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ABSTRACT

The molecular dynamics of a a cardioselective be&iaker with intrinsic sympathomimetic activity

- acebutolol hydrochloride, was investigated by yipg spin-lattice relaxationH nuclear
magnetic resonance (NMR) and quasielastic neutoattesing (QENS) experiments along witt,
periodic density functional theory (DFT) computago The relaxation experiments reveal th~
presence of four dynamic processes, further assigoethe methyl groups reorientations. Tt c
analyzed motions were characterized in terms of #ativation barriers and correlation times, whi
their assignment was supported by theoretical coatipms. The earlier reported crystallograph
structure reveals intriguing features in the lasge unit-cell, defined by eight molecular unitg, R
combining solid-state DFT calculations with theemmolecular interactions analysis (Hirshfel-
Surface; Reduced Density Gradient), the naturédhefstabilizing crystal forces has been reveaicu.
emphasizing the role of moderate-strength (N&H O-H--CI; N-H--Cl) and weak (C-HO)
hydrogen-bond contacts. The theoretical computatigmovide a clear support for assignment Jf
particular motions and interpretation of the expemtal data as showing a competing influence of
both internal-structure and intermolecular factorstheir activation barriers. The highest eneiy:
barriers were assigned to the acetyl-related metbigrs, the intermediate ones are due to 'n:
isopropyl part, while the most-dynamic methyl grewgre assigned to the alkyl chain. Inclusion ~
crystallographic forcesia calculations in periodic boundary conditions wasnd to be essential for

a proper understanding of both the conformatiomal dynamic properties of the system under
interest, as it could not be achieved with molecaoiadeling. Therefore, the performance of sevei..!
semi-local exchange-correlation functional appradions was critically examined, revealing a cle ar
tendency in favor of the ‘soft’ and dispersion-emted schemes for estimation of the rotatic.
barriers in pharmaceutical solids.

Keywords: 'H Spin-Lattice Relaxation; Quasi-Elastic Neutronatering; Plane-Wave DFT,

Pharmaceutical Solids; Molecular Pharmaceutics.
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INTRODUCTION

Most pharmaceuticals are manufactured, shippededtalispensed and ingested as solit's
while, it is said that the number of polymorphiecrmis known for a given compound is proportion-"
to the time and money spent in research on thaemysThe identification and differentiation of
crystal structures are of great importance in tharmaceutical industry owing to the unigu~
properties that each pharmaceutical polymorph gsgese The crystallization tendency of a give...
compound is defined both by the dynamic propemiea molecular framework as well as by tFe
presence of specific intermolecular interactior®oth factors are partially driven by temperature
making the understanding of molecular pharmaceetitt®mely challenging.

One of the most common systems found in pharma@utidustry are the hydrochloride
salts, which generally increase the solubility armehvailability of active pharmaceutical ingredigri.
(APIs). The introduction of hydrochloride signifitity affects the intermolecular interactions
framework, giving further complication of the phasiéuation for a given system. Therefore, tte
progressive exploration of crystallographic fore@sl molecular dynamics - along with their mutu !
relation - becomes an important and interestingess

Acebutolol (N-{3-Acetyl-4-[2-hydroxy-3-(isopropylamo)propoxy]phenyltbutanamide),
is a selectivd-adrenergic blocking agent, which has been wideBduprimarily in the treatment o.
hypertension. It belongs to the second generatiookbrs and is generally used for treatment v,
hypertension, angina, arrhythmia and acute myoahidfarction. This group of cardiovascular
pharmaceuticals is relatively selective fagradrenoceptors. However, the relative selectivéy be
lost at higher doses of drugs. Acebutolol alonghwother beta adrenergic blocking agents ¢ re
derivatives of aryloxy-isopropyl-aminopropanol. Anemon feature in the chemical structure is ..»
there is at least one aromatic ring attached tamea akyl chain possessing a hydroxyl and amrne
group. Each of the beta-blockers has one or moim@lcotenters in its structure. For this reasor,

acebutolol exist as S(-) and R(+)-enantiomers bostrof thep-bloking activity resides in the S(-°
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enantiomef. Acebutolol like a majority of othel-blockers is used in clinical practice as a racemat
It has been well documented that the enantiomefsanlirenergic blocking agents differ significantl ¢
not only in their pharmacodynamic activity but alsotheir pharmacokinetic profiles. The twe
enantiomers of a specific racemate interact qufterdntly with biological systems and a major pai.
of human metabolism is stereoselective.

Acebutolol is a well-known drug, being, howeveragly investigated at the molecular leve..
The commercially available racemate form, with ttagle names Monitan Prent, Rhotral, Seddtal
al., is the hydrochloride salt. AcebutoldCl is a white — or slightly off-white - crystalinsolid,
being freely soluble in water and less solubletirarol.

The hydrochloride was proved by thermal analysiBared spectroscopy, and X-ray powdr.
diffraction to exist in three crystalline forms (ffo I, 1l, and 1ll) and, additionally, in an amorpi®
form.® The equilibrium phase is denoted as Form |, wiike remaining polymorphs (Form Il and
Form 1ll) can be described as metastable pseudomojyhs, undergoing spontaneot s
transformations. The equilibrium form is unsolvatedhile the metastable pseudopolymorpi <
include a noticeable water content. The relaxatibeach metastable phase is then accompanieu v
water releas?.

The crystallographic structure of form | has beesvipusly reported by Carpi et ‘&nd will
be discussed in details further on. Since the ahytucture is defined by the presence of multipic
prominent short contacts, including the-@l attractions, it was further explored by Hildefudlaet
al®> using*>Cl solid-state NMR spectroscopy. The quoted papeshe only reports focused on the
structural properties of acebutolol hydrochlorisdhere, however the intermolecular interactioi's
were not studied in details.

The main motivation of the paper is, hence, to sheare light on the relation ¢’
intermolecular interactions with molecular dynamadsacebutolol hydrochloride. For this purpc ¢

we have employed the state-of-the-art experimeramely the second-moment of NMR line ¢..7
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spin-lattice relaxatiolH NMR over a wide temperature range along withGmesi-Elastic Neutron

Scattering (QENS) on the highly-intense neutronr@®(lLL, Grenoble). The interpretation of th.»
experimental results was supported by modern stéitt density functional theory (DFT.

calculations. The wealth of present intermolecuiéeractions, along with the competing influence
of both structural and environmental factors onrgdaxation dynamics, were thoroughly analyze~
Since there is very little information about thelcodations of reorientation barriers in larg.
molecular crystals, the performance of several lablE semi-local exchange-correlation DF I

functionals has been critically examined.

. EXPERIMENTAL AND COMPUTATIONAL DETAILS
Sample

Acebutolol hydrochloride was purchased from GedBahter Polska Sp. z oo. (Grodzis <
Mazowiecki, Poland).

Powder X-ray diffraction measurements were cargatwith an Empyrean (PANalytical)
diffractometer, using Cu & radiation (1.54 A), reflection-transmission spinfigample stage) and
P1Xcel 3D detector, operating in the Bragg—Brentgaometry. The 2 Theta scans were recorded at
room temperature (300 K) with the angles rangiognfi5 to 60 (°2Theta) with a step size of 0.013
(°2Th.), using the continuous scan mode.

Differential scanning calorimetry (DSC) experiments performed with a DSC 800(
apparatus (Perkin-Elmer, Norwalk, USA) at the heptand cooling rate of 10.0 K/min in tho
temperature range of 170 - 450 K.

'H Nuclear Magnetic Resonance Experiments

A powder sample of acebutolol hydrochloride wasgthin a glass ampoule of 8 mm inner
diameter, then degassed and sealed off under vacuum

The second moment of tHel NMR line was obtained from the continuous wave\28z

spectrometer (Ellab). The measurements were doadamperature range of 100-198K, with a - 0’
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step. The temperature of the sample was stabilizety a gas-flow cryostat with liquid nitrogen as
cooling agent and monitored by a Pt resistor witlaecuracy of 0.1 degrees.

The spin-lattice relaxation time {JTwere studied ofH NMR pulse spectrometers working &*
resonant frequencies of 58.9 MHz and 25.0 MHz (&b-0'el-atomic) using the saturation-recovery
method over the following temperature programs, elgnirom 100K up to room temperature usirz
the 58.9 MHz setup and from 30K up to room tempeeator the 25.0 MHz setup, respectively. Tt ¢
spin-lattice relaxation time in the rotating fram'epH with the magnetic fieldB8; = 18 G were
measured using the pulse spectrometer workingeauéncy 58.9 MHz ((El-Lab Tel-atomic) b
spin-locking methods over the temperature range-2800 K.

Both spectrometers were equipped with cryostatsogen with an accuracy of 0.1K (58.7
MHz) and helium-nitrogen with an accuracy of 0.0&%.0 MHz). Temperature stabilization was ser
on the level of 1 degree and 0.1 degrees, respdgctiv
Quasi-Elastic Neutron Scattering

The sample for QENS measurements was prepared dwingl 0.450 g of acebutolos
hydrochloride in an aluminium flat container (dinsen of 30.0 mm x 40.0 mm) with a thickness u.
0.25 mm (in order to get a transmission of abo@}. he empty cell and a vanadium sample witt .
thickness of 1.0 mm were also measured to obtagnirstrument background and resolutio.*
respectively.

The experiment was performed on the time-of-fligNG6 spectrometer (Institute Laue:
Langevin, Grenoble, France) working with a neutn@velength of. = 6 A and an energy resolution
of 35 peV (FWHM). This setup allows to examine the Q ramged.3 A' - 1.6 AL The angle
between the incident neutron beam and the sam@dined to 1358 The measurements were doi.2
at 300K, where the temperature was stabilized Inelaum-nitrogen cryostat with an accuracy of

0.01 degrees.
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The raw experimental data were treated with LAMPveare (Institute Laue-Langevin,
Grenoble, France) including: the subtraction ofdgagund from an empty cell, the correction wita
the detector efficiency, the normalization to thena&dium spectrum and the correction for t ~
absorption. Additionally, the detectors where Bramgaks influenced the registered spectra weic
removed from further analysis.

Computational Details

In order to analyze the structural properties oébatolol hydrochloride, the solid-stat :
formulation of density functional theory (DFT) wasployed. The periodic DFT calculations wer=
performed using two different codes, namely DM@®L7.¢"and CASTEP v. 8. Despite the large
system size, defined by eight molecules per comwealt unit cell, the computations were performe .
with high numerical precision, which is needed toperly describe the potential energy surface
(PES). Multiple generalized gradient approximatiq@GA) of the exchange-correlation (XC)
functional were used as discussed further on.

The DMOL® calculations were performed in the full-electromjsproach, using the doublc
numerical radial function basis set (DNP), whichcagmparable to the Gaussian double zeta p.. =
polarization set of functions (6-31G**), being, hewver, generally recognized as more accurate t!
the Pople’s basis set formulation. The calculatiorese performed for both, crystal and isolate «
molecule models. Electronic energy calculations gadmetry optimization were performed as tu
reach the following convergence criteria in vadatiof the total energy, maximum gradient
maximum displacement, and SCF iterations equaxb0’ Ha, 5.0x10* Ha/A, 5x10* A and 1x10
8 Ha/atom, respectively.

Alternatively, the CASTEP calculations were enyeld by using more diffused plarnc
wave/pseudopotential methodology. The norm-consgnpseudopotentials (NCPP), construc.ec
according to Rappe-Rabe-Kaxiras-Joannopoulus (RRK3dheme, were used along with the 1757

eV (77 Ry) plane-wave kinetic energy cutoff. Theneergence criteria in variation of the to'.’
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energy, maximum force, maximum displacement, and $€rations were defined as: 5x10
eV/atom, 2.5x10° eV/A, 5x10* A and 1x10 eV/atom, respectively.

In both modeling schemes, the computations werdopeed with the constrained-cel:
optimization, using delocalized internal coordisate’here the Monkhorst-Pack grid was kept
maintain thek-spacing of 0.07 A. Occasionally, the full-cell optimization was doniéh CASTEP
using dispersion-corrected DFT under atmosphegsgure conditions.

In order to support the interpretation of the NIQENS results, the methyl reorientation
profiles were calculated through the rigid scarth&fir dihedral angles, that is, without subsequer-.
relaxation of remaining internal coordinates. Tlaure of the activation barriers was underpinned
through the crystal environment analysis. For fhispose, the Hirshfeld surfd¢&® and the Non

Covalent Interactions (NC1j*° analyses were employed.

1. RESULTS AND DISCUSSION
Sample Characteristics

The structural formula of acebutolol hydrochlori@e) is given in Fig. 1. a. There are four
methyl groups in the molecular unit, denoted ag,13 and 4, respectively. The room-temperature
crystal structure of the equilibrium Form | is vadized in Fig. 1 b, according to the data repolied
Carpy et af'

The system was found to crystallize in the momaxclICy/c space group, defined by th:
following cell parameters: a = 27.552(3) A; b =96@1) A; ¢ = 29.122(4) Ap =y = 90.0; B =
99.55(1. There are eight molecules equivalent by symmietrjhe conventional unit cell. Hence.
the single molecular unit defines the asymmetrict ph the crystal structure. The dispersion-
corrected PBE-D?# cell-optimization (referring to OK) provides th@lume shrinking down to
332.44 R w.r.t. the room-temperature data, defined by tilewing cell-parameters: a = 27.004 &

b = 4.862 A; ¢ = 27.745 Ay =y = 90.0; B = 96.394. One can hence expect that there ar. 10
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conformational changes accompanying the temperatuodution, and that the crystal undergoes
only a slight thermal cell expansion.

The crystal structure of the studied sample (Forwds confirmed by the powder X-Ra
diffraction and the differential scanning calorimyeDSC) analysis. Both results stay in line witie t
PXRD and differential thermal analysis (DTA) datported by Awata et &l.

The experimental PXRD patterns are shown in Fig.aBainst the diffraction pattern:
simulated, both, from the structure reported by pgaet al’ and from the representativi
CASTEP/PBE/1050eV data. One can note that bothrehtieal patterns are undistinguishable
staying in excellent agreement with the experimesgactrum, with only minor differences reflected
in the intensity relations at the lowest anglegdrbe range of 5-

The differential scanning calorimetry (DSC) analyfirovides the second proof of tiic
presence of the unsolvated Form |. The DSC theramgeveals only a single endothermic pea
found at 419.2 K, that may be assigned to theingefirocess of form | (see Fig. 2b). The calculat :d
enthalphy of the transition equals c.a. 110.0 Oige may note that the melted Form | undergc =<
amorphization at around 325K, which, however, carbe clearly observed due to the relative.
slow cooling rate required (10K/min).

Solid-State’H NMR and QENS Study

In order to explore the molecular motions, two $fmsTopic methods were applied, namely
the proton nuclear magnetic resonandd NMR) and quasielastic neutron scattering (QENS)
measurements. These two complementary spectroseetinods allow to perform a detailed analysi.
of molecular reorientations in a wide temperatarege.

The measurements of the second moment of the NMRalnd spin-lattice relaxation time .
are shown in figure 3a and 3b, respectively. THaevaf M, decreases from 17°Go 14 G in the
temperature range of 100-140K, while at higher terafure conditions it evolves monotonice'y

(within the experimental error) from 14.6 G140K) to 13.6 & (300K).
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Only two minima of T are observed at the 25MHz spectrometer at thedmahpes T =
178.5K and 137K (1000/T = 5.6 and 1000/T = 7.3peetively, and their values are equal to 0.1." <
and 0.08 s. At the 58.9 MHz setup, the minima &ittesl toward higher temperatures (Fig. 3b). 7~
be sure that there is no additional Mminimum at higher temperature, we performed aolalgtily
measurements of;Jin the temperature range of 300 K — 200 K. No @olel minimum was found,
which confirms that the observed two minima of rElaxation are the only ones in a wice
temperature range.

The temperature independence of the measured sevomeént at higher temperatures is th<
result of an average of the second moment by naatien/motions which start below 100K (i. ~
below the lowest temperature available in our expemt). Taking into account the shape of ttc
acebutolol cation it is reasonable to assume tharoence of methyl groups’ reorientation.

On the basis of the crystallographic data and usargVleck formuld® the second moment
M, corresponding to the rigid lattice was calculateslvalue equals 23.7°@nd is much higher thar
the experimental value observed at the lowest tesype available. This confirms that the measur >~
M. is averaged by molecular reorientations and tisafrequency is greater than that corresponan._
to the line width for the rigid structure. As meamted above, the most probable ‘candidates’ ¢
reorientation are methyl groups. Therefore MonteldCsimulations of second moment NMR linex
were performed using the computer program desciitf@dThe simulations were done for 27 unir
cells with the assumption that four methyl grougs ceorient. This kind of reorientation reduces th-
value of the second moment to 14.5 @hich is in a very good agreement with the experital
value. Monotonic decreases of the second momemreodd experimentally are connected with t =
iso-propyl group oscillations and ethyl group datibns (within +20°), which, according to the
calculations reduce Mapproximately of 1 &

On the basis of measurements of We could conclude that all methyl groups reoridu,

this experiment did not allow to tell more abowithactivation energy and/or correlation time. S i"

10
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information was provided by measurements of thaxation time. The well-known BPP formula

was fitted to the temperature dependence, 0t T

i:CEE T, e | @)
Tl

1+w’r? 1+4w’r.’
where 7, =1, exr{R—_’I*_) is the correlation time (the Arrhenius relation),is a constantl, is the

activation energy, R is the gas constéhis a relaxation constant, angis the resonance frequency

As already mentioned in a wide temperature rangeettare only two minima of 1T
However, acebutolol contains four methyl groups #dretefore four relaxation processes (with the
same C constant) were fitted (Fig. 3c). They déscuery well the experimental points and thc
parameters obtained for the reorientation are suizedhin Table 1. The experimentally estimatea
activation barriers (using the 25MHz setup) are91@.2, 14.4+0.2, 11.7+0.3 and 10.6+0.1 kJ/mc'
respectively, while for 58.9 MHz spectrometer dighsly higher. It should be underlined that the
attempts to analyze the data with use of only dr 3 relaxation processes provide a significant'y
worse fit. These values are comparable with thdseimed for the reorientation of methyl groups ..
other compound® 3

The activation energies of each of the methyl gsoupnsidered are different. A deepe:
minimum reflects the reorientation of three metlgybups, while — a shallower one (at high r
temperatures) reflects only one methyl group. Bayshows the dependence of the correlation tinm ~=
as a function of inverse temperature (calculatesetdaon the data from Table 1 with an assumptior,

-\

of the Arrhenius relationship). The correlation ésnfor three methyl groups (deeper minimu=-)
converge at room temperature, while the correldtiime of the fourth group is longer, which mear-.
that its reorientation is slower.

To understand better the discussed phenomenase&él@stic neutron scattering measureme. ..

was performed on IN5 spectrometer at room tempegtau

11
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A representative spectrum (Q = 1.0)%of acebutolol hydrochloride is shown in Figurelr.
all cases the spectra were fitted with the follayviexpression (convoluted with the resolutic.n
function R(Qw)):

S(Q @) = A,(Q)a(w) + (L- A (Q))L{w) + BQ.), 2)
where: A(Q)is called the elastic incoherent structure fadt¢e) is a Lorentz function of half-width
at half-maximumlr and B(Qw) describes the linear background.The spectra Witeel using the
DAVE packag®® which enables to perform a numerical convolutioithwthe instrumental
resolution function R(@y) determined from the vanadium measurement.

A quasi-elastic broadening is clearly visible andswvell fitted using only one Lorentziar:
function. As we have four methyl groups that mayrient with different characteristic times we alsc
performed additional fits assuming more than one3(2r 4) Lorentzian function. However the f.
with a single Lorentzian line reproduces very wék quasielastic broadening observed and v=
could not improve the fitting using the additiors&t of functions. The width of the Lorentzian linec
(within the uncertainty limit) does not depend onwhich gives a strong support to the model of
jumps between three minima.

Two important parameters were extracted from thiend): the correlation time (inversely
proportional to the half-width of the Lorentz fuimet ') and A(Q), which provides information
about the geometry of motion and is directly eqadhe elastic incoherent structure factor (EISF).
means that this phenomenological fit permits uddtermine the EISF in a model independent wey
Assuming jumps of methyl groups between three aspaidce sites on a circle of radius r, the

corresponding elastic incoherent structure facaor lwe written &%:
1 .
A4(Q)= 2 2),(or V3] ©

While all atoms in the sample contribute to the EE18e contribution from the hydrogen ato o

represents more than 90% of the total scatteriagghe contribution from other atoms (nitrog

12
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carbon, oxygen, chloride) can be neglected. Furibes in the crystal structure studied here we can
assume that only the motion of the methyl groupsteie place within the time scale given by tl e
finite resolution of the spectrometer, which in ttese of our experiment in IN5 is of the order :>f
several hundred ps. Therefore the measured elasbberent structure factor (EISF) can be writte:.

as

EISF _meas=c+(1-c)(A%(Q) @)
where the parameter represents the ratio of immobile hydrogen atomer dlie total number of
protons,c = (28—3Dh)/28, 28 is the total number of hydrogen atoms inahetobutolol molecul

and n is the number of methyl groups (between 14ntiat appear as mobile in the experimen’al
time scale. The measured EISF obtained from thef tlhe QENS spectra using eqn. (2) is display. !
in Fig. 4, together with the theoretical lines esponding to eqn. (4) for n=1, 2, 3, and 4. It a@ppe

clear that the experimental points are best desdriily the model involving reorientations of thre e

methyl groups. The half-widht obtained from the fitting of the QENS spectra é¢ated to the

correlation timete by I :3h/(2rc).34 The correlation time established from QENS expentnis

displayed on Fig. 3d, which is in a very good agreet with NMR data.

NMR measurement reveled that four methyl groups dyeamically inequivalent and
characterised by different activation energiesth lower temperatures their correlation times ¢ re
quite different. With increasing temperature thereations times aproach each other and at ro->™
temperature correlation times of three of the fowathyl groups are equal. This conclusion is also
supported by QENS measurements. To understand lle&edynamically non-equivalency of t-~
methyl groups we perform a detailed analysis ofdtystal structure and intermolecular interactior:

together using solid-state DFT calculations

The Intermolecular Interactions

13
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The structural formula of acebutolol hydrochlorigieen in Fig. 1. a. shows that there are
four methyl groups in the molecular unit, denotedla2, 3 and 4, respectively. From the molecu.ar
point of view, one can expect that the acetyl-sdamethyl group (no. 2) should be distinct fror
both, alkyl (no. 1) and isopropyl (no. 3 and 4) snehich might be generally treated as neary
equivalent. Nevertheless, the presence of spedifieractions and influence of the cryste!
environment may affect the methyl groups dynamaca great extent. Indeed, the spin-lattice NV.\
relaxation experiments indicate the presence af fearientation processes with the energy barri s
of 14.9+0.2, 14.4+0.2, 11.7+0.3 and 10.6+0.1 kJ/mmdspectively. In order to assign the
dynamically non-equivalent species it is hence s&@®g/ to analyze the crystal structure in details

In order to underpin the nature of the forces $tabg the structure, the intermolecula”
interactions analysis has been employed via thehifétd surface and the reduced density graaicii
(RDG; NCI — non covalent interactions) analysessedaon the pro-molecular densities and th~
experimental crystal structure with the hydrogesifens further optimized with CASTEP at th:
standard PBE level of theof{?* The results are projected in Fig. 5.

By analyzing the figure, one can note that the tatypacking significantly affects the
molecular conformation, resulting in tigauche twisting of the terminal chains. One can assuraé t'i
the crystal stabilization through the intermolecuiarces tends to be favorable over the possil!’
straightened and planar acebutolol’'s geometrys hence clear, that the crystal packing is expecicu
to significantly affect the methyl groups’ dynamics

Fig. 5a represents the Hirshfeld surfaces plotted dalf of the molecular units. A Hirshfelu
surface represents the interaction of the electtensity of selected molecule with that of the
surrounding crystal structure. The surface is @efiat the point where contribution to the calcwde.>
electron density from the object and the surrougdshequal. The property projected here is ‘he

normalized contact distancé.¢m) from the surface to the nearest external atomtéwxdistanced)

14
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equals the van der Waals (vdW) distance; bldexceeds the vdW distance; redis less than the
vdW distance).

The crystal packing leads to the formation of loagge, moderate-strength N-D
hydrogen bonds through the H-N-C=0O fragments, wHiok the parallelly oriented acebutolol
molecules toward the crystallographieadisb. By analyzing Fig. 5a one can see intense redssp~*
around the oxygen and nitrogen atoms expressin@+thle-N hydrogen bonds. The crystallization i'.
the form of hydrochloride results in the occurrent@rominent O-H-Cl and N-H--Cl bonds, which
are also clearly manifested on the surface. Byyaia) the close contacts, one can find that meth:-
groups no. 2 and 4 are expected to have highetiaon&h barriers due to interactions with the
electron donating heavy atoms, while the methyugsono. 1 and 3 are expected to be less affec..:
as being only under the influence of weak vdW ferc&uch assumption stays in line with the abcve
mentioned experimental results.

Nevertheless, the weak, more delocalized interastare less pronounced on the Hirshfe d
surface. In order to get further insight into theature, a second visual aid has been applied. "h~.
NCI analysi$’ refers to the electron density and its derivatidesgeneral, it originates from thc
analysis of the reduced density gradient (RDGhatldw densities. Differentiation between the no i
covalent interactions is based on the analysihefsign of the second density Hessian eigenva' ¢
times the density, where the results can be preddantthe form of isosurfaces. The RDG analysis
reported here is derived from the pro-molecularstess.

Fig. 5b. expresses the presence of above quotemdsm bonds (see NHD; NH--Cl; and
OH--Cl in in Fig. 2. b.) through the localized, deepélareas. What is more, it provides a dire ot
differentiation between the weak forces. The ansalysveals the Ct+-Cl (no. 4) interactions ac
localized, light blue spots. Although the interano8 are not clearly manifested in the present &ég) .

one can expect a significant influence of the etectich chloride which may acts as a m/lt’

15
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hydrogen bonding acceptor. It is further suppoidgdthe analysis of the chloride atom distance,
found at c.a. 2.9 A, staying in line with the la&ure reports of CHCI interactions”

As indicated, the molecules are parallelly N-8& bonded in thd-axis direction. The NCI
analysis reveals that the parallel orientationugher stabilized by prominent, displaced stackiny
interactions 1t--1) between the phenyl rings, which manifest theneselas delocalized cyan area~
One can also note that methyl groups no. 2 aréoseccontact with the alkoxy-bridge oxygen frol
the neighboring molecules (GHO). Furthermore, one can note the antiparallel atcddl packing
in thec-axis direction. Such arrangement is stabilizearisyual CH:--O bonding of the neighborin~
acetyl groups, which may further raise the actorabarriers of the methyl groups no. 2. Hence, ==~
can expect that among the present rotors, the duok® groups would be the most hindered ones
that is having the greatest activation barrierse HEmtiparallel acebutolol arrangement is furtner
stabilized by the CH-1t(see CH--Ph in Fig. 5b.) interactions. Such forces also feshiin the
Hirshfeld surface as small, bright, red spots.

The remaining Ckigroups (no. 1 and 3) are not considerably infleenoy the heavy atoms.
The methyl group no. 3 is separated from the aawtyfen for about ~2.6 A (where, however, the
acetyl groups are already mutually bonded as qualede). It is interesting to note, that the NC:'
analysis reveals prominent-HH interactions between the neighboring isopropylaties, where the
CHs (no. 3) groups are in close contact (~2.1 A) whbk heighboring C-H fragments (GHCH).
Such attractive interactions seems to be promi@snaccording to the X-Ray analysis, the related T
CHs bond length is about ~0.03 A longer than for teaining rotors. Hence, one may expect tha:
the related barrier height should be the smallest 0

Finally, the methyl groups no. 1 in tlgauche alkyl chains are in close contact with tric
isopropyl ones (no. 4), as being separated frorh e#teer for c.a. ~2.5 A (see GHCH; in Fig. 5.

b.). There is no specific interactions affecting tjuoted rotors, while, however, they span intc it ¢
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alkyl-crowded crystal area and the local straind(#re repulsion interactions) may raise the related
barriers.

In summary, the crystal environment analysis suggdésat the higher energy barriers
estimated as 14.9+0.2 and 14.4+0.2 kJ/mol, can 9s#gred to the CHgroups no. 2 and 4,
respectively. The second pair of rotors, with tiaeriers of 11.7+0.3 and 10.6+0.1 kJ/mol, can =
attributed to the methyl groups denoted as 1 and 3.

Theoretical Calculations of the Activation Barriers

In fact, a proper assignment of the reorientalbiarriers derived from relaxation experiments
is usually impossible without employing theoreticallculations. However, most of the literatire
reports are typically supported by the isolatedenole models, which can lead to a serio’.;
misinterpretation of the experimental results, sitite crystal environment is hard to be ignoreu u
most cases. There is very little literature datauabcalculations of CHK barriers in molecular
crystals, and practically there is no benchmarkistiin this area. On the other hand, the predicto
of the reorientation barriers in solid-state isigigély not a trivial task as one needs to face t»e
balance of accuracy in, both, the potential enengiface (PES) definition and the description *
external forces. In order to shed more light ors throblem, we have employed periodic DF T
calculations, which, however, deserve further comise

Conceptually, the potential energy calculatedasth step can be broken down into intra- ariu
intermolecular contributions, which correspond tgions of high and low electron densitv
respectively. The latter contributions can be eslato the Coulombic and vdW contributions.
Unfortunately, probably, the most serious shortegmof DFT is associated with the dispersicn

forces description, which are generally relatedhi® long-range electron correlatioffexts, being

notoriously absent from local and semi-local densiinctionals. Moreover, the dispersion for: es
stem from dynamic correlation, which cannot be rmdi properly through modification of t'.e

exchange energy description, hence it also concexmre non-local hybrid XC functionals. T i€
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accuracy that can be reached with a pure GGA apprzastrongly limited due to a rather simple
mathematical form, depending on the electron dgpsénd its derivativelp. Nevertheless, becaus»
of the size of large molecular assemblies as welpr@sent limitations of solid-state codes, one =
usually limited to the use of semi-local, pure D&proach. There is however a chance, that due to a
crowding in the solid-state, the short-range intBoas can be partially taken into account, siree
failure asymptotic behaviour between non-polareayst in semi-local DFT occurs mainly at largi:
distances. The calculations reported here, shoa)chence, rather interpreted with a warning, a.: 2
gualitative estimation, since one cannot treatGl@A DFT as an accurate tool in calculations of th<
intermolecular interactions energy.

In the present work we have examined several G&&Aemes available. The mos.
conventional GGA approximations are known as’BPthe stand-alone PW¥1or its simplified
PBE revisiorf®?* The conventional GGA schemes were examined agaieséral alternative
formulations with more empirical motivation. The BB scheme, combining the Becke's (B8{)
exchange terfi with the Lee-Yang-Parr correlatidii?® was used along with the later propose~
BOP approach, combining an alternative correlatimetional of Tsuneda and Hirdd?and sharing
the same exchange contribution. Both functionaés larown for an adaptation of the so-callec
orbital-dependent correlation energy formula of I€oand Salvetti. Alternatively, a strongly:
parametrized GGA of Hamprecht, Cohen, Tozer anddfdhiCTH)* in its final form was used,
where 15 parameters were refined over the set o&¢6tems (HCTH/407}

Most GGA approximations can be compared in terfngaroanalytic function known as the
exchange energy enhancement fackg(s)) that, in principle, is a measure of its nooalty. The
exchange energy shows a simple trend in the irtteraof two separate species, that is, it increa.: 2
with the distance, up to some critical point, whérestarts decreasing. At large separation, it
continues to decrease. Generally, there is a bgndirshort separations, whereas at large dista .c -.,

there is mainly repulsion. In the ‘Functional ZO@hie conventional PBE scheme is considere + =
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the standard one in calculations of solids as algeynany of the exact theoretical conditions and
devoid any fitting parameterBy treating PBE as a reference, we have examisesbitcalled ‘soft’
and ‘hard’ formulations, namely PBE for solids (R®B** and revised PBE (rPBE§.The former
one has the exchange enhancement factor that s&xeaore slowly with the reduced density
gradients than PBE. In the opposite, in ‘hard’ rPBE enhancement factor rises more rapid""
making the functional more non-local. While thenfi@r one generally provides a better descripti i
of the cell-constants in molecular crystals, th#elaone is superior in the internal-coordinat ¢
definition.

Finally, two ad hoc approaches for correcting the vdW deficiency @ndgiard PBE were
introduced, namely the Grimme’s D2 correctiSrand Tkatchenko-Scheffler approd¢ithe quoted
methods introduce slightly different semi-empiridadpersion correcting damping functions for eacn
pair of atoms, separated by a given distance, aldtigdifferent dispersior€’s coefficients. In the
Grimme method, th€'s coefficients depend only on the chemical speciéslevin the TS scheme,
the coefficients are calculated-the-fly by factoring the effect of the chemical environien

The theoretically estimated barrier heights aréected in Fig. 6. The given histograr
represent the results of GGA calculations for eawgthyl group, delivered with the help of botl,
DMOL® and CASTEP codes. The moderate quality atom-cesteiull-electronic DMOE
calculations allows one to check the solid-staté arethodological influence as referring, both, tu
periodic (298K cell volume) and isolated molecuppm@aches, with the use of a rich selection ~f
available GGA functionals. In addition, the CASTE#&culations represent an alternative approac..
which can be considered as a more precise duerétatively more accurate basis set definitio.
which essentially covers the whole unit-cell space.

One should also keep on mind that the static ttioms refer to OK, hence, do not take irto
account any temperature effects, which can affeetrotational barriers through the abundanc~ -

the coupled vibrational states. Hence, the thezakyi estimated barriers are expected to be sic:. !
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higher by definition. Moreover, the experimentadlgtermined values are derived from the points
collected over a wide temperature range, wherecéievolume and intermolecular distance - ar d

thereby the interactions strength - evolve, resglin mean values. Hence, one can only juxtapt <=
the averaged values with a single-configuratiomdatich can leads to further discrepancies.

The analysis of Fig 6. suggests that more acelCRSTEP results deliver lower activatio~
barriers. If treating the dispersion-corrected @aic calculations as possibly most-reliable, one ¢ «
see progressive deviations toward more non-logadcegmations (rPBE; HCTH).

By analyzing the DMOE results one can note a difference between thatablmolecule
model and the periodic results for each methyl groatation. For the Ckgroups no. 1, 3 and 4
each XC functional in thgacuo model delivers similar barrier heights. In conyran the case of
methyl group no. 2 one can note a strong functiateggdendence. Such an effect can be cleaiiv
understood by analysis of the equilibrium confolioratof the acebutolol HCI adduct. The results
for each functional differ in the orientation ofethacetyl group (O=C-C§l, while there is a
significant internal Cht--O (alkoxy) interaction. The crystallographic an#&yseveals the acetyl
group to be twisted from the phenyl ring plane I8t (the W(O=C-C=C) = 16%), while the isolatea
molecule calculations provide the twisting varyiingm 11 (PBE-TS) to 34(BOP;HCTH), which
directly reflects the anomalous values of the potedi barrier heights. In contrary, each functianal
the periodic approach (both DM®&nd CASTEP) properly predicts the acetyl oriepntatis giving
only slight variation of the results (~11°).3The resulting barriers only vary from ~17-18rkdl in
most cases. Hence, the periodic calculations stighaes the acetyl group orientation is stronglv
stabilized in the solid-state. As mentioned earlierthe discussion of crystal structure, tr-=
neighboring, antiparallel acetyl groups form dimeconnections. Nevertheless, one could expo !
that higher temperature may induce large oxygeplaigments. In order to further explore suct an

effect, the 2D potential energy surface (PES) seare performed and illustrated in Fig 7.
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By analyzing Fig. 7a., presenting dependence ®ftlethyl reorientation barrier on the acetv
group twisting, one can see that the moleculedszilfle. Hence, even large acetyl group twistir o
from its equilibrium (18) does not give strong raise of the total energyy(c.a. 2.02 kJ/mol), hence
it could be easily populated by the temperaturesuich a way, the internal GHO (alkoxy) distance
would significantly grows, leading to very signdiat lowering of the Cklactivation barriers. In
contrary, Fig. 7b., presents the same dependemabdacrystal phase. One can see, that the ab v
mentioned strong stabilization through the -QBl interactions makes the system very rigid. B
methyl reorientation and acetyl twisting are stignigindered and cannot be easily populated r:
temperature. It hence makes the belief that thg @idups no. 2 should be characterized by the
highest activation barriers as observed experiniigreal4.9+0.2 kJ/mol.

The calculations clearly confirm, that there other CH group with a high activation
barrier, which can be assigned to the second psodds4+0.2 kJ/mol Ckho. 4.. If referring to the
CASTEP calculations, there is a clear tendencydaering of the height as going from ‘hard’ GG/.
(rPBE) to ‘soft’ PBEsol (which gives here the réasudomparable to PBE-D2). The intermolecul.r
interaction analysis have linked the energy bawmign the long-range CHCI interactions. One cau.
also expect that such interactions would dependhencell volume, and hence the temperatu €.
Therein, one can expect that the experimentallydioactivation barriers should be slightly lower
than for the strongly hindered GiHo 2.

Two methyl groups no. 1 and 3 are described byetk@erimental activation barriers of
11.74+0.3 and 10.6+0.1 kJ/mol, respectively. Takimg groups no. 2 and 4 as the reference, one c.”
estimate that the theoretically predicted valuesukhof the order of ~12-13 kJ/mol. While there s
no big functional dependence in the case of; @. 3, the DMOE results seem to provide <
significant overbinding for the GHno. 1. As discussed earlier on, there is a promtinglecular
crowding affecting the conformation of terminal ci®a Such an effect can raise the activat'o'.

barriers for methyl groups no. 1. Neverthelessstaged in the structural section, these rotorsra
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fact only in contact with the methyl groups no 4eTactivation barriers are hence too large. if
referring to more non-local functionals. PBE-D2ajatecognized as the most reliable here, canno- ir
fact differentiate these two rotors. It seems thed for all the remaining methyl groups in acelnlto

hydrochloride - the most reasonable results weligeted by PBEsoI.

CONCLUSIONS

In summary, we may conclude that thd NMR and QENS experiments supported |y
periodic DFT calculations provide a clear insightoi the molecular dynamics of acebutoln:
hydrochloride, which could be successfully undeydtdoy combination of experimental and
theoretical analysis. The molecular dynamics wasarty attributed to the methyl groups’
reorientation and have been described, both, atiskly and quantitatively.

The qualitative analysis in terms of the crystauaure and intermolecular interactions
analysis, clarify the presence of four inequival€ht; rotors, being the markers of different-streng n
crystal environment. The Hirshfeld Surface and ReduDensity Gradient analysis, emphasize 12
role of moderate-strength (N-HD; O-H--Cl; N-H---Cl) and weak (C-H-O) hydrogen-bond contaci.
in the crystal phase stabilization.

The quantitative analysis, delivered by the expenta and DFT calculations, provides tf.=
reorientation barriers and correlation times. Theotetical computations provide a clear support tu
assignment of particular motions and interpretatadinthe experimental data as showing the
competing influence of both internal-structure amermolecular factors on their activation barriers
The highest energy barriers were assigned to tagylaelated methyl rotors, the intermediate on »s
are due to the isopropyl part, while the most-dyicamethyl groups are assigned to the alkyl chau..

The theoretical estimation of the activation basieeach the accuracy of ~2 kJ/mol “or
selected functionals, which tends to be a reasenadlue as neglecting the temperature influec ..

Nevertheless, we should also conclude that nongheftested approaches can be used withcu .
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chemical intuition or as a predictive tool in tredaulations of CH reorientation barriers. Although
some trends are clearly present if comparing difielGGA approximations, none of the pure-DF T
approaches can provide satisfying results. Amomgtésted schemes, the most reasonable res 'ts
were delivered by ‘soft’ PBEsol approach, while maon-local functionals were found to be highly
inaccurate. Nevertheless, its relative success Idhbe rather linked with the well-knowr
overbinding tendency or lucky-compensation of erraather than its any theoretical justificatior..
The most promising approach should be referrettécsemiempirically vdW corrected DFT, that i,
PBE-D2 and PBE-TS schemes. While PBE-TS is gernyeratlognized as more advanced approar:,
in the present case it tends to deliver some furdre@malies. Although being less specific in
parametrization, the PBE-D2 scheme seems to beisupethe present case.

In perspective, the application of more advanced wwbrrections schemes for DFT soliu-
state calculations may be promising and definitally for further benchmark analysis. Probably th~
most efficient and promising way of dealing witlhga molecular crystals would be oriented towa d
modernad hoc corrections as for example represented by the rbady Tkatchenko-Scheffler
schem&*° Grimme’s D3 approach Silvestrelli's maximally localized Wannier functis (MLWFS)
approach'>'or exchange-hole dipole moment (XDM) thedty? Nevertheless, none of the actual'y
available solid-state codes provides a simultanesmeess to the most of the above mentior.~?

methodologies, limiting their applicability.
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Table 1

The activation parameters obtained from fittingrfptocesses (corresponding to four methyl grouns

RSC Advances

reorientation) to Trelaxation-spin time measured at 25 MHz.
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2SS

1st process 2nd process| 3rd process 4th proce
To (2.5+0.4)e-13 | (0.35+0.1)e-13  (1.04+0.2)e-13  (1.86}913
Ea [kJ/mol] 14.9+0.2 14.4+0.2 11.7+0.3 10.6+0.1
C [US] (7.90+0.04)e7 | (7.90+0.04)e7  (7.90+0.04)e7  (7.904Pe7
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Fig. 1. The structural formula of acebutolol hydrtmeide (a.) along with the adopted methyl grc: =
notation (1; 2; 3; 4). The crystal packing of Fornm the frame of the conventional unit cell (b.,

(298K) according to Carpy et Ahgainst the molecular conformation of the asymimeinit (298K)

(c).
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Fig. 2. The powder X-ray diffraction profiles of edmutolol hydrochloride (a.) The experiment:u
spectrum collected for the studied sample (PXRDKJ98 presented against the theoretical pattei~<
simulated, both, from the single-crystal structafd=orm | solved at 298K (Carpy et al.) and fron.
the representative DFT structure, optimized at 288K cell constants (CASTEP PBE). (b.) The

results of the differential scanning calorimetry§@) analysis of the sample under interest.
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Fig. 3. a)Second moment of NMR line versus temperature, b)aRslon time versus inver: -
temperature for acebutolol hydrochloride at 25 M&m 58.9 MHz c), Relaxation time versus
inverse temperature for acebutolol hydrochlorided tre best fit to the experimental points with e
(1) assuming four activation processes (solid lireé®5 MHz d) The correlation time obtained froi »

NMR measurements (solid lines) and QEMS$ [The errors are the size of experimental points.
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Fig. 4. Experimental u) elastic incoherent structure factor (EISF_me&lid lines are the
theoretical line obtained from eq. (4) assumingriesdation of 1, 2, 3, 4 methyl groups. Inset
normalized QENS spectra for acebutolol hydrochler@ = 1.0 A' (points). The solid line (red)
shows the fitted spectra, the dotted (blue) lineresponds to the quasielastic contribution, t".c

dashed (black) is the resolution function, thehédsdotted (black) line is the background.

34



Page 35 of 38 RSC Advances

Fig. 5. Hirshfeld surface analysis of the interncolar interactions in acebutolol hydrochlorid~
plotted in the unit-cell projection toward the dglographicb-axis (a). The CGI-H (<3.00 A) and
O-H (<2.75 A) close contacts are denoted as greenresdiashed lines, respectively. Isosurface
delivered by the reduced density gradient (RDG)yema (intermolecular; density cutoff = 0.30;
color range of +0.0175 (attractive)/-0.0175 (repudy (b). Significantly attracting forces are cadd

in blue, whereas the repulsive interactions arevshio red. Weak van der Waals forces are mark~J

in green and yellow, following their repulsive cheter.
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AE [kJ/mol]
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Fig. 6. The activation barriers for methyl group.(d - 4) reorientation in acebutolol hydrochloride

as predicted by density functional theory (DFTgeneralized gradient approximation (GGA). Tte

DMOL?® results refer to the isolated molecule equilibriuyeometries (patterned bars) ar.

constrained-cell (298K) optimized crystal structu¢single-color bars). The CASTEP results refer .«

the constrained-cell optimized crystal structuresha 298K cell constants (one color bars). Tre

activation barriers per molecular unit are giverlkdmimol.
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Fig. 7. Two-dimensional total-energy dependencangird PBE level) in function of reorientation
of the methyl group no. 2 from its optimized pamitiAW(CHz) = 0°) against the acetyl grou,
twisting from its equilibrium orientationAW(O=C-C=C) = ). Figure (a.) refers to the isolated-
molecule model (DMO#PBE/DNP)

while (b.) comes from the
(CASTEP/PBE/1050eV/NCPP).

periodic mod :|
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