-H axis are more visible in the orientation of face B.
The C-Cyromatic stretching bands only show subtle differences between face A and
B spectra. The C-Cyromatic,1> C-Caromatic,3> and C-Caromatic,4 stretching bands are
present in both face A and B spectra with nearly equal intensities for both polar-
izations. The C-Cyromatic,1 and C-Cyromaric,3 are more intense in the face A spec-
tra. Therefore, a diagonal orientation of the C-C stem and the C-N-C-C-Cjyomatic
backbone can be assumed for both faces with a better visibility in the case of face
A (see Supplement F). The appearance of the symmetric aromatic C-H stretching
in all spectra and for all polarizations supports this conclusion. The C-Cyromatic,2
stretching band at 1583 cm~! appears only in face B spectra. This points at a better
visibility of the o- and B-acidic C-H axes in the orientation of face B since the vi-
brational transition dipole vector of the C-Cyromaric,2 stretching mode is parallel to
these axes (see Supplement F).

The polarization behavior of the N-H and O-H stretching bands as well as the sub-
tle differences in the C-Comatic Stretching region can be used to infer the molecular

orientation within the crystals. Face A corresponds to a view along the crystallo-
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Table 7.14.: Assignments of experimental band maxima in the FTIR microscopic
spectra of enantiopure pseudoephedrine of face A, face B, face C
(Fig.7.36), FTIR-ATR spectra (without ATR correction, Fig.7.2), IR-
DFG Vapor Phase (Gas, Ref. [193]) as well as calculations of the re-
laxed monomer unit taken from the crystal structure (Mong,ysay) on the

B3LYP/6-311++G(3df,2p) level. All wavenumbers are given in cm ™.
The stretching and bending vibrations are indicated as v and § and the
symmetric and asymmetric vibrations with sym and asym. Tentative
assignments and bands without assignment are labeled with a question

mark (?).
Assignment Face A Face B Face C ATR Gas  Mongysal
v(N-H) 3319 3318 3319 3317 3539
v(O-H) 3300-2300 3300-2300 3839
V(C‘Haromatic,sym) 3103 3188
V(C-Haromatic,2) 3075 3074 3181
V(C‘Haromatic,B) 3061 3171
V(C-Haromatic,4) 3055 3055 3055 3161
V(C-Haromatic.5) 3036 3037 3037 3038 3153
? ' 3022 3024
? 3002 3001 3005
V(C-H3 asym1) 2976 2977 2974 2980 3109
? V(C-H3 a5ym2) 29687 29687 2970 3100
? VINC-H3 a5ym1) 29687 29687 2970 3091
V(NC-H3 a5ym2) 2952 2952 2952 2953 3053
V(C-Hj3 5ym) 2933 2933 2931 2939 3033
? 2907 2906 2905 2914
? 2881 2881 2886
v(C-Hgy) 2868 2864 2864 2856 2993
v(C-Hp) 2837 2837 2837 2897
V(NC-H3 sym) 2804 2804 2802 2926
? 2779 2775
? 2706
? 2752
? 2613
? 2585
? 2559
V(C-Cyromatic,1) 1601 1601 1601 1601 1642
V(C-Cyromatic,2) 1583 1583 1622
? 1558 1558
? 1541
? 1506
V(C-Cyromatic,3) 1493 1493 1496 1528
? 1489
0(N-H/C-H3), 1473 1473 1473 1477 1524
0(C-H3/N-H); 1464 1462 1466 1464 1491
V(C-Cyromatic.4) 1454 1454 1456 1452 1486
0(N-H/C-H3), 1437 1437 1437 1487
? 1421 1417 1420
? 1406
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Table 7.15.: Assignments of experimental band maxima in the FTIR microscopic

spectra of enantiopure ND/OD-deuterated pseudoephedrine of face A

and face B (Figs. 7.38 and 7.39). All wavenumbers are given in cm ™.

The stretching and bending vibrations are indicated as v and d and the
symmetric and asymmetric vibrations with sym and asym. Tentative
assignments and bands without assignment are labeled with a question

mark (?).
Assignment Face A Face B
v(N-H) 3319 3319
v(O-H) 3100-2800 3200-2600
V(C'Haromatic,sym) 3103 3103
V(C'Haromatic,Z) 3084 3084
V(C'Haromatic,3) 3062 3062
V(C'Haromatic,4) 3055 3057
V(C'Haromatic,S) 3036
? 3022 3022
? 3003 3003
V(C'H3,asyml) 2976 2976
? V(C'H3,asym2) 2968 ? 2970
? VINC-H3 a5ym1) 2968 ? 2970
V(NC'HS,asym2) 2950 2952
V(C'H37sym) 2932 2931
? 2906 2906
? 2885
? 2879 2877
V(C-Hy) 2868 2868
? 2854 2854
v(C-Hp) 2842
? 2837 2837
V(NC-H3 sym) 2806 2806
? 2631 2631
? 2605 2605
V(N-D) 2475 2476
20(N-D) 2434 2436
v(O-D) 2500-1800 2500-1800
V(C'Caromatic,l) 1601 1601
V(C'Caromatic,Z) 1585
V(C'Caromatic,3) 1493 1493
? 1464 1466
V(C'Caromatic,4) 1454 1454
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graphic c axis, whereas face B can be assigned to the a axis as depicted in Fig. 7.40.
Comparisons of the experimental nondeuterated and ND/OD-deuterated as well as
the oriented gas model spectra are shown in Fig. 7.41. It can be seen that there is a
good agreement regarding the intensity ratios of a variety of bands. There is a good
match between the intensity ratios of the O-H as well as N-H stretching bands of
face A and B. Also, the increase and decrease of the C-Cy;omatic Stretching bands are
in agreement between experiment and simulation. The region between 1500 cm ™!
and 1400cm™~! appears to be more complicated. There are contributions of the
C-Caromatic,3 and C-Cyromatic 4 stretching modes as well as several mixed N-H/C-Hj
and mixed C-H3/NH bending modes.

Further evidence for the assignment of face A to view ¢ and face B to view a is
the consistency of interactions and habit of the crystals. As can be seen in Fig. 7.40
and as described above the O-H: - - N hydrogen bonded chain runs along the crystal-
lographic b axis and determines the growth direction. It therefore corresponds to the
long crystal axis of the tabular crystals. The other growth directions are determined
by C-H- - - O contacts along the a axis and by van der Waals interactions. Therefore,
the crystal habit is in agreement with the assignment of the molecular orientation.

The experimental and predicted polarized spectra of the two faces can now
be used to assign vibrational modes in the aliphatic C-H stretching region (see
Tabs.7.14 and 7.15). In Fig.7.41 a tentative assignment is performed on the ba-
sis of the experimental and predicted polarization behavior. Also, the predicted
wavenumbers of the methyl and N-methyl C-H stretching modes (scaled by a factor
of 0.966, see Chapter 3) match the observed band positions. In the case of the a-
acidic mode the relative shift is under- and in the case of the -acidic C-H stretch-
ing mode it is overestimated as observed for pseudonorephedrine (see Sect. 7.5).
This leads to a change of the sequence of the symmetric N-methyl and the f3-acidic
mode. In order to unravel the positions of the asymmetricl N-methyl and the asym-
metric2 methyl C-H stretching modes, further evaluations are needed. They are
both preliminarily assigned to the shoulder at 2968 cm~!. However, it is rather un-
likely that both modes actually correspond to this band. The positions of the methyl
and the acidic C-H stretching bands match the assignments made in the case of

pseudonorephedrine.
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7.7. Pseudoephedrine

Figure 7.40.: Molecular orientation of enantiopure pseudoephedrine along the three
crystal faces. The crystal structure was taken from Ref. [92]. The

continuous frames mark the observed faces, whereas the unobserved
face is dash-framed.
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Figure 7.41.: Comparison of experimental and oriented gas model polarization
spectra without deuteration (B3LYP/6-311++G(3df,2p) level) of face
A (left) and face B (right) of enantiopure pseudoephedrine. The non-
deuterated spectra (top, black), the ND/OD-deuterated spectra (cen-
ter, green), and oriented gas model spectra (bottom, blue) are shown.
Harmonic wavenumbers are scaled by a factor of 0.966 to account for
anharmonicity. Assigned bands in the upper part are stretching modes.
C-H stretching modes are indicated. The C-C,omatic Stretching (abbre-
viated C-Cy), mixed N-H/C-H3 bending (abbreviated N-Hy), mixed
C-H3/N-H bending (abbreviated C-H3 x), mixed (N-H/C-H3); bend-
ing (abbreviated 3), a mixed (N-H/C-Hj3),, and the mixed (C-H3/NH),
bending modes (abbreviated 4) are shown in the lower part.
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7.7.2. Racemic Pseudoephedrine

Racemic pseudoephedrine (see Fig. 7.35) is a white powder. Its melting temperature
is 119°C [173]. So far, the crystal structure of racemic pseudoephedrine has not

been determined.

Crystallization

In order to crystallize racemic pseudoephedrine a 1:1 mixture of (1§,25)- and
(1R,2R)-pseudoephedrine was pestled and filled into the sublimation cell. The
crystallization was performed using a temperature range of 35°C to 50°C (Tab. 7.1).
Platy monocrystals as well as polycrystals consisting of needles were obtained.
Polarization spectra of two different faces are shown in Fig.7.42. The spectra
can be assigned to the racemic compound since the N-H stretching position
of 3301/3300cm™! differs compared to the one of the enantiopure compound

at 3319/3318 cm~! (Fig. 7.36) showing that chirality recognition is taking place.

3 N-H CHoOH ‘ ‘
3301
2 ! K
S €0 H,0.
\ s 1
S |H0 et |
t‘/15» «— B
E o0 N
2 1L ‘ Face B 190 |
| E—— 1602 31451
0.5[H,0 | co, ] = Hﬁzoii \
CO2 «—> ;
O Il Il Il Il Il
3500 3000 2500 2000 1500
7/cm™1

Figure 7.42.: Racemic pseudoephedrine polarization FTIR spectra of face A and
face B. Spectral artifacts are caused by the needle-like habit and the
small aperture. The arrows show the direction of the electric field
vector. The visual pictures of the measured crystals are shown above

the corresponding spectra. Band positions are given in cm™.
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'™ NH HOH ‘ ‘
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Figure 7.43.: Racemic pseudoephedrine FTIR spectra of needle-like crystals. The
spectrum of face A was obtained after rotation of a crystal growing
on face B. The visual pictures of the measured crystals are shown
above the corresponding spectra. Artifacts are caused by the needle-
like habit and the small aperture.

Further comparisons of enantiopure and racemic pseudoephedrine will be made in
Sect. 7.7.3.

The racemic pseudoephedrine crystals mainly grew on face A but in approxi-
mately 5% also face B was observed. In Fig.7.43 the FTIR spectra of a crystal
initially showing face A and after rotation showing face B are depicted. Fig.7.42
shows polarized FTIR spectra of face A and B.

ND/OD-deuterated racemic pseudoephedrine was obtained from a solution of a
1:1 mixture of (15,25)- and (1R,2R)-pseudoephedrine in D;0. In order to dissolve
the powdered mixture the open sublimation cell was heated up to 60°C and the
solution manually stirred. Afterwards, the solution was cooled down to room tem-
perature (22-24°C). Then the sublimation cell was evacuated. During the evacua-
tion process the racemic compound started to crystallize. Polycrystals formed from
single crystals of a needle-like to platy habit were obtained. Polarization FTIR
spectra are shown in Fig. 7.44. Sublimation at 40°C led to polycrystals constituted
of needle-like single crystals. FTIR spectra of these sublimated ND/OD-deuterated

racemic pseudoephedrine crystals show spectral similarities to the one of face A
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Figure 7.44.: ND/OD-deuterated racemic pseudoephedrine polarization FTIR spec-
tra of face A and face B crystallized from a solution of D,0O. The ar-
rows show the direction of the electric field vector. The visual pictures

of the measured crystals are shown above the corresponding spectra.

Band positions are given in cm™!.

obtained from the solution (not depicted). Again, two N-D stretching bands and
only one N-H stretching band seem to be present as it is the case in the spectra of

enantiopure pseudoephedrine.

FTIR Spectra

The assignments of the experimental bands are summarized in Tabs.7.16 and 7.17.
The N-H and O-H stretching bands are assigned by comparison of the experimental
and predicted wavenumbers (see also Sect. 7.3) and by their behavior upon ND/OD-
deuteration. There is a Fermi-resonance of the N-D stretching fundamental with
the N-D bending overtone with positions at 2466 and 2430 cm~! (fundamental at
1226 cm™!, not shown). The aromatic C-H and C-Caromaic stretching bands are
assigned according to the observations made in the case of methyl mandelate, man-
delic acid, and the other phenylpropanolamines in this Chapter.

The crystal structure of racemic pseudoephedrine has not been published so far.
Information regarding the average molecular orientation can only be obtained by

analysis of the present FTIR polarization spectra. The proposed orientations are
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Table 7.16.: Assignments of experimental band maxima in the FTIR microscopic
spectra of racemic pseudoephedrine of face A, face B (Fig.7.42), and
FTIR-ATR spectra (without ATR correction, Fig.7.2). All wavenum-
bers are given in cm™!. The stretching and bending vibrations are in-
dicated as v and 6 and the symmetric and asymmetric vibrations with
sym and asym. Tentative assignments and bands without assignment
are labeled with a question mark (?).

Assignment Face A Face B ATR
v(N-H) 3301 3300 3298
v(O-H) 3210-2620

V(C-Haromatic,2) 3085 3084 3084
V(C'Haromatic,S) 3065 3067 3063
V(C‘Haromatic.S) 3035 3036 3038
? ' 3022 3022 3022
? 3004 3006

? V(C-H3 a5ym1) 2982 2983

? V(C'HS,asymZ) 2974 2972
? V(NC-H3 5ym1) 2974 2972
? VINC-H3 asym2) 2951 2951 2951
? v(C-H3 sym) 2931 2930 2932
? 2910

? 2904

? 2882

? 2877

? v(C-Hy) 2864 2869 2864
? v(C—Hﬁ) 2851 2850 2849
? 2822 2819 2818
? V(INC-H3 sym) 2795 2792 2782
? 2584

? 2579 2580

aromatic 1967

aromatic 1953

V(C-Caromatic,1) 1602 1602 1603
V(C'Caromaticg) 1584 1584
V(C-Caromatic,3) 1490 1490 1491
O(N-H/C-H3), 1473 1472 1476
6(C-H3/N-H); 1465 1465 1465
V(C-Caromatic,4) 1452 1450 1450
O(N-H/C-H3), 1438 1433
? 1425

? 1414 1412 1414
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Table 7.17.: Assignments of experimental band maxima in the FTIR microscopic
spectra of ND/OD-deuterated racemic pseudoephedrine of face A and

face B (Fig. 7.44). All wavenumbers are given in cm™'. The stretching
and bending vibrations are indicated as v and & and the symmetric and
asymmetric vibrations with sym and asym. Tentative assignments and
bands without assignment are labeled with a question mark (?).

Assignment Face A Face B
v(N-H) 3305 3303
V(C'Haromatic,sym) 3101 3101
V(C'Haromaticﬂz) 3084 3085
V(C'Haromatic;3) 3062 3064
V(C'Haromatic;S) 3035 3037
? 3022 3022
? 3003 3003
? V(C'H3,asym1) 2981 2976
? V(C'HS,asymZ) 2976
? V(NC'H3,asyml ) 2976
? VINC-H3 a5ym2) 2950 2952
? v(C-H3 sym) 2931 2931
? 2921
? 2904
? 2877

? v(C-Hg) 2856 2858
? v(C-Hp) 2856 2858
? 2822 2820
? V(NC-H3 sym) 2798 2798
? 2700
? 2682
? 2628 2630
? 2605 2605
? 2598 2598
V(N-D) 2466 2466
28(N-D) 2430 2430
v(O-D) 2500-1800 2500-1800
V(C'Caromatic,l) 1603 1603
V(C-Caromatic2) 1583 1583
V(C'Caromatic,3) 1491 1491
V(C'Caromatic.4) 1453 1454
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H T_)
Face A FaceB *~ : .

Figure 7.45.: Schematic layout of a pseudoephedrine molecule oriented according
to face A and B. Note, that this simplistic view does not reflect the
dimensionality correctly and that it does not include all functional
groups.

depicted in Fig. 7.45. Note, that it is only a simplistic scheme which does not reflect
the dimensionality correctly and which does not include all functional groups.
The N-H stretching band at 3301/3300cm ™! is more red shifted than the ones

of ephedrine anhydrate at 3313 cm™!

and of enantiopure pseudoephedrine at
3319/3318cm™! which do not form intermolecular N-H hydrogen bonds within
the crystal structure (see Sect. 7.7.1). The position of the N-H stretching band of
racemic pseudoephedrine is closer to the N-H stretching band of ephedrine hemihy-
drate at 3296 cm~! which does form N-H- - - O hydrogen bonds. The N-H stretching
band of racemic pseudoephedrine is also more intense than the one of enantiopure
pseudoephedrine (see Fig.7.2). Therefore, it can be assumed that N-H hydrogen
bonds, which are stronger than in the enantiopure case, are formed in the crystal
structure of racemic pseudoephedrine.

The O-H and N-H stretching bands appear for both faces which is in contrast to
the needle-like habit but in agreement with the platy habit. The O-H stretching band
is slightly more intense and broader for face B. In the case of a vertical polarization
of face A it almost vanishes. In contrast, the N-H stretching band is slightly more
intense in the case of face A spectra. It decreases in intensity in the case of a
horizontal polarization of face A. Therefore, a nearly horizontal alignment of the
O-H hydrogen bonds and a rather vertical alignment with good visibility can be
assumed for the N-H hydrogen bonds of face A. There is a good visibility of the
horizontally oriented O-H hydrogen bond and a more diagonal alignment of the
N-H hydrogen bond in the orientation of face B.

The quality of the nondeuterated spectra in the lower wavenumber region is poor
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due to the needle-like habit and a small aperture. Nonetheless, the comparison to
the ND/OD-deuterated spectra shows the influence of mixed N-H/C-H3 bending
modes between 1500cm™! and 1350cm~!. The mixed modes appear at higher
wavenumber for a vertical polarization and at lower wavenumber in the case of
a horizontal polarization of both face A and B. The behavior of the C-Cyromatic
stretching bands is most pronounced in the ND/OD-deuterated spectra. The C-
Caromatic,1 stretching band at 1602 cm~! appears in all spectra but the vertically
polarized one of face B (see Fig. 7.44). In this case the C-Cyromatic,2 stretching band
at 1584 cm™! is present. The C-Cyromatic3 and C-Cyromatic4 bands appear in all
spectra. Thus, the C-C stem is diagonally aligned with the phenyl ring being turned
within the orientation of face A. In the case of face B the plane of the phenyl ring is
visible and the C-C stem horizontally aligned. These conclusions are supported by
the presence of the symmetric aromatic C-H stretching modes in all spectra except
the vertically polarized spectrum of face B.

The proposed orientations in Fig. 7.45 may be converted into each other by a 90°
rotation around the y-axis. There are some deviations which are only minor. All in
all, the conclusions are in agreement with each other. A diagonally bisected crystal
might exhibit a more pronounced polarization behavior of the C-Cyromatic Stretch-
ing bands. Therefore, it might reveal further information regarding the molecular

orientation within the racemic pseudoephedrine crystal.
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7.7.3. Comparison of Enantiopure and Racemic
Pseudoephedrine

Sublimated crystals of pseudoephedrine show effects of chirality recognition. They
are most pronounced in the position and intensity of the N-H stretching band (see
Tabs. 7.14 and 7.16 as well as Figs. 7.2 and 7.46). It is red shifted by 18 cm™! from
3319cm™! to 3301 cm~! for the racemic compound. For comparison, the position
of the N-H stretching band of anhydrous ephedrine is 3313 cm™! and 3296 cm™! for
ephedrine hemihydrate. This rather large shift points at different hydrogen contacts
of the NH group. Probably, the red shift results from shorter and stronger N-H- - -O
hydrogen contacts in the crystal structure of racemic pseudoephedrine as assumed
in Sect. 7.7.2. Further differences are apparent in the case of the O-H stretching
band and in the region of the mixed N-H/C-H and C-H/N-H bending modes. The
bands of the enantiopure compound are more red shifted. It can be assumed that the
O-H hydrogen bonds are stronger within the enantiopure crystals. In the racemic
crystals a weakening of the O-H hydrogen bonds seems to occur in order to establish
stronger N-H contacts.

Different ratios of (15,25)- and (1R,2R)-pseudoephedrine (1:1, 2:1, 3:1, and 9:1)
were sublimated and investigated by FTIR imaging in order to observe the influence
of the enantiomeric ratio on chirality recognition. The mixtures were pestled and
filled into the sublimation cell. The crystallization was performed using a tempera-
ture range of 35°C to 50°C (Tab. 7.1). FTIR images were recorded to differentiate
between the enantiopure and the racemic compound. The N-H stretching regions of
3335-3310cm ™! (Enant) and 3310-3290cm™! (Rac) were integrated. Afterwards
the integrated area of Enant was subtracted from Rac (Rac—Enant). Fig. 7.47 shows
visual pictures as well as FTIR images of the obtained crystals.

In the case of a 1:1 ratio block-like/platy as well as needle-like racemic crystals
were obtained. Using a 2:1 ratio led to a polycrystal consisting of racemic needles.
In the case of a 3:1 ratio both the enantiopure as well as the racemic compound
were sublimated. The polycrystal consists of both compounds and has an undefined
habit. Nonetheless, the enantiopure and the racemic compound can be visually
distinguished. The enantiopure compound consists of thick, blocky crystals whereas
racemic pseudoephedrine crystallizes in the form of needles. In the case of a 9:1
ratio the undefined polycrystal solely consists of the enantiopure compound.

In summary, mixtures of (15,25)- and (1R,2R)-pseudoephedrine show significant
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Enantiopure and racemic pseudoephedrine polarization FTIR spectra.
The arrows show the direction of the electric field vector. The visual
pictures of the measured crystals are shown above the corresponding
spectra. Band positions are given in cm~!. Regions Enant and Rac
used for integration are marked in blue and red, respectively.
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Figure 7.47.: Chemical images of pseudoephedrine crystals. Different ratios (see
upper left corners) of the two enantiopure substances were used. Red
colors show the racemic compound. Blue colors show the enantiopure

compound.
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indication of chirality recognition phenomena. 1:1 and 2:1 mixtures lead to racemic
crystals, while at more dissimilar ratios predominantly the enantiopure compound
was obtained. A tendency of racemic crystals to grow at slightly higher tempera-
tures was observed. This would lead to the conclusion that the enantiopure crystals
are more stable than racemic pseudoephedrine. However, a negative Gibbs free en-
ergy (AG = —0.55kcal-mol~!) was determined for the formation of the racemate
from opposite enantiomers in the solid state by X-ray powder diffraction [173].
This rather points at a higher stability of the racemate. The slightly higher sublima-
tion temperatures may be influenced by other parameters e.g., pressure and ambient
temperature or by kinetic factors. The measurement of the relative vapor pressure
via mass spectrometry as performed in the methyl mandelate case can shed further

light into this question.
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7.8. Spectral Comparisons

A variety of vibrational modes are assigned in the spectra of the sublimated phenyl-
propanolamines in this Chapter. In this Section, the spectral positions of analogous
modes will be compared and analyzed on the basis of the interactions within the
crystal structures, the different monomer conformations (Sect. 7.2), and the prelim-

inary spectral considerations made in Sect. 7.3.

O-H/O-D Stretch

Broad and red shifted O-H stretching bands resulting from O-H-:--N hydrogen
bonds are found for all of the investigated phenylpropanolamines in the region
of 3300-2300cm™~'. The O-D stretching bands appear in the region of 2600
1800 cm~! and exhibit a structure which may result from symmetric and asymmet-
ric couplings or from two quantum excitations. Since the O-H stretching bands are
red shifted into the region of the C-H stretching bands, unambiguous information
about the band structuring is difficult to obtain.

The largest red shift and broadening is found for enantiopure pseudoephedrine
and the smallest red shift and broadening in the case of pseudonorephedrine
(Fig.7.2). As summarized in Tab.7.18, the O-H:--N hydrogen bonds in enan-
tiopure pseudoephedrine are mostly isolated whereas in pseudonorephedrine
cooperatively strengthened infinite chains of hydrogen bonds are found.
Thus, one would expect stronger O-H:---N hydrogen bonds in the case of

pseudonorephedrine [130, 192], which is in conflict with the observed red shifts.

Table 7.18.: Hydrogen bonds of the OH and NH group formed as a donor (D) and
acceptor (A) as well as cooperative patterns involving infinite chains
(coopw), the cooperativity between two hydrogen bonds (coop; ), and
anti-cooperativity (a-coop) in some phenylpropanolamines.

OH NH
NE, rac N-H---O-H---N DA C00ps | O-H---N-H---O DA coop.
PNE N-H:--O-H---N DA CO0Po | O-H:--N-H---O DA coop..
E-AH C-H---O-H---N D(A) O-H---N-H A
E-H O-Hyaeer---O-H---N DA coopy | O-H---N-H---Oyuqter---H-N DA a-coop
PE, enant | C-H---O-H---N D(A) O-H---N-H A
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Table 7.19.: Experimental crystal Vs and predicted monomer positions ®mon
(B3LYP/6-311++G(3df,2p)) in cm~! of conformations corresponding
to the conformations found in the crystals (Fig. 7.3) ordered in the se-
quence of the O-H stretching bands (smallest to largest) as observed in
the experimental crystal spectra. The experimental crystal wavenum-
bers have an error of +50cm™".

Conformation  Vpyg ®mon
PNE AG ~2980 3839
E-AH AG(a)’ ~2950 3842
NE, rac GG ~2900 3831
PE, enant AG(b) ~2840 3838
E-H AG(b) ~2720 3733

The experimental O-H stretching band sequence in the crystal spectra deviates from
the sequence of the predicted monomers of conformations corresponding to the
structures in the crystal (Tab. 7.19). Therefore, the sequence of the O-H stretching
bands cannot solely be explained by conformational differences but by other inter-
actions formed upon crystal aggregation which compete with cooperativity on the
hydrogen bond strengths. This is in agreement with the sublimation temperatures
of enantiopure pseudoephedrine and pseudonorephedrine being in the same order
(Tab.7.1) and with the H-N and O-N distances of the hydrogen bond being smaller
in the isolated case of pseudoephedrine (Tab. 7.2). There may be local reasons, such
as the geometrical availability of the free electrons of nitrogen, or more global ef-
fects, such as dipole interactions leading to cohesion or packing forces in the crystal
structure. Further investigations are needed in order to specify the forces. Probably,
a variety of different interactions competing with each other are present.

The O-H stretching band pattern of water in the ephedrine hemihydrate spectra
at 3630-3330cm ™! is less red shifted and less broadened than the alcoholic O-H
stretching bands of the investigated phenylpropanolamines (Fig.7.2). This is in
agreement with the formation of less stable O-H:--O instead of O-H---N hydro-
gen bonds. The O-H stretching band shows polarization dependent high and low

frequency contributions of asymmetric and symmetric modes.
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N-H Stretch

Asymmetric and symmetric N-H stretching modes of the primary amines as well
as localized N-H stretching modes of partly deuterated primary and nondeuterated
secondary amines are assigned in the region of 3360-3270 cm™~!. In the case of the
primary amines norephedrine (enantiopure and racemic) and pseudonorephedrine a
Fermi-resonance of the symmetric N-H stretching fundamental with the N-H bend-
ing overtone is found. Ephedrine hemihydrate shows a coupling of the NH groups of
two ephedrine molecules leading to an asymmetric and a symmetric N-H stretching
band. The N-D stretching bands appear in the spectral region of 2503—2370 cm ™.
A Fermi-resonance takes place between the N-D stretching fundamental and the
N-D bending overtone in the case of enantiopure and racemic pseudoephedrine.

The N-H stretching bands in the crystal spectra are intensified and red shifted
compared to the predicted monomer modes of corresponding conformations but less
so than the O-H stretching bands (Supplement F). The intensification of the N-H
stretching bands is larger for the more red shifted N-H stretching bands (Fig.7.2)
and thus in agreement with the presence of stronger hydrogen bonds. In the case
of the primary amines especially the intensity of the symmetric, or more properly
bonded N-H stretch increases with increasing red shift. This is also true for the
symmetric N-D stretching bands (Figs.7.11, 7.17, and 7.24) and in agreement with
the predictions (Tab. 7.5).

There is a red shift and intensification of the experimental crystal N-H stretching
bands compared to the predicted monomer N-H stretching modes of correspond-
ing conformations which cannot solely be explained by the formation of hydrogen
bonds. In the following, the shifts caused by other effects than hydrogen bonds
will be estimated. Tab.7.20 lists the difference between experimental and pre-
dicted N-H stretching wavenumbers (average of the asymmetric and symmetric
stretch for nonmethylated amines) of ethylamine and ephedrine monomers in the
gas phase [82, 195]. The difference between the experimental and the predicted
values of —154cm~! and —165 cm™! reflects the error of the method e.g., anhar-
monicity. Therefore, a correction shift of —160cm™! (mean value) is applied on
the predicted wavenumbers of the investigated phenylpropanolamines. Their exper-
imental and predicted wavenumbers (uncorrected and corrected) as well as the dif-
ferences and ratios between the experimental and the corrected predicted wavenum-

bers are also given in Tab. 7.20. In the case of the primary amines also the average
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wavenumber of the asymmetric and the symmetric N-H stretching modes are listed.
Deperturbed positions ¥p(A) (without Fermi-resonance) are estimated from the ob-
served bands V(A) and V(B) by the following equation [196]:

V(A)+V(B) +A\70 _ V(A)+V(B) +A\7 R—1
2 2 2 2 R+1

with B being the less intense band at lower wavenumber. AVy and AV are the deper-

Vo(A) =

(7.1)

turbed and the observed (perturbed) wavenumber differences of A — B and R is the
ratio of the integrated intensities ;E—g; of the two modes.

The deviations of —43 to —78 cm™! reflected in ratios of 0.987-0.977 between
experimental crystal and corrected predicted monomer wavenumbers illustrate the
divergence between experiment and prediction after accounting for anharmonic-
ity. They result from intermolecular interactions upon aggregation which are not
considered in monomer calculations. The divergence is the largest for racemic
norephedrine and pseudonorephedrine (—56 to —78cm™!) in which the amine
group simultaneously acts as a hydrogen bond donor and acceptor and cooperative
hydrogen bonds are established (Tab. 7.18). The deperturbed symmetric (bonded)
and the asymmetric (free) N-H stretching modes show a similar red shift (70—
75cm™1). A red shift of 32 cm™! is predicted for both N-H stretching modes of the
methanol-ethylamine-dimethylether complex (Sect. 7.3) which serves as a model
case for the influence of O-H---N-H- - - O hydrogen bonds. Accounting for the pre-
dicted red shift of an amine group acting as a hydrogen bond donor and acceptor
still leaves a divergence between experiment and prediction of —38 to —43 cm™!
for the deperturbed symmetric and the asymmetric mode for norephedrine and
pseudonorephedrine.

In the case of ephedrine anhydrate and enantiopure pseudoephedrine the diver-
gence is —58 to —60cm™!. Here, the NH group only acts as a hydrogen bond ac-
ceptor. For the methylethylamine-methanol complexes, in which the amine group
is the hydrogen bond acceptor, a red shift of 13-20cm™~! is predicted. The diver-
gence between experiment and predictions can thus be corrected to a value of —38
to —47cm™!.

The smallest divergence is found for the symmetric N-H stretch of ephedrine
hemihydrate. Here, the N-H-:--O hydrogen bonds are anti-cooperative and there-
fore, the N-H stretching band is less red shifted (43 cm™!) compared to the predic-

tions. As discussed in Sect. 7.3, the low lying predicted wavenumber of ephedrine
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7. Phenylpropanolamines

Table 7.20.: Experimental gas phase V and predicted N-H stretching wavenumbers
o of the ethylamine (EA) and the most stable ephedrine monomer (E
AG(a)) [82, 195] on the B3LYP/6-311++G(3df,2p) level as well as the
difference A(V — @) in cm~!. Experimental crystal ¥, predicted ®
(B3LYP/6-311++G(3df,2p)), and predicted N-H stretching wavenum-
bers corrected by —160 cm ! o as well as the difference between
the experimental and predicted wavenumbers A(V — @corr), the cor-
rected difference between the experimental and predicted wavenum-
bers A(V — @eorr)corr in cm ™! and the ratio wl are listed. An average
of the asymmetric and the symmetric N-H stré(t)ghing wavenumbers (av)
of the primary phenylpropanolamines and in some cases deperturbed
N-H stretching positions (0) are given.

1% 0 AV-o)
EA 3379 3533 —154
E AG(a) 3378 3543  —165

‘7 0 a)COIT A(f/ - wCOIT) Wcorr A(fl - wCOIT)COIT
NE, rac - asym 3332 3567 3407 =75 0.978 —43
NE, rac - sym 3273 3489 3329 —56 0983 —24
NE, rac - sym, 0 3259 3489 3329 —70 0979 -38
NE, rac - av 3303 3528 3368 —65 0981 -33
NE, rac-av,0 3296 3528 3368 —72 0979 —-40
PNE - asym 3354 3586 3426 —72 0979 —-40
PNE - sym 3289 3507 3347 —58 0983 26
PNE - sym, 0 3269 3507 3347 —78 0977 —46
PNE, av 3322 3547 3387 —65 0981 -33
PNE, av, 0 3312 3547 3387 =75 0978 —43
E-AH 3313 3531 3371 —58 0.983 —(38-45)
E-H, sym 3296 3498 3338 —43 0.987 —43
E-H, asym 3261 3498 3338 =77 0977 =717
E-H, av 3279 3498 3338 —59 0982 -59
PE, enant 3319 3539 3379 —60 0.982 —(40-47)

202



7.8. Spectral Comparisons

hemihydrate is a result of O-H---(H)N dipole interactions. The resulting red shift
of 20cm™! (Tab. 7.6) might be overestimated by the quantum chemical calculations
and therefore, the monomer prediction of the wavenumber too low in comparison
to the other parameters and the other N-H stretching predictions in general. How-
ever, the deviation increases to —59 cm™! for the average of the asymmetric and the
symmetric N-H stretching mode. It is then in the same order as the deviations of the
other phenylpropanolamines.

Summing up, the corrected red shifts of deperturbed experimental N-H stretching
modes compared to the corrected predictions of corresponding modes are in the
range of —(38-59)cm~! (Tab. 7.20). The corrected differences may be caused by
local effects, such as aromatic interactions which do not take place in the monomer
(experiment and prediction) or by global effects, such as packing forces (see above).
Packing constraints are known to cause a red shift as found for the n-propanol O-H

stretching band in a crystalline argon matrix compared to the gas phase [197].

N-D Stretch

The N-D stretching bands are further red shifted than the N-H stretching posi-
tions, as expected. Tab.7.21 summarizes the experimental and predicted positions
of the N-H and N-D stretching modes and the ratios of the N-H and N-D stretching
wavenumbers. The observed ratio of 1.339-1.381 shows deviations to both sides of
the harmonically approximated ratio of 1.369 (\/%). Larger ratios are observed for
the symmetric N-H stretching modes (perturbed and deperturbed) of enantiopure
and racemic norephedrine. The deviations to the harmonic approximation can be
explained by anharmonicity which was found to increase for larger aggregates in
the case of the methanol O-H stretching mode [129]. The ratios deviate less for
the bonded than the free vibrations. This is surprising since anharmonicity can be
expected to increase upon hydrogen bonding [198-200].

The experimental ratios of the N-H and N-D stretching wavenumbers are smaller
than the predicted ones (Tab.7.21). They only deviate by 1-2% with exception of
the perturbed symmetric stretch of racemic norephedrine (0.3%). Assuming that the
deviations should be in the same order, it is probably due to the Fermi-resonance.

In the spectra of partly deuterated norephedrine (enantiopure and racemic) and
pseudonorephedrine also localized N-H and N-D stretching bands are assigned
(Tab.7.21). In all cases the bonded localized N-H and N-D modes are observed.
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7. Phenylpropanolamines

Table 7.21.: Experimental v and predicted N-H and N-D stretching wavenumbers
o (B3LYP/6-311++G(3df,2p)) of the nondeuterated and deuterated
phenylpropanolamines in cm ™! as well as the ratio of the N-H and N-D
positions of corresponding modes. Deperturbed symmetric N-H and
N-D stretching positions (0) are given as well.

VW-H VN-D ‘v,gjg ON-H ON-D waNNj
NE, enant - asym 3338 2490 1.341
NE, enant - sym 3271 2376 1.377
NE, enant - sym, 0 3256 2376 1.370
NE, enant - localized, bonded 3273 2416 1.355
NE, rac - asym 3332 2486 1.340 3567 2628 1.357
NE, rac - sym 3273 2370 1.381 3490 2521 1.384
NE, rac - sym, 0 3259 2370 1.375 3490 2521 1.384
NE, rac - localized, bonded 3278 2422 1.353
PNE, enant - asym 3355 2503 1.340 3586 2644 1.356
PNE, enant - sym 32890 2419 1360 3507 2534 1.384
PNE, enant - sym, 0 3269 2419 1.351 3507 2534 1.384
PNE, enant - localized, bonded 3307 2443 1.354
PNE, enant - localized, free 3336
E-AH, enant 3313 3531 2582 1.368
E-H, enant, sym 3296 3498
E-H, enant, asym 3261 3498
PE, enant 3319 2475 1.341 3538 2587 1.368
PE, enant, 0 3319 2464 1.347 3538 2587 1.368
PE, rac 3301 2466 1.339
PE, rac, 0 3301 2451 1.347
Harmonic prediction 1.369 1.369
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This is in agreement with the predicted intensity enhancement of the bonded in
contrast to the free mode of the partly deuterated ethylamine-dimethylether com-
plex as visualized for the ethylamine-dimethylether predictions in Fig.7.48 (see
also Tab. 7.5).

In the spectra of partly deuterated pseudonorephedrine also the free N-H stretch-
ing mode is assigned. The analogous free N-D stretching mode which is predicted
to have a similar intensity as the free N-H stretching mode does not appear. The
appearance of the free N-H stretching band in the partly deuterated spectra of
pseudonorephedrine can be explained by two arguments. First, the free (dangling)
deuterium is preferentially exchanged by humidity. Thus, the free N-D stretch-
ing mode is depleted first and the free N-H stretching mode emerges preferentially
(kinetic exchange argument). Accordingly, if the nondeuterated substance is sub-
limated in a D,O atmosphere the free N-D stretching mode should arise from a
kinetic point of view (not performed). Secondly, deuterium is the better hydrogen
bond donor and N-D- - - O hydrogen bonds are preferentially established because of
the reduced zero point energy destabilization of the librational modes [201, 202].
Therefore, the free N-H stretching band is more likely to appear in the spectra of
partly deuterated primary amines than the free N-D stretching mode (no matter if a
deuterium-hydrogen or a hydrogen-deuterium exchange takes place). The intensity
increase of the free N-H and the intensity decrease of the free N-D stretching mode
are indicated by gray arrows in Fig. 7.48.

Next to O-H and N-H stretching also N-H bending bands are assigned by compar-
ison of nondeuterated and ND/OD-deuterated spectra as well as by comparison of
experiment and prediction. The N-H bend of the primary amines appears at higher
wavenumbers than the mixed modes of the secondary amines, in agreement with
the predictions (Tab. 7.7). The assignments of the localized bending modes are con-
firmed by their polarization behavior in the experimental and oriented gas model
spectra. In the case of the secondary amines the comparison of experimental and
oriented gas model spectra is not reliable since the vibrational dipole vector changes
unpredictably upon hydrogen bonding (Sect. 7.3). The N-H bending overtones are
found to couple with the symmetric N-H stretching fundamentals in the case of the
primary amines (see above).

The aromatic C-H and the C-Cyomatic Stretching modes appear at similar posi-
tions for all investigated phenylpropanolamines as well as methyl mandelate and

mandelic acid. It can be assumed that this is also true for other structurally simi-
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NH, ND,
asym sym asym sym
f (asym) b (sym) f (asym) b (sym)
f b f b

NH(D) ND(H)

v

Figure 7.48.: Splitting of the N-H and N-D stretching modes of the nondeuter-
ated, fully ND-deuterated, and partly ND-deuterated ethylamine-
dimethylether complex. Asym and sym label the asymmetric and
symmetric modes and f and b the free and bonded modes. The split-
tings and the intensities (thickness of bars) reflect the predictions
of the methylamine-dimethylether complex (Sect. 7.3). The arrows
(widening and narrowing of the bars) indicate the intensity increase
and decrease of the free modes upon an asymmetric isotope exchange.
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7.9. Conclusions

lar substances. Furthermore, the polarization behavior of the symmetric aromatic
C-H and the C-Cyomatic stretching mode are reliable indicators of the phenyl and

the a-acidic CH group and can be used to infer the molecular orientation.

7.9. Conclusions

The polarized FTIR microspectroscopic method was applied to the phenyl-
propanolamines norephedrine, pseudonorephedrine, ephedrine, and pseu-
doephedrine. Chirality recognition was observed for norephedrine and pseu-
doephedrine crystals. An anhydrate and a hydrate were obtained in the case of
ephedrine. It was shown that for sublimated crystals the main direction of growth
is determined by the direction of hydrogen bonds. As expected, the strongest
interaction determines the direction of growth unlike for crystals obtained from a
solution.

It was shown that the O-H stretching red shifts cannot be explained by cooperativ-
ity and that therefore competing interactions influence the hydrogen bond strengths.
Localized and coupled as well as free and bonded N-H and N-D stretching bands
were assigned based on isotope studies and predictions. Also, several localized and
mixed N-H stretching and bending modes were assigned. In some cases, the bend-
ing overtone was found to couple with the stretching fundamental. Red shifts were
explained by different N-H hydrogen contacts as well as by conformational differ-
ences. The assignment of the aliphatic C-H stretching bands was difficult and is
only preliminary. ND/OD deuteration studies of ephedrine anhydrate and hemihy-
drate would be helpful for a more confident assignment.

The molecular orientations were inferred on the basis of the experimental and
predicted polarization behavior and compared to the crystal structures where avail-
able. The polarization behavior of the hydrogen bonded stretching, the symmetric
aromatic C-H stretching, and the C-Cyrom stretching bands were found to be help-
ful indicators in some cases. A tentative average conformation of the molecules
in the unit cell was deduced for enantiopure norephedrine and for racemic pseu-

doephedrine since the crystal structures are not solved yet.
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8. Summary & Outlook

Adaptive aggregation and chirality recognition of sublimated microcrystals were
the subjects of this dissertation. The phenomenon of adaptive aggregation was ex-
emplified on the simple model case of the ethanol-water dimer investigated by a
combined Raman- and FTIR-jet study. Ethanol was found to exhibit a gauche con-
formation upon complexation by water because that allows the water to establish a
secondary weak hydrogen bond [11, 14,81]. It would be interesting to see how an
increased aliphatic chain influences the hydrogen bonds by introducing competing
dispersion interactions [132]. The study of highly polar fluorinated alcohols [133]
in combination with water [134] would also be of interest.

For the first time, polarized transmission FTIR microspectroscopy was applied
to study conformational and chiral effects of hydrogen bonded sublimated crystals.
The method was tested on methyl mandelate [37]. It was found that not the most
stable conformation [38] but an energetically less favorable monomer conformation
is present in the crystal. Here, adaptive aggregation takes place due to beneficial
intermolecular interactions. Chirality recognition studies revealed the formation of
a rather rare mixed 3:1 crystal next to the prevalent 1:1 racemate [38]. Both con-
tain the less stable monomer conformation as well. Enantiopure methyl mandelate
was used to show the suitability of polarized transmission FTIR microspectroscopy
for the inference of the molecular orientation within a crystal and for the assign-
ment of vibrational bands. The polarization behavior and vibrational transition
dipole vectors, respectively, of hydrogen bonded O-H stretching, C-H stretching,
and C-Cyomatic stretching bands were revealed and associated with specific orienta-
tions of the hydrogen bonds and certain axes within the molecules.

The method was extended to mandelic acid [37]. Results gained for methyl
mandelate were confirmed and the aromatic C-H stretching modes were as-
signed. Mandelic acid crystallizes in one enantiomeric and two racemic forms
[88,161,166—168]. The racemate was not studied within the present framework. Its
investigations might support the interpretation of further bands at lower wavenum-
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bers [20, 164, 165]. Also, the appearance of polymorphism in the case of the race-
mate is worth to be studied. Further chirality recognition effects might occur for
co-crystals of mandelic acid and methyl mandelate [58]. The sublimation of mixed
methyl mandelate-mandelic acid crystals was performed without success due to dif-
ferent vapor pressures (see also Ref. [181]). A prior co-crystallization from solution
and a subsequent sublimation might be more successful.

The polarized transmission FTIR microspectroscopic method was also applied to
some neuroactive phenylpropanolamines which are structurally similar to methyl
mandelate and mandelic acid. The molecular orientation was inferred for most of
the investigated substances. In the cases of enantiopure norephedrine and racemic
pseudoephedrine no crystal structures were available. A tentative average orienta-
tion of the molecules within the unit cell was obtained based on their polarization
behavior. Further evaluation of the C-H stretching bands would help to assign the
molecular conformation and orientation more accurately. Measurements on block-
like racemic pseudoephedrine crystals might provide a better spectral quality. De-
termining the crystal structure with other techniques would be worthwhile in order
to reassess the postulated orientation proposed within this work.

Chirality recognition was observed in the cases of norephedrine and pseu-
doephedrine. FTIR images were recorded for pseudoephedrine in order to observe
the influence of the enantiomeric ratio on chirality recognition. Analogous measure-
ments could be carried out for norephedrine. Mass spectroscopy as it was performed
in the case of methyl mandelate would be suitable to determine the relative vapor
pressures and phase diagrams of the enantiopure and racemic compounds.

In the case of ephedrine, an anhydrate and a hydrate were obtained. The sublima-
tion of prepared ephedrine hemihydrate might allow the study of other faces. Also,
the ND/OD deuteration might shed new light into the interpretation. A spectral
comparison might provide valuable information regarding the influence of confor-
mational differences and the integration of water into the crystal structure on the
position and intensity of various bands.

Several N-H stretching bands in the spectra of the investigated phenyl-
propanolamines were assigned. Their red shifts were analyzed in terms of hydrogen
bond and conformational influence. Both were found to affect the N-H stretching
position. Raman-jet spectroscopy using a heatable nozzle [203, 204] might reveal
the isolated monomer spectra of the phenylpropanolamine conformations present in

the crystals. With this information, the influence of the conformation on the N-H
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stretching position can be further evaluated.

Within the scope of F. Ziegler’s Bachelor thesis, the methylxanthines caffeine,
theophylline, and theobromine were investigated by the polarization FTIR (not
presented in this work). Caffeine was found to crystallize in a needle-like habit.
Thus, a small aperture needed to be applied which decreased the spectral quality.
Nonetheless, the molecular orientation of one face was determined and C-H stretch-
ing bands assigned. The measurements of theophylline and theobromine were re-
peated by J. Wallbaum and T. Nack in the framework of an internship [152], in
which the investigations were extended through recrystallization and deuteration
studies. The interpretation of these results is still in progress. Measurements on
other methylxanthines e.g., isocaffeine may clarify the interpretation [205,206].

The experimental results of this work were compared with harmonic monomer
calculations. Vibrational crystal phase calculations would be desirable to account
for intermolecular interactions [36]. A cooperation was started with R. Tonner on
enantiopure methyl mandelate. Preliminary results are encouraging. Anharmonic
monomer calculations could be applied as well and compared to experiment and the
harmonic calculations.

Deuteration studies were used to support the vibrational assignment in the cases
of methyl mandelate and the phenylpropanolamines. Time-dependent isotope ex-
change studies of deuterated crystals might provide information about the exchange
rates [207]. In case of the primary amines it might be possible to observe the kinet-
ics of the bonded versus the free N-D group.

The polarized transmission FTIR microspectroscopic method can be extended
to the investigation of polymorphism. As mentioned above, there are two known
polymorphs of racemic mandelic acid which are worth to be studied. The methyl-
xanthines caffeine and theophylline also show polymorphism [208—213] and exist
as anhydrates and hydrates [214-216]. Also, the investigation of unknown poly-
morphs which do not crystallize by standard crystallization methods is of inter-
est [170].

The sublimation cell constructed and tested within this work can be further im-
proved. The CaF, crystals within the windows of the sublimation cell were ran-
domly oriented. The influence of the preferential growth direction should be inves-
tigated with an oriented CaF, substrate [149]. Interactions between the windows
and the substrate might change the preferred face exhibited by the microcrystals.

The application of the ATR technique can be extended to crystals. An ATR ob-
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jective could improve the spatial resolution of the microscopic measurements by a
factor of five. A higher resolution would open the possibility to analyze and char-
acterize even smaller crystals in the range of a few micrometers. Remeasurements
of the methylxanthines with this technique would be worthwhile. Since the ATR
device needs to be in contact with the sample, a new sublimation cell with a sealed
opening for the ATR crystal would need to be constructed. In order to investigate
less volatile substances higher sublimation temperatures need to be applied. A heat-
ing plate which can achieve higher temperatures would be needed.

During the course of the studies conducted for this dissertation, a macro jet setup
for the imaging of jet expansions was newly constructed and tested. The jet-images
will provide information of the spatial distribution of different monomer conforma-
tions and clusters within the jet expansion. This provides information of conforma-
tional preferences and conditions for adaptive aggregation which might be valuable
for the further improvement of the sublimation experiments. The project is contin-
ued by J. Zischang [217].
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A. Matlab Script: Oriented Gas
Model Spectra

% Loading data

load view_c.mat % Atom coordinates of the frozen monomer unit along the c axis
load out.mat % Atom coordinates of the relaxed monomer unit

load out_der.mat % X, y, and z components of the dipole derivative, wabenumber,
and intensity

% Rotation of view ¢ along the x-axis by 180°
Rx180=[1,0,0;0,cos(pi),-1*sin(p1);0,sin(pi),cos(pi)];
view_c1=Rx180*view_c1’;

view_cl=view_cl’;

view_c2=Rx180*view_c2’;

view_c2=view_c2’;

view_c3=Rx180*view_c3’;

view_c3=view_c3’;

view_c4=Rx180*view_c4’;

view_c4=view_c4’;

9%Mean values of coordinates
mean_end1(1,1:3)=mean(view_c1(:,1:3));
mean_end2(1,1:3)=mean(view_c2(:,1:3));
mean_end3(1,1:3)=mean(view_c3(:,1:3));
mean_end4(1,1:3)=mean(view_c4(:,1:3));
mean_anfang(1,1:3)=mean(out(:,1:3));

%Translation of mean values into the origin
for i=1:length(view_c1(:,1));
mean_end_voll1(i,1:3)=mean_end1(1,1:3);
mean_end_voll2(i,1:3)=mean_end2(1,1:3);
mean_end_voll3(i,1:3)=mean_end3(1,1:3);
mean_end_voll4(i,1:3)=mean_end4(1,1:3);
mean_anfang_voll(i,1:3)=mean_anfang(1,1:3);
end
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out_trans=out-mean_anfang_voll;

view_cl_trans=view_cl-mean_end_volll;
view_c2_trans=view_c2-mean_end_voll2;
view_c3_trans=view_c3-mean_end_voll3;
view_c4_trans=view_c4-mean_end_voll4;

mean_end_neul(1,1:3)=mean(view_c1_trans(:,1:3));
mean_end_neu2(1,1:3)=mean(view_c2_trans(:,1:3));
mean_end_neu3(1,1:3)=mean(view_c3_trans(:,1:3));
mean_end_neu4(1,1:3)=mean(view_c4_trans(:,1:3));
mean_anfang_neu(1,1:3)=mean(out_trans(:,1:3));

% Angle corresponding z-axis, molecule 1

The oriented monomer units need to be compared with the ones of the crystal
structure since the angles for the rotation are not correctly calculated in every case.
If the orientation of the relaxed monomer deviates from the one within the crystal
structure, the rotation can be manually performed.

for i=1:length(view_c1(:,1));

for j=1:length(view_c1(1,:));
amalbl1(i,1)=view_c1_trans(i,1)*out_trans(i,1)+view_c1_trans(i,2)*out_trans(i,2);
betragal(i,1)=(view_c1_trans(i,1)"\2+view_c1_trans(i,2)"2)"\(1/2);
betragb1(i,1)=(out_trans(i,1)"2+out_trans(i,2)"2)"\(1/2);
cosalphal(i,1)=amalb1(i,1)/(betragal(i,1)*betragb1(i,1));
alpha_z_volll(i,1)=acos(cosalphal(i,1));

end

end

alpha_zl=mean(alpha_z_volll);

clear mean_anfang mean_anfang_neu mean_anfang_voll
clear mean_endl mean_end_neul mean_end_volll

%]In analogy, angle corresponding z-axis, molecules 2—4

%Rotation around z-axis, molecule 1
Rzl1=[cos(alpha_z1),-1*sin(alpha_z1),0;sin(alpha_z1),cos(alpha_z1),0;0,0,1];
z_strich1=Rz1*out_trans’;

zl=z_strichl’;

derl=out_der(1:3,:);

der_z_strich1=Rzl1*derl;
der_zl=der_z_strichl’;
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clear dif_meanl dif _mean_volll

%]In analogy, rotation around z-axis, molecule 2—4

9 Angle corresponding y-axis, molecule 1

for i=1:length(view_c1(:,1));

for j=1:length(view_c1(1,:));
amalbl(i,1)=view_cl_trans(i,1)*z1(,1)+view_cl_trans(i,3)*z1(i,3);
betragal(i,1)=(view_c1_trans(i,1)"2+view_c1_trans(i,3)"2)"\(1/2);
betragb1(i,1)=(z1(1,1)"2+21(1,3)"2)"(1/2);
cosalphal(i,1)=amalb1(i,1)/(betragal(i,1)*betragb1(i,1));
alpha_y_voll1(i,1)=acos(cosalphal(i,1));

end

end

alpha_yl=mean(alpha_y_volll);

%In analogy, angle corresponding y-axis, molecules 2—4

90Rotation around y-axis, molecule 1
Ryl=[cos(alpha_y1),0,sin(alpha_y1);0,1,0;-1*sin(alpha_y1),0,cos(alpha_y1)];
y_strichl=Ry1%*z1’;

yl=y_strichl’;

der_y_strichl=Ryl*der_z1’;

der_yl=der_y_strichl’;

%In analogy, rotation around y-axis, molecule 2—4

9 Angle corresponding x-axis, molecule 1

for i=1:length(view_c1(:,1));

for j=1:length(view_c1(1,:));
amalbl1(i,1)=view_c1_trans(i,2)*y1(i,2)+view_c1_trans(i,3)*y1(i,3);
betragal(i,1)=(view_c1_trans(i,2)"\2+view_c1_trans(i,3)"2)"\(1/2);
betragb1(i,1)=(y1(i,2)"2+y1(i,3)"2)"\(1/2);
cosalphal(i,1)=amalb1(i,1)/(betragal(i,1)*betragb1(i,1));
alpha_x_voll1(i,1)=acos(cosalphal(i,1));

end

end

alpha_x1=mean(alpha_x_voll1)+0.1;
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%]In analogy, angle corresponding x-axis, molecules 2—4

%Rotation around x-axis, molecule 1
Rx1=[1,0,0;0,cos(alpha_x1),-1*sin(alpha_x1);0,sin(alpha_x1),cos(alpha_x1)];
x_strich1=Rx1*y1’;

x1=x_strichl’;

der_x_strichl=Rx1*der_y1’;

der_xl=der_ x_strichl’;

clear amalb1 betragal betragbl cosalphal
clear alpha_y_volll alpha_z_volll

%In analogy, rotation around x-axis, molecule 2—4

%New orientation, molecule 1
out_rot_cl=x1;
out_der_rot_cl=der_x1;

clear x_strichl y_strichl z_strichl der_x1 der_yl der_zl der_x_strichl
der_y_strichl der_z_strichl
clear alpha_y1 alpha_z1

%]In analogy, new orientation, molecule 2—4

%Rotation matrix for the rotation from view c to view a resp. view b
Rx90=[1,0,0;0,cos(pi/2),-1*sin(pi/2);0,sin(pi/2),cos(pi/2)];
Ry90=[cos(pi/2),0,sin(pi/2);0,1,0;-1*sin(pi/2),0,cos(pi/2)];
Rz90=[cos(pi/2),-1*sin(pi/2),0;sin(pi/2),cos(pi/2),0;0,0,1];
Rz135=[cos(3*pi/4),-1*sin(3*pi/4),0;sin(3*pi/4),cos(3*pi/4),0;0,0,1];
Rx270=[1,0,0;0,cos(pi*1.5),-1*sin(pi*1.5);0,sin(pi*1.5),cos(pi*1.5)];
Ry270=[cos(pi*1.5),0,sin(pi*1.5);0,1,0;-1*sin(pi*1.5),0,cos(pi*1.5)];
Rz270=[cos(pi*1.5),-1*sin(pi*1.5),0;sin(pi*1.5),cos(pi*1.5),0;0,0,1];

%Rotation to view a, molecule 1
al=Rz90*out_rot_c1’;
al1=Rx270%*al;
out_rot_al=all’;

der_al=Rz90*out_der_rot_cl1’;
der_al1=Rx270*der_al;
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out_der _rot_al=der_all’;

%In analogy, rotation to view a, molecule 2—4

%Rotation to view b, molecule 1
b1=Rz270*out_rot_c1’;
b11=Ry270%bl;
out_rot_bl=bl1’;

der_bl=Rz270*out_der_rot_cl’;
der_bl1=Ry270*der_bl;
out_der _rot bl=der bl1l’;

%]In analogy, rotation to view b, molecule 2—4

%]Intensity of view a

for k=1:length(out_der(1,:));
out_der_rot_a_strichl=out_der_rot_al’;
out_der_rot_a_strich2=out_der_rot_a2’;
out_der_rot_a_strich3=out_der_rot_a3’;
out_der_rot_a_strich4=out_der_rot_a4’;

der_al(1,k)=(out_der_rot_a_strich1(1,k))"2+(out_der_rot_a_strich1(2,k))"2;
der_a2(1.,k)=(out_der_rot_a_strich2(1,k))"2+(out_der_rot_a_strich2(2,k))"2;
der_a3(1.,k)=(out_der_rot_a_strich3(1,k))"2+(out_der_rot_a_strich3(2,k))"2;
der_a4(1,k)=(out_der rot_a_strich4(1,k))"2+(out_der_rot_a_strich4(2,k))"2;
der_alt(1,k)=(out_der(1,k))"2+(out_der(2,k))"2+(out_der(3.k))"2;

der_a=(der_al+der_a2+der_a3+der_a4)/4;
der_a_rel(1,k)=(der_a(1,k)/der_alt(1,k));

I_a(2,k)=out_der(5,k)*der_a_rel(1,k);
I_a(1,k)=out_der(4,k);
end

9]In analogy, intensity of view b and ¢
9Polarized intensity along y-axis of view a

for k=1:length(out_der(1,:));
out_der_rot_a_strichl=out_der_rot_al’;



A. Matlab Script: Oriented Gas Model Spectra

out_der_rot_a_strich2=out_der_rot_a2’;
out_der_rot_a_strich3=out_der_rot_a3’;
out_der_rot_a_strich4=out_der_rot_a4’;

der_a_pol01(1,k)=out_der_rot_a_strich1(2,k)"2;
der_a_pol02(1,k)=out_der_rot_a_strich2(2,k) ND:
der_a_pol03(1,k)=out_der_rot_a_strich3(2.,k) A,
der_a_pol04(1,k)=out_der_rot_a_strich4(2,k)"2;
der_alt(1,k)=(out_der(1,k))"2+(out_der(2.k))"2+(out_der(3,k))"2;

der_a_polO(1,k)=(der_a_polO1(1,k)+der_a_pol02(1,k)+der_a_pol03(1,k)+der_a_pol04(1,k))/4;
der_a_polO_rel(1,k)=(der_a_polO(1,k)/der_alt(1,k));

I_a_pol0(2,k)=out_der(5,k)*der_a_pol0_rel(1,k);
I_a_polO(1,k)=out_der(4,k);

end
%In analogy, polarized intensities along x-axis of view a as well as along y- and
x-axis of view b and ¢

%Saving results in *.dat format
dlmwrite(’a.dat’,a,”\t")
dlmwrite("a_pol0.dat’,a_pol0,"\t’)
dlmwrite("a_pol90.dat’,a_pol90,”\t")
dlmwrite("b.dat’,b,”\t")
dlmwrite("b_pol0.dat’,b_pol0,”\t")
dlmwrite("b_pol90.dat’,b_pol90,’\t")
dlmwrite(’c.dat’,c,”\t")
dlmwrite(’c_pol0.dat’,c_pol0,”\t")
dlmwrite("c_pol90.dat’,c_pol90,”\t")

VI



B. Substances

Table B.1.: Used substances, chemical formulas, CAS-numbers, suppliers, and purity.

Substance ‘ Formula CAS-No. ‘ Supplier ‘ Purity
(R)-(—)-Methyl mandelate CoH 003 20698-91-3 | Alfa Aesar 99%
(8)-(+)-Methyl mandelate CoH (03 21210-43-5 | Alfa Aesar 99%
(8)-(+)-Methyl mandelate CoH 903 21210-43-5 | ABCR 99%
(RS)-(x)-Methyl mandelate CoH (O3 4358-87-6 | Fluka >98.0%
(R)-(—)-Mandelic acid CgHgO3 611-71-2 Alfa Aesar 98%
(8)-(+)-Mandelic acid CsHgOs 17199-29-0 | ABCR 99%
(8)-(—)-Methyl lactate C4HgOs 27871-49-4 | Aldrich 98%
Methanol-d3 CD;OH 1849-29-2 | Euriso-top HDO+D20
<0.1%
Sulfuric acid H,SOy4 7664-93-9 Fisher Scientific 48%
Diethyl ether C4H;¢0O 60-29-7 Sigma-Aldrich >99.0%
Potassium carbonate K>CO; 584-08-7 Griissing 99.5%
Sodium chloride NaCl 7647-14-5 | AnalaR Normapur | 99.99%
Sodium sulfate Na;SOq4 7757-82-6 | ABCR 99%
Water H,0 7732-18-5 | Carl Roth p.a.
Deuterium oxide D,0O 7789-20-0 | Euriso-top 99.9%
(R)-(—)-Methyl mandelate CoH (O3 20698-91-3 | Alfa Aesar 99%
(RS)-(£)-Methyl mandelate CoH 903 4358-87-6 | Fluka >98.0%
(R)-Alanine ethyl ester CsH;{NO;-HCI | 1115-59-9 | Aldrich 99%
hydrochloride
(RS)-(£)-Menthol C1oH00 89-78-1 Aldrich >99.0%
Ethyl acetamidoacetate CeH{1NO3 1906-82-7 | Aldrich 98%
(RS)-(+£)-1-Indanol CoH; 0O 6351-10-6 | Fluka >98.0%
(RS)-(%)-Alanine ethyl ester CsH;NO,-HCI | 617-27-6 Acros Organics 99%
hydrochloride
(18,2R)-(+)-Norephedrine CoH3NO 37577-28-9 | Aldrich 98%
(1R,25)-(—)-Norephedrine CoH3NO 492-41-1 Aldrich 99%
(1R,2R)-(—)-Pseudo- CoH3NO 37577-07-4 | Aldrich >98.0%
norephedrine
(1R,25)-(—)-Ephedrine CioH5NO 299-42-3 Aldrich >98.0%
(18,25)-(+)-Pseudoephedrine | C;oH;5NO 90-82-4 Aldrich >96.0%
(1R,2R)-(—)-Pseudoephedrine | C;oHsNO 321-97-1 Aldrich >96.0%

VII



B. Substances

Table B.1.: Continuation

Substance ‘ Formula ‘ CAS-No. ‘ Supplier ‘ Purity
Deuterium oxide | D0 | 7789-20-0 | Aldrich | 99.9%
Water H,O 7732-18-5 | Fluka Chemika puriss. p.a.
Water H,O 7732-18-5 Carl Roth p.a.
Deuterium oxide D,0O 7789-20-0 | Cambridge 99.9%
Isotope Lab.
Deuterium oxide D,0 7789-20-0 | Euriso-top 99.9%
Methanol CH40O 67-56-1 Acros Organics >99.5%
Methanol-d1 CH;OD 1455-13-6 | Cambridge 99%
Isotope Lab.
Ethanol C,HgO 64-17-5 Merck-Suchardt >99.5%
Ethanol C,HgO 64-17-5 Carl Roth >99.8% p.a.
Ethanol-d1 C,H50D 1624-36-8 | Aldrich 99%
Helium He 7400-59-7 | Air Liquid 99.996%
Argon Ar 7440-37-1 | Air Liquid 99.998%
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C. Matlab Script: Mass Spectrometry

dateien=dir(’ *.txt")
anz_dateien=length(dateien)

% Number of columns: time + two times number of fragments of interest

resultate=zeros(anz_dateien,9)

9% Column 1:

for i=1:anz_dateien

% Time in minutes (here: 5)
time_dat=(i-1)*5
daten=dlmread(dateien(i).name,’,’,20,0);
data=zeros(length(daten),2);
data(:,1)=daten(:,1);
data(:,2)=daten(:,2);

% Search of maximum intensity in a specified range
window_size=10;

% Interval to be searched (here: 10)
peak_pos1s=499; % here: m/z=51
peak_posle=peak_posls+window_size;
peak_pos2s=779; % here: m/z=79
peak_pos2e=peak_pos2s+window_size;
peak_pos3s=1060; % here: m/z=107
peak_pos3e=peak_pos3s+window_size;

9% Writing data in matrix

% 1. Column: time

resultate(i,1)=time_dat;

% Fragment 1

% 2. Column: intensity of fragment 1
[resultate(i,2),index_data]=max(data(peak_posls:peak_posle,2));
% 3. Column: m/z of fragment 1
resultate(i,3)=data(peak_pos1s+index_data-1,1);

9% Fragment 2

% 4. Column: intensity of fragment 2
[resultate(i,4),index_data]=max(data(peak_pos2s:peak_pos2e,2));
% 5. Column: m/z of fragment 2

IX



C. Matlab Script: Mass Spectrometry

resultate(1,5)=data(peak_pos2s+index_data-1,1);

% Fragment 3

% 6. Column: intensity of fragment 3
[resultate(i,6),index_data]=max(data(peak_pos3s:peak_pos3e,2));
% 7. Column: m/z of fragment 3
resultate(i,7)=data(peak_pos3s+index_data-1,1);

% Saving of matrix

save ‘resultate.erg’ resultate -ASCII -DOUBLE
save ‘resultate.mat’ resultate -MAT

end



D. Jet Parameters and Experimental
Conditions

D.1. Filet-Jet Parameters

Table D.1.: Parameters of the FTIR-jet for the mixed alcohol-water systems.
Optic-Parameters \ ‘

Source Setting Tungsten
Beamsplitter CaF,
Detector InSb 2 mm
Channel X1
Aperture 3.5 mm
Opt. filter setting 40002860 cm™!
Scanner velocity 80kHz
Stabilization delay 2s

Delay before measurement | Os

Gain on

Signal enhancement auto
Reference enhancement auto
Resolution 2.0cm™!
Acquisition-Parameters

Wanted high frequency limit | 15800 cm™'
Wanted low frequency limit | Ocm™!

Acquisition mode
Correlation mode
Low pass filter
High pass filter

Single-Sided Fast-Return

FT-Parameters

Frequency limits 15800-0cm™!
Phase correction mode Mertz

Phase resolution 16cm™!

Zero filling factor 4

Apodization function

Norton-Beer-Medium

XI



D. Jet Parameters and Experimental Conditions

Table D.2.: Experimental FTIR-jet conditions for the mixed methanol-water and for
the mixed ethanol-water system. ¥ denotes the saturator temperature.
Also given are the opening times of the mixing valves.

’ \ methanol-water \ ethanol-water ‘

1Y (alcohol)/°C -15 -10
timeopen (alcohol)/s 0.1 0.4
timegjosed(alcohol)/s 4.08 2.4
¥ (water)/°C +5 +5
time,pen (Water)/s 0.92 1.04
timejoseq (Water)/s 1.88 1.8
timegpen (helium)/s 3.32 2.72
timegjpseq (helium)/s 0.1 0.1
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D.2. Raman-Jet Parameters

D.2. Raman-Jet Parameters

Table D.3.: Experimental Raman-jet conditions for the mixed methanol-water

system.

] \ overview \ dimer region | trimer region
Roots pumps 500m>-h~! 500m3-h~! 500m3-h~!
Roots pumps 250m3-h~! 250m*-h~! 250m*-h~!
Rotary vane pumps 100 m3-h~! 100 m3-h~! 100 m3-h~!
Dimension of vacuum 60 x 60 x 40 60 x 60 x 40 60 x 60 x 40
chamber/cm? (square footprint) | (square footprint) (square footprint)
Nozzle distance/mm 1 3 3
Objective Nikon Nikkor Nikon Nikkor Nikon Nikkor

(2=50 mm, (2=50 mm, (2=50 mm,
/1.2) /1.2) /1.2)
Monochromator slit width/um 75 75 75
Focussing lens Linos Linos Linos
ARB2 ARB2 ARB2
(2=22.4mm, {/7) | (@=22.4mm, f/7) (2=22.4mm, f/7)
Monochromator McPherson 2051 | McPherson 2051 McPherson 2051
(f=1000 mm, (f=1000 mm, (f=1000 mm,
/8.7, 1200 /8.7, 1200 /8.7, 1200
gr/mm grating) gr/mm grating) gr/mm grating)

1:0 | 3:1 | 1:1 | 0:1
¥ (methanol)/°C =25 -28 28 | =25 | 28 -
timegpen (methanol)/s 0.48 2
timejosed (Methanol)/s 1.76 3
Y (water)/°C +1 +9.5 - +1 | +7.5 | +3
time,pen (Water)/s 2.28 5
timegjosed(Water)/s 0.1 0.1
Number of scans 6 6 6 6 6 6
Scan duration/s 200 300 300 | 300 | 300 | 300
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D. Jet Parameters and Experimental Conditions

Table D.4.: Experimental Raman-jet conditions for the mixed deuterated methanol-
deuterium oxide system.

Roots pumps 500m3-h~!
Roots pumps 250m3-h~!
Rotary vane pumps 100m3-h~!
Dimension of vacuum 60 x 60 x 40
chamber/cm? (square footprint)
Nozzle distance/mm 3
Objective Nikon Nikkor
(2=50 mm,
/1.2)
Monochromator slit width/um 75
Focussing lens Linos
ARB2
(@=22.4mm, {/7)
Monochromator McPherson 2051
(f=1000 mm,
/8.7, 1200
gr/mm grating)
1:0 | 3:1 1:1 | 0:1
1 (deuterated methanol)/°C 28 | 28 | 25| -
time,pen (deuterated methanol)/s 1.0
timejoseqd (deuterated methanol)/s 1.5
Y (deuterium oxide)/°C — | +75 | +1 | +1
time,pen (deuterium oxide)/s 2.5
timegjpsed(deuterium oxide)/s 0.1
Number of scans 6
Scan duration/s 300
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D.2. Raman-Jet Parameters

Table D.5.: Experimental Raman-jet conditions for the mixed ethanol-water system.

’ ‘ overview ‘ dimer region | trimer region
Roots pumps 250m>-hT 250m>-h7T 250m>-h7T
Rotary vane pumps 100m3-h~! 100 m3-h~! 100m3-h~!
Dimension of vacuum 22x14x 14 60 x 60 x 40 60 x 60 x 40
chamber/cm? (cylindrical) (square footprint) (square footprint)
Nozzle distance/mm 1 3 2
Objective Edmund Optics Nikon Nikkor Nikon Nikkor
E32-886 (=50 mm, (=50 mm,
(2=50mm, f/3) /1.2) /1.2)
Monochromator slit width/um 75 75 100
Focussing lens Edmund Optics Edmund Optics Newport
L45-354 L45-354 PACO87AR.14
(=50 mm, f/7) (=50 mm, f/7) (@=51 mm, f/4)
Monochromator McPherson 2051 | McPherson 2051 McPherson 205f
(f=1000 mm, (f=1000 mm, (f=500 mm,
/8.7, 1200 /8.7, 1200 /3.2, 1800
gr/mm grating) gr/mm grating) gr/mm grating)
1:0 | 5:1 | 2:1 | 1:1 | 1:3 | O:1
U (ethanol)/°C -8 -8 -10 | -8 | -10 | =21 | 24 | -
V¥ (water)/°C +9 +9 - -4 | +2 | 46 | +7 | 43
Number of scans 5 6 6 6 6 12 | 12 6
Scan duration/s 600 600 600 | 600 | 600 | 300 | 300 | 600
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D. Jet Parameters and Experimental Conditions

Table D.6.: Experimental Raman-jet conditions for the mixed deuterated ethanol-
deuterium oxide system.

XVI

Roots pumps 500m3-h~!
Roots pumps 250m*-h~!
Rotary vane pumps 100 m3-h~!
Dimension of vacuum 60 x 60 x 40
chamber/cm? (square footprint)
Nozzle distance/mm 2
Objective Nikon Nikkor
(2=50 mm,
/1.2)
Monochromator slit width/um 75
Focussing lens Linos
ARB2

(2=22.4mm, f/7)

Monochromator McPherson 2051
(f=1000 mm,
/8.7, 1200

gr/mm grating)

¥ (deuterated ethanol)/°C -8

¥ (deuterium oxide)/°C +9

Number of scans 4

Scan duration/s 300




E. Quantum Chemical Predictions of
the Mixed Alcohol-Water Clusters

Table E.1.: Differences between the experimental Vyw(exp) and the calculated har-
monic wavenumber @y (th) in cm™! for the water and the deuterated
water dimer on different levels. For the larger basis sets, the difference
approaches twice the expected O-H oscillator anharmonic constant, as

it should.
| Vww(exp)-Oyy(th) | B3-S | MP2-S | MP2-M | MP2-L |
(H,0), 48 [ 152 -138[ ~-161
(D,0), 5| -76 71 88
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E. Quantum Chemical Predictions of the Mixed Alcohol-Water Clusters

Table E.2.: Shifted MP2-S/MP2-M average of predicted Raman and IR wavenum-

bers V in cm ™!

as well as relative Raman and IR intensities (crr’el in

1073%.m?.sr~! and I, in km-mol~!, respectively) for pure and mixed
dimers and trimers in the methanol-water system. A methanol mole
fraction of x;,=0.75 for the Raman and of x,,=0.50 for the IR case is

assumed. For the scaling procedure, see Chapter 4.

Raman IR

Cluster % \ Ol \% \ L
WW 3602 913602 | 66
wm 3563 | 28 | 3563 82
mw 3615 | 25| 3615 | 94
mm 3577 | 79 | 3577 | 110
WWW 3478 2

3529 15

3540 13
mww 3445 | 16 | 3445 18

3519 | 39

3543 | 42
mmw 3436 | 49 | 3436 17

3505 | 49

3539 | 50
mmm 3438 | 56

3492 | 22

3513 | 20

Table E.3.: Shifted MP2-S/MP2-M average of predicted Raman wavenumbers V in

—1
cm rel

as well as relative intensities o’ in 10736-m?-sr~! for pure and

mixed dimers and trimers in the deuterated methanol-deuterium oxide
system. A deuterated methanol mole fraction of x,=0.75 is assumed.

For the scaling procedure, see Chapter 4.
Cluster ‘ % ‘ Ory ‘
WW 2632 6
wm 2607 | 24
mw 2663 | 27
mm 2637 | 12
WWW 2549 2
mww 2529 | 15
mmw 2524 | 41
mmm 2539 | 50
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Table E.4.: Shifted MP2-S/MP2-M average of predicted Raman and IR wavenum-

bers ¥V in cm™!

as well as relative Raman and IR intensities (0, in

10736.m?.sr~! and I¢; in km-mol~!, respectively) for pure and mixed
dimers and trimers in the ethanol-water system. An ethanol mole frac-
tion of x.=0.50 for the Raman and of x,=0.67 for the IR case is assumed.
For the scaling procedure, see Chapter 4.

Raman IR

Cluster \% ‘ ol 1% ‘ Lel
WW 3602 | 36 | 3602 | 29
Weg 3544 | 36 | 3544 | 70
we; 3551 | 34 | 3551 72
Weg 3557 | 42 | 3557 82
ew 3601 | 45 | 3601 89
€gW 3599 | 33| 3599 | 73
€g1€or | 3542 | 32| 3542 | 169
WWW 3478 8

3529 4

3540 4
eww 3428 | 22 | 3428 15

3516 | 21

3530 | 24
eew 3417 | 27 | 3417 10

3473 | 75

3524 | 54
eee 3413 11

3469 | 56

3478 | 57
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E. Quantum Chemical Predictions of the Mixed Alcohol-Water Clusters

Table E.5.: Electronic energies without (E,) and with zero point energy correction (Ep)

XX

in E}, for water, deuterium oxide, methanol, deuterated methanol, and ethanol
monomers. Also, calculated wavenumbers (@(th)) in cm ~!, scattering activ-
ities (ARaman) 1N At scattering cross sections (0”) in 1073¢.m2.sr~ !, and
IR intensities (Jir) in km-mol~! of the symmetric (sym) and asymmetric (asymn)

O-H stretching vibration on different levels are listed.

Conformer E, Ey o(th) Araman 0O IR
B3-S

Wym -76.443809 -76.422595 3763 87 86 0
Wasym 3881 43 43 32
Wdeut,sym -76.428368 2709 45 76 1
Wdeut asym 2847 23 36 21
m -115.753876 -115.702703 3789 80 79 13
Meur -115.705938 2759 46 75 11
e -155.081600 -155.001820 3787 117 114 11
€g -155.081326 -155.001474 3772 76 75 9
MP2-S

Wsym -76.244710 -76.223080 3827 83 79 3
Wasym 3971 37 33 50
Wdeut,sym -76.228965 2755 43 70 3
Weut asym 2913 20 30 31
m -115.407363 -115.355145 3850 70 66 22
Myeur -115.358426 2803 39 62 17
e -154.592998 -154.511924 3833 99 95 20
€g -154.592769 -154.511308 3824 66 63 16
MP2-M

Wym -76.2900916 -76.268685 3833 82 79 12
Wasym 3960 33 30 72
Waeut.sym 76274512 2763 43 70 8
Wdeut asym 2901 17 26 43
m -115.469427 -115.417405 3864 66 62 40
Mgy -115.420687 2813 38 60 28
e -154.676546 -154.595686 3851 95 91 38
€g -154.676137 -154.595188 3839 64 62 30
MP2-L

Wym -76.3184531 -76.296870 3861 84 79 10
Wasym 3989 26 23 76
Wdeut sym -76.302746 2783 44 71 7
Weeut asym 2923 14 21 45
m -115.5139438 -115.461857 3899 65 60 41
Moy -115.465151 2839 37 59 28
e -154.7373550 -154.656377 3884 64 88 39
€g -154.7370287 -154.656022 3874 65 60 32




Table E.6.: Dissociation energies without (D,) and with zero point energy correction (Dg)

in kJ-mol~! for pure and mixed methanol-water dimers.
wavenumbers (@(th)) in cm
tering cross sections (¢”) in 1073¢.m

-1

Also, calculated
, scattering activities (Araman) 1N A%l scat-
st !, and IR intensities (fr) in km-mol !

of the donor (D) and acceptor (A) symmetric (sym) and asymmetric (asym) O-H
stretching vibration on different levels are listed. The S basis set does not predict
the correct order.

Conformer D, Dy  Vibration (th) Apgman O IR
B3-S
WW 30.97 1993 Dy, 3650 163 170 301
Agym 3779 82 81 6
Dagym 3849 57 54 64
Aggym 3889 36 34 60
wm 29.64 2043 Dgyp 3624 183 194 376
A 3801 70 68 26
Dsym 3846 58 55 65
mw 29.70 2139 D 3669 167 173 374
Agym 3780 88 86 4
Ausym 3890 38 36 61
mm 28.00 21.71 D 3643 190 199 451
A 3803 71 69 26
MP2-S
WW 32771 21.69 Dy 3754 141 141 238
Agym 3835 78 74 6
Dasym 3939 47 43 105
Agsym 3969 32 29 80
wm 32773 23.38 Dy, 3722 151 153 304
A 3855 64 61 35
Dasym 3932 48 44 103
mw 33.00 2441 D 3765 130 129 345
Agym 3835 84 80 3
Assym 3970 33 30 81
mm 3297 2635 D 3732 139 140 404
A 3856 68 65 34
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E. Quantum Chemical Predictions of the Mixed Alcohol-Water Clusters

XXII

Table E.6.: continuation

Conformer D, Dy  Vibration @(th) Apgman O  Ir
MP2-M
WW 2439 15.06 Dy 3740 149 149 287
Agym 3824 66 63 17
Dasym 3927 44 41 113
Assym 3944 28 26 98
wm 26.48 18.14 Dy 3695 146 149 351
A 3852 58 55 53
Dasym 3920 46 43 110
mw 2456 1733 D 3754 142 142 404
Agym 3823 69 67 9
Agsym 3944 29 27 99
mm 26.80 21.20 D 3711 140 142 477
A 3854 63 60 50
MP2-L
WW 2224 13.09 Dy 3763 148 147 297
Agym 3849 65 62 15
Dasym 3957 39 36 120
Assym 3973 23 21 99
wm 2537 17.26 Dy 3721 145 147 374
A 3887 57 53 54
Dasym 3952 43 39 116
mw 2244 1554 D 3778 144 142 424
Agym 3848 68 65 9
Agsym 3973 24 22 99
mm 2582 2032 D 3735 141 142 503
A 3888 61 57 52




Table E.7.: Dissociation energies with zero point energy correction (D) in kJ-mol~! for
pure and mixed deuterated methanol-deuterium oxide dimers. Also, calculated
wavenumbers (@(th)) in cm -1 scattering activities (ARaman) in A*u!, scatter-

ing cross sections (0”) in 10-36.

m--Sr—

! and IR intensities (/ir) in km-mol~'

of the donor (D) and acceptor (A) symmetric (sym) and asymmetric (asym) O-D
stretching vibration on different levels are listed. The S basis set does not predict
the correct order.

Conformer Dy  Vibration ®(th) Agrsman 0 IR
B3-S
WW 22.69 Dy 2637 86 150 143
Agm 2721 43 72 5
Dyym 2814 28 45 59
Aggym 2853 19 29 36
wm 22.41  Dgym 2621 92 164 183
A 2768 39 64 19
Dsym 2810 29 46 63
mw 2323 D 2671 97 167 216
Agym 2721 44 74 3
Aasym 2854 20 31 36
mm 22775 D 2653 103 179 262
A 2769 40 66 19
MP2-S
WW 24.42  Dyyp, 2708 73 123 112
Agym 2761 41 68 6
Dygym 2884 24 37 80
Agsym 2912 17 25 48
wm 25.45 Dgyp 2687 76 130 144
A 2807 36 58 24
Dasym 2877 37 24 84
mw 26.34 D 2741 81 134 201
Agym 2761 37 60 1
Aggm 2913 17 26 48
mm 2752 D 2718 76 127 233
A 2808 38 61 23
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E. Quantum Chemical Predictions of the Mixed Alcohol-Water Clusters

Table E.7.: continuation

Conformer Dy  Vibration ®(th) Araman O IR
MP2-M
WW 17.37  Dgym 2703 79 134 136
Agym 2756 34 56 12
Dasym 2871 22 34 85
Assym 2890 15 22 57
wm 19.97  Dgym 2673 75 128 167
A 2804 33 53 34
Dasym 2864 2 34 87
mw 1894 D 2733 92 153 231
Ay 2757 %5 42 s
Assym 2890 15 23 57
mm 22.14 D 2703 76 129 270
A 2806 36 57 33
MP2-L
WW 1536  Dgym 2720 79 133 140
Agym 2774 33 54 11
Dasym 2893 19 29 89
Agsym 2911 12 18 57
wm 19.06  Dyyp 2692 74 127 178
A 2830 33 52 35
Dasym 2887 20 31 91
mw 1708 D 2750 241 396 241
Agym 2775 24 40 6
Agym 2911 13 19 56
mm 21.26 D 2721 77 130 286
A 2831 35 55 33
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Table E.8.: Dissociation energies without (D,) and with zero point energy correction (Dg)
in kJ-mol~! for pure and mixed methanol-water trimers. Also, calculated
wavenumbers (@(th)) in cm !, scattering activities (Araman) 1N A4~u_1, scat-
tering cross sections (6”) in 1073¢.m?.sr~!, and IR intensities (/jr) in km-mol !
of the O-H stretching vibration on different levels are listed. The S basis set
does not predict the correct order.

Conformer D, Dy o(th)  Araman o Ir
B3-S
WaWaWy, 90.41 63.54 3503 257 288 29
3554 38 42 556
3571 42 45 488
3859 70 66 54
3864 65 o6l 61
3866 73 69 53
m,WyWg 87.69 64.43 3494 256 288 171
3557 78 85 513
3579 42 46 525
3864 75 71 61
3866 81 76 53
mywWyw, 87.96 64.57 3493 265 298 131
3547 52 56 568
3583 59 64 516
3857 74 70 59
3864 72 68 55
mymyw, 84.86 64.84 3501 265 297 144
3561 96 104 530
3575 59 64 666
3858 81 76 58
mym,wy 84.56 65.02 3510 311 347 26
3552 58 64 747
3576 57 61 572
3863 717 73 58
mymg,m,, 81.56 65.37 3515 312 347 43
3560 83 90 733
3570 73 79 704
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E. Quantum Chemical Predictions of the Mixed Alcohol-Water Clusters

Table E.8.: continuation

Conformer D, Dy  o(th) Argman 0 IR
MP2-S
WaW Wy, 9390 67.82 3636 249 262 20
3680 27 28 433
3692 30 30 377
3935 65 59 67
3939 50 45 96
3943 56 51 101
m, W W, 93.33 70.09 3613 226 240 157
3672 73 75 412
3692 28 28 409
3933 63 58 84
3939 66 60 93
mgWwaw, 9343 70.42 3608 225 240 171
3669 65 67 385
3694 34 35 424
3929 61 56 87
3941 60 55 93
mymygw, 92.68 72.75 3604 206 220 208
3677 99 102 344
3690 38 38 545
3927 65 59 86
my;m, Wy 9196 72.66 3612 257 273 89
3652 55 57 594
3686 41 42 461
3935 68 62 89
mymgm,, 91.09 75.08 3606 229 244 150
3650 72 75 626
3683 68 70 500
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Table E.8.: continuation

Conformer D, Dy  o(th) Araman 0 Ir
MP2-M
WiW Wy, 73.78 50.18 3609 258 275 15
3667 29 30 499
3678 29 30 450
3911 46 43 117
3915 4 41 131
3916 67 62 70
m, W Wy 75.04 54.57 3568 219 238 235
3655 84 87 429
3683 28 29 484
3911 57 53 110
3915 64 59 101
mgWaw, 75.04 54.33 3569 228 247 205
3648 65 68 462
3683 38 39 492
3907 54 50 113
3915 57 53 99
mymygw, 76.18 58.76 3558 239 261 147
3624 68 72 702
3677 47 49 516
3909 61 57 104
mym, Wy 7573 58.59 3567 264 287 90
3622 49 52 757
3673 45 47 519
3912 64 59 101
mymym,, 77.06 63.03 3559 266 290 24
3623 59 62 773
3632 52 55 779
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E. Quantum Chemical Predictions of the Mixed Alcohol-Water Clusters

Table E.8.: continuation

Conformer D, Dy  o(th) Araman O Ir
MP2-L
WaW Wy, 69.08 46.16 3621 254 269 11
3685 28 29 518
3694 28 28 475
3939 4 40 120
3943 36 33 140
3944 70 64 71
m, W W, 7174 51.64 3584 220 237 213
3671 76 79 470
3701 30 30 521
3941 50 45 121
3943 66 60 98
mgWwaw, 7170 51.39 3585 229 246 183
3665 59 61 504
3702 38 39 526
3937 50 46 119
3943 56 51 101
mymygw, 7436 56.96 3574 242 262 122
3640 60 63 771
3697 47 48 541
3940 59 53 108
mym,wy 74.08 56.83 3582 260 281 78
3641 47 49 796
3691 45 46 557
3941 60 55 104
mymym,, 76.77 62.37 3573 265 287 16
3641 56 58 853
3650 51 54 787
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Table E.9.: Dissociation energies with zero point energy correction (D) in kJ-mol~! for
pure and mixed deuterated methanol-deuterium oxide trimers. Also, calculated
wavenumbers (@(th)) in cm -1 scattering activities (ARaman) in A4~u_1, scatter-
ing cross sections (¢”) in 10736-m?.sr~!, and IR intensities (/ir) in km-mol~! of
the O-D stretching vibration on different levels are listed. The B3-S level does
not predict the correct order.

Conformer Dy o(th)  Araman o Ir
B3-S
WaWaWy, 70.00 2541 146 271 13
2576 20 36 275
2586 21 38 243
2816 31 49 51
2822 31 50 55
2822 33 53 48
m,WyW, 69.50 2535 132 246 101
2579 45 81 243
2602 28 51 292
2819 36 57 57
2821 37 58 50
mywW,w, 69.71 2534 139 258 78
2570 29 52 286
2609 38 67 274
2814 34 54 57
2821 34 54 50
mymyw, 68.76 2541 127 236 114
2593 69 125 244
2604 30 54 381
2815 38 60 56
mym,wy 68.82 2552 157 290 24
2581 41 74 401
2604 31 56 321
2819 37 59 55
mymgm,, 67.92 2564 164 300 43
2594 49 89 396
2601 37 66 415
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E. Quantum Chemical Predictions of the Mixed Alcohol-Water Clusters

Table E.9.: continuation

Conformer Dy o(th)  Araman o Ir
MP2-S
WaW Wy, 74.02 2631 142 250 8
2661 13 22 208
2668 14 25 182
2876 29 45 52
2879 22 34 68
2881 26 40 96
m, W W, 75.49 2618 116 206 91
2661 4 76 176
2683 19 32 236
2874 29 44 73
2880 31 47 77
myWyw, 75.28 2613 117 208 95
2655 35 61 187
2688 25 43 221
2869 28 44 75
2881 27 42 76
mymgw, 7670 2611 100 178 127
2677 65 111 161
2688 19 33 311
2868 30 47 75
mym,wy 76.50 2627 140 248 21
2652 25 44 354
2684 24 42 253
2876 32 50 76
mgmym,, 7774 2630 122 215 95
2660 38 67 352
2683 37 64 287
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Table E.9.: continuation

Conformer Dy  ®(th) Araman O IR
MP2-M
WaWaWy, 55.87 2614 145 259 7
2654 14 25 245
2661 14 25 217
2856 22 34 89
2860 24 37 99
2861 27 42 57
m, W Wy 59.06 2588 115 207 124
2650 47 82 205
2678 19 33 260
2853 28 43 88
2859 29 45 80
mgWaw, 58.92 2589 120 216 107
2643 35 62 229
2681 25 43 256
2851 26 40 91
2859 26 40 77
mgmygw, 62.18 2584 118 213 97
2637 47 82 355
2678 27 46 284
2852 29 45 84
mym, W, 61.96 2596 142 256 32
2631 25 44 426
2675 26 45 280
2855 31 48 81
my;mgm,, 65.31 2597 145 261 17
2639 31 54 428
2646 27 48 440
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E. Quantum Chemical Predictions of the Mixed Alcohol-Water Clusters

Table E.9.: continuation

Conformer Dy  ®(th) Araman O IR
MP2-L
WaW Wy, 51.68 2624 143 253 6
2668 14 25 250
2674 14 24 227
2876 20 31 92
2880 22 34 94
2881 26 39 67
m, W W, 5598 2598 113 203 122
2660 44 76 216
2693 22 37 275
2872 26 40 91
2877 28 43 81
mgWaw, 5594 2601 118 211 106
2656 34 60 240
2696 26 44 273
2873 24 37 93
2880 25 38 79
mymgw, 60.40 2597 119 213 88
2650 44 76 387
2693 28 47 299
2875 28 42 86
mym,wy 60.22 2606 139 249 31
2644 26 45 444
2688 26 45 301
2876 29 45 83
mgmym,, 64.77 2607 146 260 13
2652 30 52 474
2659 27 47 445
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Table E.10.: Dissociation energies without (D,) and with zero point energy correction (Dg)
Also, calculated wavenumbers (@(th)) in
cm ~, scattering activities (Araman) in A“-u_l, scattering cross sections (o)
in 1073¢m?-sr~!, and IR intensities (/ir) in km-mol~! of the O-H stretching
vibration on different levels are listed.

in kJ-mol~! for mzw and my.

—1

Conformer D, Dy o(th) Araman O’ IR

B3-S

m3w 147.40 119.34 3325 398 487 100
3399 38 45 1555
3425 59 68 1329
3457 131 150 372
3858 78 74 52

my 143.10 119.33 3337 429 521 0
3416 23 27 1681
3416 23 27 1681
3448 194 223 159

MP2-S

msw 161.39 132.88 3451 372 427 62
3515 16 17 1455
3535 72 80 1021
3579 89 96 421
3926 70 64 81

my 160.59 136.12 3443 381 440 0
3517 20 22 1519
3517 20 22 1519
3549 157 172 161

MP2-M

msw 134.68 109.54 3330 362 441 107
3420 19 22 1775
3452 74 85 1203
3519 8 94 564
3899 67 62 89

my 136.84 115.57 3314 367 451 0
3421 21 25 1905
3421 21 25 1905
3467 147 168 196
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E. Quantum Chemical Predictions of the Mixed Alcohol-Water Clusters

Table E.11.: Dissociation energies without (D,) and with zero point energy correction (Dg)
in kJ-mol~! of pure and mixed ethanol-water dimers for dissociation into e;
and w (values for dissociation into e, and w are given in parentheses). Also,
calculated wavenumbers ((th)) in cm ~!, scattering activities (Araman) in
A4~u_1, scattering cross sections (6”) in 1073¢.m2.sr~!, and IR intensities (/ir)
in km-mol~! of the donor (D) and acceptor (A) symmetric (sym) and asymmet-
ric (asym) O-H stretching vibration on different levels are listed. The S basis
set does not predict the correct order.

Conformer D, Dy Vibration ®(th) Agraman O IR
B3-S

WW 3098 1993 Dy 3650 163 170 301

Agym 3779 82 81 6

Doy 3849 57 54 64

Assym 3889 36 34 60

Weg 2947 2022 Dy, 3610 168 178 387

21.13) A 3784 68 67 18

Dasym 3845 65 62 60

we; 29.69  20.51 Dgyp 3616 171 182 376

A 3798 98 96 24

Dasym 3845 56 54 63

e, 2859 1998 Dy, 3618 207 220 433

(20.89) A 3783 66 65 19

Dasym 3845 59 56 68

erw 2899 21.06 D 3667 228 236 400

Agym 3780 91 89 4

Assym 3891 39 37 60

€gW 2793 1945 D 3661 171 178 341

(20.36) Ay 3780 91 90 4

Aggym 3890 39 37 60

€g1 €t 2558 1958 D 3624 188 198 430

(21.40) A 3784 71 70 18

€/€; 27.03 2105 D 3636 243 256 485

A 3799 97 95 23

€€ 2602 19.67 D 3628 183 193 421

(20.58) A 3798 92 90 22

€g_ €g_ 25.21 19.09 D 3630 221 233 470

(20.91) A 3784 64 63 18
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Table E.11.: continuation

Conformer D, Dy Vibration ®(th) Araman O IR
MP2-S

WW 32771 21.69 Dy 3754 141 141 238

Agym 3835 78 74 6

Dsym 3939 47 43 105

Asusym 3969 32 29 80

Weg 3411  23.87 Dgynm 3699 135 138 290

(2549) A 3831 61 59 25

Dasym 3926 55 51 91

we; 3437 2405 Dgyn 3711 144 146 300

A 3836 87 83 31

Dasym 3929 47 43 100

we, 31.89 2222 Dy 3716 168 170 347

(23.84) A 3831 60 58 27

Dusym 3930 49 45 108

erw 3293 2432 D 3750 171 171 369

Agym 3834 89 86 4

Agsym 3970 35 31 81

€gW 3263 2335 D 3748 126 126 306

(24.97) Ay 3831 90 86 3

Ausym 3967 35 31 80

€g1€ot 34.57 2654 D 3695 124 127 358

(29.78) A 3829 72 69 25

ee; 3532 2769 D 3704 172 175 429

A 3837 90 87 32

€g— € 3532 2736 D 3702 127 129 362

(28.98) A 3834 85 82 31

e, 3200 2471 D 3708 149 152 401

(27.95) A 3831 62 60 26
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E. Quantum Chemical Predictions of the Mixed Alcohol-Water Clusters

Table E.11.: continuation

Conformer D, Dy Vibration ®(th) Araman O IR
MP2-M

WW 2439  15.06 Dgyp, 3740 149 149 287

Agym 3824 66 63 17

Dasym 3927 4 41 113

Agym 3944 28 26 98

Weg 2822  19.67 Dy, 3680 133 137 341

(20.98) A 3831 57 55 39

Dsym 3917 56 52 104

we; 28.12  19.67 Dy, 3681 139 143 349

A 3837 81 78 48

Dasym 3917 49 46 108

Weg_ 26.04 17.86 Dy, 3688 160 164 393

(19.16) A 3829 55 53 40

Dasym 3919 49 45 115

ew 24.31 1743 D 3742 188 188 432

Agym 3823 72 69 10

Agsym 3944 30 27 98

€gW 2374 16.63 D 3740 138 138 351

Agym 3820 76 73 10

Asusym 3942 30 28 98

€g+€ot 29.12 2310 D 3678 122 126 403

A 3828 67 65 37

€€ 2944 2367 D 3685 172 176 500

A 3838 90 87 48

€q— € 2923 2332 D 3687 124 127 408

A 3837 83 79 48

€ €g 26.02 2096 D 3703 134 136 407

A 3832 63 61 39
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Table E.11.: continuation

Conformer D, Dy Vibration ®(th) Araman O IR
MP2-L

WW 2224  13.09 Dgyn 3763 148 147 297

Agym 3849 65 62 15

Dsym 3957 39 36 120

Asusym 3973 23 21 99

Weg 2738 19.02 Dy, 3705 130 133 349

(19.95) A 3863 57 54 39

Dasym 3948 53 48 109

we; 27.12  18.88 Dy 3707 137 139 364

A 3869 80 75 49

Dasym 3949 45 41 114

Weg 2522 1731 Dy, 3714 168 171 420

(18.24) A 3861 60 57 42

Dasym 3951 49 44 122

ew 22,15 1568 D 3765 190 188 454

Agym 3848 71 68 10

Agsym 3973 25 22 98

egW 22772 1517 D 3762 139 138 373

(16.10) Ay 3846 74 71 10

Ausym 3971 25 23 97

€g1€ot 3072 2322 D 3704 118 120 406

(25.09) A 3860 67 63 38

ee; 28.69 2325 D 3711 167 170 506

A 3872 67 81 49

€g— € 2883 23115 D 3712 120 122 416

25.02) A 3871 82 78 49

€ €q 2686 19.62 D 3678 133 137 412

21.48) A 3804 63 62 39

XXXVII



E. Quantum Chemical Predictions of the Mixed Alcohol-Water Clusters

Table E.12.: Dissociation energies with zero point energy correction (Dg) in kJ-mol~! for
pure and mixed deuterated ethanol-deuterium oxide dimers for dissociation
into e; and w (values for dissociation into e, and w are given in parentheses).
Also, calculated wavenumbers (@(th)) in cm -1 scattering activities (Araman)
in A4-u_1, scattering cross sections (¢”) in 1073¢.m2-sr!, and IR intensities
(Iir) in km-mol~! of the donor (D) and acceptor (A) symmetric (sym) and
asymmetric (asym) O-D stretching vibration on different levels are listed. Only
the L basis set does predict the correct order.

Conformer Dy Vibration ®(th) Agraman O IR
B3-S
WW 22.69 Dgyn 2637 86 150 143
Agym 2721 43 72 5
Dy 2814 28 45 59
Assym 2853 19 29 36
wegs 2219 Dy, 2611 87 154 188
(23.10) A 2754 41 67 13
Dasym 2809 30 48 59
we; 2249  Dyp 2616 87 155 183
A 2764 50 82 17
Dasym 2809 28 44 61
€g+€ot 2054 D 2640 103 180 247
(22.36) A 2755 43 71 13
MP2-S
WW 2442 Dy 2708 73 123 112
Ay 2761 41 68 6
Dsym 2884 24 37 80
Assym 2912 17 25 48
Weg. 26.06 Dy 2672 71 122 137
(27.50) A 2789 36 59 18
Dygym 2872 26 40 77
we; 26.28 Dy 2681 73 126 143
A 2793 45 72 22
Dasym 2874 23 36 82
epiCor 2790 D 2691 69 118 206
(30.76) A 2788 42 68 18
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Table E.12.: continuation

Conformer Dy Vibration ®(th) Araman O IR
MP2-M
WW 17.37 Dy 2703 79 134 136
Agym 2756 34 56 12
Dsym 2871 22 34 85
Asusym 2890 15 22 57
Weg 21.48  Dygym 2663 71 123 163
22.74) A 2788 35 56 26
Daym 2861 26 40 84
we; 21.50  Dyym 2664 73 126 167
A 2794 42 68 31
Dasym 2861 23 36 86
epCor 2399 D 2679 69 119 229
(26.52) A 2786 41 66 24
MP2-L
WW 15.36  Dyyp, 2720 79 133 140
Agm 2774 33 54 11
Dasym 2893 19 29 89
Aggym 2911 12 18 57
Weg 20.78  Dgym 2682 70 119 167
21.72) A 2812 35 56 26
Dsym 2883 24 37 87
we; 20.67 Dy, 2683 72 123 175
A 2817 42 66 32
Dy 2884 21 32 89
€g+€ot 2403 D 2698 68 115 231
(25.92) A 2810 41 66 25

XXXIX



E. Quantum Chemical Predictions of the Mixed Alcohol-Water Clusters

Table E.13.: Dissociation energies without (D,) and with zero point energy correction (Dy)
in kJ-mol~! for pure and mixed ethanol-water trimers (trans conformation and
equal molecules pointing in the same direction). Also, calculated wavenum-
bers (@(th)) in cm -1 scattering activities (Araman) iN Atul, scattering cross
sections (6”) in 1073%-m?-sr~!, and IR intensities (/ir) in km-mol~! of the O-H
stretching vibration on different levels are listed.

XL

Conformer D, Dy  o(th) Aruman O IR

B3-S

WWW 90.41 63.54 3503 257 288 29
3554 38 42 556
3571 42 45 488
3859 70 66 54
3864 65 61 61
3866 73 69 53

ewWwW 86.61 63.96 3489 266 300 228
3557 105 114 481
3581 56 60 553
3862 73 69 60
3866 89 84 53

eew 82.57 63.60 3498 287 323 184
3562 165 180 519
3576 79 85 737
3857 83 79 59

eee 7779 63.24 3516 424 472 54
3559 124 135 818
3571 110 120 769




Table E.13.: continuation
Conformer D, Dy  o(th) Araman 0 Ir
MP2-S
WWW 9390 67.82 3636 249 262 20
3680 27 28 433
3692 30 30 377
3935 65 59 67
3939 50 45 96
3943 56 51 101
eWwW 93.66 70.61 3599 225 241 218
3667 105 108 391
3689 27 28 396
3929 62 57 86
3939 75 68 89
eew 92.93 73.13 3593 278 298 57
3635 61 64 o6ll1
3668 56 58 484
3924 75 69 89
eee 91.79 7591 3582 334 360 18
3627 80 85 686
3635 77 81 1723
MP2-M
WWW 73.78 50.18 3609 258 275 15
3667 29 30 499
3678 29 30 450
3911 46 43 117
3915 44 41 131
3916 67 62 70
eWwW 75.59 5549 3547 209 229 324
3654 119 123 362
3682 30 31 481
3908 58 53 107
3915 71 66 102
eew 77.95 61.19 3542 255 281 125
3600 62 66 731
3669 64 67 481
3905 74 68 105
eee 79.75 67.08 3535 328 361 20
3600 72 77 824
3610 79 84 823
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E. Quantum Chemical Predictions of the Mixed Alcohol-Water Clusters

Table E.13.: continuation

Conformer D, Dy  o(th) Araman O Ir

MP2-L

WWW 69.08 46.16 3621 269 254 11
3685 29 28 518
3694 28 28 475
3939 40 44 120
3943 33 36 140
3944 64 70 71

ewWwW 72.25 52.80 3566 227 209 304
3671 114 110 402
3700 33 32 518
3939 48 53 113
3944 64 70 104

eew 76.05 59.75 3936 109
3689 497
3617 771
3557 118

XLII



F. Quantum Chemical Predictions of
the Investigated Microcrystals
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E Quantum Chemical Predictions of the Investigated Microcrystals

F.1. Methyl Mandelate

Table F.1.: Predicted harmonic wavenumbers @ in cm~! and intensities I in

km-mol~! of a methyl mandelate monomer unit relaxed from the crys-
tal structure (Mong,ystar) and the most stable methyl mandelate monomer
(Monggapie) on the B3LYP/6-311++G(3df,2p) and MP2/6-311++G(2d,p)
level. The stretching and bending vibrations are indicated as v and &
and the symmetric and asymmetric vibrations with sym and asym.

B3LYP/6-311++G(3df,2p) | MP2/6-311++G(2d,p)

Mongystal Mongaple Mongystal Mongple
Assignment (0] Il o Il o I o 1
v(O-H) 3835 36 | 3723 105 | 3818 42 | 3714 109
V(C-Haromatic,sym) | 3190 913193 6 | 3214 10 | 3194 5
V(C-Hyromatic,2) 3184 12 | 3184 17 | 3205 9| 3185 18
V(C-Haromatic,3) 3174 16 | 3173 19 | 3197 413174 19
V(C-Haromatic,4) 3164 113163 1| 3189 1] 3164 1
V(C-Hyromatic,5) 3156 3| 3155 313181 3| 3157 3
V(C-H3 asym1) 3152 12| 3159 9 | 3215 8| 3162 9
V(C-H3 asym2) 3121 17 | 3127 14 | 3183 12 | 3131 13
V(C-H3 sym) 3050 31 | 3054 28 | 3093 28 | 3057 28
v(C-Hy) 3019 24 | 3012 18 | 3066 18 | 3017 18
v(C=0) 1817 214 | 1777 243 | 1790 176 | 1767 246
V(C-Cyromatic,1) 1640 1| 1641 4 | 1634 1] 1641 4
V(C-Cyromatic,2) 1624 1| 1626 01618 1| 1626 0
V(C-Cyromatic,3) 1527 7 | 1528 9| 1518 6| 1530 10
V(C-Cyromatic,4) 1488 9 | 1488 8 | 1480 10 | 1489 8
5(C—H37a5ym1) 1501 10 | 1499 9| 1530 10 | 1495 10
S(C‘Hlasymz) 1488 9 | 1488 10 | 1521 8 | 1484 9
5(C—H3,Sym) 1476 12 | 1478 15 | 1499 7| 1473 14
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F.1. Methyl Mandelate
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Figure F.1.: Fundamental stretching (v) and bending modes (&) of a methyl
mandelate monomer along the crystallographic b axis (B3LYP/6-
311++G(3df,2p) level). The relaxed monomer was taken from the
crystal structure of enantiopure methyl mandelate (see Chapter 5) [38].
The direction of the vibrational transition dipole vectors (yellow, unit
length) as well as the displacement vectors of each mode (blue) are
indicated.
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F. Quantum Chemical Predictions of the Investigated Microcrystals
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Figure F.2.: Fundamental stretching (v) and bending modes (6) of a methyl

mandelate monomer along the crystallographic a axis (B3LYP/6-
311++G(3df,2p) level). The relaxed monomer was taken from the

crystal structure of enantiopure methyl mandelate (see Chapter 5) [38].

The direction of the vibrational transition dipole vectors (yellow, unit
length) as well as the displacement vectors of each mode (blue) are

indicated.
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E2. Mandelic Acid

F.2. Mandelic Acid

Table F.2.: Predicted harmonic wavenumbers @ in cm~ ! and intensities I in

km-mol~! of a mandelic acid monomer unit relaxed from the crystal
structure (Mongysi) on the B3LYP/6-311++G(3df,2p) (B3LYP) and
MP2/6-311++G(2d,p) (MP2) level (see Figs. F.3 and F.4). The stretch-
ing vibrations are indicated as v and the symmetric vibration with sym.

B3LYP MP2
Assignment 0) Il o Ji
V(O'H)alcoholic 3733 107 | 3730 111
V(O-H)gcidic 3757 82| 3748 99

V(C'Haromatic,sym) 3193 6 | 3217 6
V(C-Hyromatic,2) 3185 16 | 3210 9
V(C-Haromatic,3) 3175 17 | 3200 10
V(C-Haromatic 4) 3165 2 | 3191 1
V(C-Haromatic,5) 3157 2| 3182 3
v(C-Hgy) 3007 17 | 3038 12
v(C=0) 1800 316 | 1780 263
V(C'Caromatic, 1) 1641 411635 3
V(C-Cyromatic,2) 1626 0| 1621 0
V(C-Cyromatic,3) 1528 10 | 1520 8
V(C'Caromatic,4) 1487 8 | 1478 9
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Figure F.3.: Fundamental stretching (v) and bending modes (0) of mandelic acid
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along the crystallographic ¢ axis (B3LYP/6-311++G(3df,2p) level).
The relaxed monomer was taken from the crystal structure of enan-
tiopure mandelic acid [88]. The direction of the vibrational transition
dipole vectors (yellow, unit length) as well as the displacement vectors
of each mode (blue) are indicated.
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Figure F.4.: Fundamental stretching (v) and bending modes (8) of mandelic acid
along the crystallographic a axis (B3LYP/6-311++G(3df,2p) level).
The relaxed monomer was taken from the crystal structure of enan-
tiopure mandelic acid [88]. The direction of the vibrational transition
dipole vectors (yellow, unit length) as well as the displacement vectors
of each mode (blue) are indicated.
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E Quantum Chemical Predictions of the Investigated Microcrystals

F.3. Norephedrine

Table F.3.: Predicted harmonic wavenumbers @ in cm~! and intensities I in

km-mol~! of a relaxed norephedrine monomer unit taken from the crys-
tal structure [89] (Mong;ysar) and the most stable norephedrine monomer
(Mongg,pie) on the B3LYP/6-311++G(3df,2p) level. The stretching and
bending vibrations are indicated as v and 6 and the symmetric and asym-
metric vibrations with sym and asym.

Mongrystal | Monggple
Assignment 0] 1| ® Ji
v(O-H) 3831 26 | 3718 99
V(N-H)asym 3567 33582 3
V(N-H)sym 3489 113501 O
V(C'Haromatic,sym) 3199 4 | 3202 3
V(C-Haromatic,2) 3185 18 | 3183 19
V(C-Haromatic,3) 3172 23 | 3171 23
V(C-Haromatic,4) 3162 2| 3159 1
V(C'Haromaticj) 3154 413146 9
V(C-H3 s5ym1) 3104 23 | 3116 16
V(C-H3 asym2) 3089 29 | 3090 20
V(C-H3 sym) 3028 16 | 3030 26
v(C-Hy) 2978 58 | 2923 51
v(C-Hp) 2962 37 | 2972 45
S(N-H) 1661 21 | 1648 40
V(C'Caromatic,l) 1644 2 | 1644 2
V(C-Cyromatic,2) 1622 11623 O
V(C-Cyromatic,3) 1531 7] 1530 10
6(C'H37asyml) 1504 4 11504 3
6(C-H3 asym2) 1494 61496 5
V(C-Cyromatic.4) 1485 8 | 1484 10
5(O—H/C—Ha/C—HB) 1439 20 | 1427 31
0(C-H3 sym) 1415 11 | 1423 12
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Figure F.5.: Fundamental stretching (v) and bending modes (6) of norephedrine
along the crystallographic a/c plane (B3LYP/6-311++G(3df,2p) level).
The relaxed monomer was taken from the crystal structure of racemic
norephedrine [89]. The direction of the vibrational transition dipole
vectors (yellow, unit length) as well as the displacement vectors of each
mode (blue) are indicated.
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E Quantum Chemical Predictions of the Investigated Microcrystals

F.4. Pseudonorephedrine

Table F.4.: Predicted harmonic wavenumbers @ in cm~

LII

I and intensities I in

km-mol~! of a relaxed pseudonorephedrine monomer unit taken from
the crystal structure [90] (Mongysta1) and the most stable norephedrine
monomer (Monggpe) on the B3LYP/6-311++G(3df,2p) level. The
stretching and bending vibrations are indicated as v and 8 and the sym-
metric and asymmetric vibrations with sym and asym.

Mong,ystal | Monggapie

Assignment (0] Il o 1
v(O-H) 3839 30 | 3683 136
V(N-H)asym 3586 6 | 3578

V(N-H)sym 3507 2 | 3491 1
V(C‘Haromatic.,sym) 3188 10 | 3189

V(C-Haromatic,2) 3181 19 | 3182 20
V(C-Hyromatic,3) 3171 16 | 3170 21
V(C-Hgromatic,4) 3161 0] 3160 1
V(C‘Haromatic,S) 3153 51| 3151 6
V(C-H3 asym1) 3109 24 | 3100 25
V(C-H3 asym2) 3084 29 | 3077 32
V(C-H3 sym) 3027 22| 3015 16
v(C-Hy) 2996 33 | 2931 45
v(C-Hp) 2933 38 | 3032 18
O0(N-H) 1644 46 | 1649 26
V(C-Caromatic,1) 1642 1| 1644 1
V(C'Caromatic,z) 1622 0] 1624 0
V(C‘Caromatic,3) 1528 6 | 1530 6
0(C-Hz 1) 1502 3| 1501 7
0(C-Hz») 1498 5| 1493 2
V(C-Caromatic,4) 1486 8 | 1486 8
6(C-H3/C-Hg) 1415 6| 1410 5
0(0-H/C-Hq/C-Hp) | 1408 8 | 1432 66




E4. Pseudonorephedrine

\‘7:~ r-'é-\ -S..\ - \‘;‘
4 A g T
> > >
V(O H) V(N‘H)aSym V(N H)Sym V(C'Hao atic,sym)
( (
+ 4 X +
-~
i?C'Hammatic,Z) )~1/(C Haromatic,3) )T/(C—Hammﬁcyzl) V(C-Haromatic5)

“ v(C-Hy agpmi) V(C-Hs asyma) / UCHsgm) v(C-H,)
( ( ( )
N ~ -
‘\\é"* f\}\ *ﬁ‘\ :\ﬁ"ﬂ{ o
—4 %4 . -
> - - -
I/(C—Hﬁ) 6(N'H) V(C‘Ca omatic,l) U(C‘Curomatic,Z)

> BRI > ¥
>~ /
V(C ca omat 3) ~ t (S(C H3 1) 7‘)( ‘6(C—H32) )~ V(C‘CaromaticA)
» .
( (
S

14
\ §(C-Hs/C-Hs) = 6(0-H/C-H,/C-H5)

Figure F.6.: Fundamental  stretching (v) and bending modes (0) of
pseudonorephedrine along the crystallographic ¢ axis (B3LYP/6-
311++G(3df,2p) level). The relaxed monomer was taken from the
crystal structure of enantiopure pseudonorephedrine [90]. The direc-
tion of the vibrational transition dipole vectors (yellow) as well as the
displacement vectors of each mode (blue) are indicated.
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Figure F.7.: Fundamental stretching (v) and bending modes (&) of
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pseudonorephedrine along the crystallographic b axis (B3LYP/6-
3114++G(3df,2p) level). The relaxed monomer was taken from the
crystal structure of enantiopure pseudonorephedrine [90]. The direc-
tion of the vibrational transition dipole vectors (yellow) as well as the
displacement vectors of each mode (blue) are indicated.
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F.5. Ephedrine
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Table E.5.: Predicted harmonic wavenumbers @ in cm~

LVI

I and intensities I in

km-mol~! of relaxed ephedrine monomer units taken from the crys-
tal structures of ephedrine anhydrate and ephedrine hemihydrate [91]
(Mongrysta,aH and  Mongpysia i, respectively) and the most stable
ephedrine monomer (Mong,pe) on the B3LYP/6-311++G(3df,2p) level.
The stretching and bending vibrations are indicated as v and  and the
symmetric and asymmetric vibrations with sym and asym.

Moncrystal,AH MoncrystaLH Mongapie

Assignment (0] | o l| o 1
v(O-H) 3842 35| 3733 99 | 3701 106
V(N-H) 3531 5| 3498 0 | 3543 2

V(C-Haromatic.sym) | 3189 913203 3[320 3
V(C-Hyomade2) | 3182 18 | 3184 19| 3183 20
V(C-Hyomages) | 3170 18 | 3170 23 | 3170 23
V(C-Hyromatics) | 3160 003159 13159 1
V(C-Hyromatic.s) | 3148 63146 93146 9
V(C-Hj aeym1) 3102 20 | 3114 17| 3119 16
V(C-Hj agym2) 3096 32| 3108 20 | 3089 20
V(INC-Hzhymi) | 3082 33 | 3101 24 | 3098 26
V(INC-Hzamy) | 3038 44 | 3068 34 | 3061 28
V(C-H3 gym) 3034 16| 3042 13 | 3029 26
V(C-Hg/pom) | 3013 242931 68 | 2957 101
V(C-Hy/gaym) | 3002 18| 2914 43 | 2939 28

V(NC-H3 sym) 2952 92 | 2947 88 | 2952 38
V(C-Cyromatic,1) 1642 4 | 1645 5| 1644 7
V(C-Caromatic,2) 1621 0| 1623 0| 1622 0
V(C-Cyromatic,3) 1527 6 | 1530 91530 11
0(C-H3 ;/N-H) 1523 16 | 1524 21| 1523 13
0(C-H3»/N-H) 1509 11 | 1508 5| 1507 5
0(C-H33/N-H) 1503 1 | 1504 1 | 1502 6
0(C-H3 4/N-H) 1492 4 | 1498 7 | 1496 1
V(C-Caromatic,4) 1484 8 | 1483 9 | 1484 9
O6(N-H/C-H3) 1481 23 | 1489 17 | 1479 12
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Figure F.8.: Fundamental stretching (v) and bending modes (0) of ephedrine along
the crystallographic b axis (B3LYP/6-311++G(3df,2p) level). The re-
laxed monomer was taken from the crystal structure of ephedrine an-
hydrate [91]. The direction of the vibrational transition dipole vectors
(yellow) as well as the displacement vectors of each mode (blue) are
indicated.
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Figure F.9.: Fundamental stretching (v) and bending modes (0) of ephedrine along
the crystallographic b axis (B3LYP/6-311++G(3df,2p) level). The re-
laxed monomer was taken from the crystal structure of ephedrine hemi-
hydrate [91]. The direction of the vibrational transition dipole vectors
(yellow) as well as the displacement vectors of each mode (blue) are
indicated.
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F.6. Pseudoephedrine

Table F.6.: Predicted harmonic wavenumbers @ in cm~! and intensities I in

km-mol~! of a relaxed pseudoephedrine monomer unit taken from the
crystal structure [92] (Mongysta1) and the most stable pseudoephedrine
monomer (Monggpe) on the B3LYP/6-311++G(3df,2p) level. The
stretching and bending vibrations are indicated as v and § and the sym-
metric and asymmetric vibrations with sym and asym.

Moncrystal Mongapie
Assignment w | o 1
v(O-H) 3839 31 | 3661 162
v(N-H) 3539 6 | 3497 1

V(C-Haromatic,sym) | 3188 11 | 3189 7
V(C-Haromatic,2) 3181 19 | 3182 21
V(C-Haromatic,3) 3171 14 | 3170 20
v(C'Haromatic,4) 3161 0| 3159 1
V(C'Haromatic,s) 3153 5| 3150 7
V(C-Hpethyl,asym1) | 3109 28 | 3102 25
V(C-Hpethyl,asym2) | 3100 26 | 3081 29
VINC-H3 asym1) | 3091 27 | 3094 25
V(NC-H3 asym2) 3053 42| 3056 32

V(C-H3 sym) 3033 14 | 3017 11
v(C-Hy) 2993 31| 2929 45
V(NC-H3 sym) 2926 108 | 2969 81
v(C-Hp) 2897 48 | 2927 22

V(C-Cyromatic,1) 1642 2 | 1644 3
V(C'Caromatic,l) 1622 1624 0
V(C'Caromaticﬁ) 1528 5 1530 6
O0(N-H/C-H3); 1524 40 | 1520 14
0(C-H3/N-H); 1510 2 | 1509 9
8(C-H3/N-H), 1507 4| 1497 3
0(C-H3/N-H); 1491 8 | 1495 4
O0(N-H/C-H3), 1487 16 | 1487 10
V(C-Cyromatic.4) 1486 10 | 1482 15
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Figure F.10.: Fundamental stretching (v) and bending modes (6) of pseu-
doephedrine along the crystallographic ¢ axis (B3LYP/6-
311++G(3df,2p) level). The relaxed monomer was taken from

the crystal structure of enantiopure pseudoephedrine [92].

direction of the vibrational transition dipole vectors (yellow) as well

as the displacement vectors of each mode (blue) are indicated.
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Figure F.11.: Fundamental stretching (v) and bending modes (6) of pseu-
doephedrine along the crystallographic a axis (B3LYP/6-
3114++G(3df,2p) level). The relaxed monomer was taken from
the crystal structure of enantiopure pseudoephedrine [92]. The
direction of the vibrational transition dipole vectors (yellow) as well
as the displacement vectors of each mode (blue) are indicated.
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