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Abstract

The organic salt (5—methyl-1-thia—5—azacyclo—octane—1—oxide) perchlorate (TACO) is known to
undergo a single crystal to single crystal phase transition in the 276298 K T range without change in
the external shape of the sample. Despite extensive computational and experimental investigations, no
safe conclusions about the transition mechanism could be drawn to now. The two packing patterns are
very similar and symmetry is conserved, apart an interchange of cell axes from P2,/c (a—TACO, low-
T) to P2)/a (B-TACO, high-T). Yet, the phase transition implies significant conformational
rearrangement, coupled with ~ 180°wide rotations, of 2 of the cations, in conjunction with
reorientation of the anions. Here, we analyze the crystal packing of the two phases in terms of pairwise
molecule-molecule interaction energies, as derived from the PIXEL approach. Rigid-body molecular
reorientations are simulated by solid-state Monte-Carlo calculations, while the likelihood of
conformational rearrangements is estimated through gas-phase DFT M06/6-311G(p,d) simulations. We
demonstrate that rotational motion of the cations is not hampered by substantial energetic barriers,
while ring flip can be described as a two-step process with a main kinetic barrier of ~ 45 kJ-mol™!,
which might explain the metastable behavior of the 3 phase at low 7. A possible mechanism of the
phase transition is proposed, accounting for the present computational evidences in the context of the

former experimental findings.
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1. Introduction

Solid—state phase transitions in organic crystals are elusive phenomena occurring over a wide
range of conditions and mechanisms, as discussed for example in a recent perspective article! and
elsewhere.> In some cases the transition occurs without a visible disruption of the mother phase and
by an, at least apparently, smooth evolution into the daughter phase. Quite often, and reasonably,
preservation of crystalline habit is just apparent and the true mechanism involves an intermediate liquid
or liquid-like phase which then re—nucleates into the daughter phase. Analytical methods are several;
NMR and IR spectroscopy,’ thermochemical analysis® and above all, X-ray diffraction,”-® are common
experimental tools for the investigation of transition mechanisms. Simple visual inspection by using a
hot-stage microscope is often helpful.>!® Anyway, cases in which a clear—cut transition path emerges,
at a molecular level, are so sparse as to be considered almost chemical curiosities.

We choose for the present case study a particularly puzzling instance that is the evolution of the
organic salt (5—methyl-1-thia—5—azacyclo—octane—1—oxide) perchlorate, briefly TACO (Figure 1).
Though we are not aware of practical uses or potential applications of this system in materials science
or chemistry, it poses problems of fundamental interest in the theory of solid-solid phase transitions. It
was first studied by Paul and Go,!! revealing two inter—convertible crystal structures, the o, low—T
phase and the B, high—7 phase. An apparently single crystal-to—single crystal, reversible transition
occurs in the 276298 K range without change in external shape of the sample. In the B—phase, the a
axis is doubled and the c axis is halved, without space group change except for an interchange of axes,
easiest seen as a change from P2,/c to P2/a. Later, Paul et al.'> and Novotny—Bregger!3 carried out
further crystallographic, calorimetric and spectroscopic studies on the transition. Single crystal X-ray
diffraction was carried out for a at six temperatures in the range 175 to 288 K and for 3 at 298, 290,
288 K, and at 193 K after quenching, but results in the phase transition temperature range were
inconclusive.!® The boat—chair (BC) form of the ring and intramolecular geometries are constant over
temperature and phase change. Thermal parameters of perchlorate oxygens are large, especially in the
high—T phase, suggesting some rotational freedom, a common feature in crystals with globular
inorganic anions.!'# The transition energy was estimated by thermal analysis at 2.5 kJ mol™!, which
implies an estimated AS = AH/T of about 8 J K™' mol™ if it is assumed that the transition is a
homogeneous process. Inspection of packing diagrams for the two phases shows striking similarities

along with subtle differences, but, in spite of extensive investigation, no clues about the existence or
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nature of a stable transition state were found, and no firm conclusions about the molecular transition
mechanism could be drawn. Yet, a general consensus exists!!"!3 on the fact that the process should
imply a rather easy flip of the azacyclo—octane system between two equivalent boat-chair
conformations (Figure la), somehow coupled to a supposedly much more difficult, ~ 180° wide
rotation of the whole cation. Therefore, TACO somehow escapes classical topochemical postulates,
which state that solid—state reactions, including structural phase transitions, should proceed with a
minimum of atomic and molecular motions. (riferimento?)

HC
3N 7/

3 /

a) b) <)

Figure 1. The TACO cation molecule: a) two enantiomers in the boat—chair conformation, and a
hypothetical crown conformation; b) and c), two views of the crystalline cation, showing the
transannular intramolecular S=O---H-N hydrogen bond. ¢) a view down the main inertial axis. The
perchlorate anion has a regular tetrahedral shape.

Possible alternative mechanisms were proposed: Parkinson et al.'> suggested that the transition could
imply a recursive motion of partial dislocations on the (201) (or (102)) crystallographic planes, coupled
with an allegedly fast switch between the equivalent boat-chair conformations. Recently, however,
Dunitz' pointed out that evidence is lacking that a cooperative shear of alternate planes can occur in
ionic crystals. Moreover, it still remains to be proved that the ring flip of TACO is truly not hampered
by substantial kinetic barriers.

Theoretical investigations of phase transitions may use packing geometry analysis and static
calculations of lattice energies for the involved polymorphic phases,!®!” or more complex approaches
up to a fully dynamic, temperature—dependent simulation of the process. For organic materials,
geometrical packing analysis is elusive, while lattice energy differences between polymorphs are
invariably within the limits of accuracy of the theoretical approach, and give no clue as to entropy
differences. Dynamic simulation is computationally demanding and can be confidently applied to

simple systems for which an exhaustive optimization of the force field has previously been carried
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out.!® We propose here an intermediate approach in which the crystal packing of the two phases is
analyzed by means of pairwise molecule-molecule cohesion energy contributions, evaluated by the
handy and inexpensive PIXEL scheme, which has been shown to give results of comparable accuracy
to quantum chemical methods.!® As an added bonus, the method allows an energy partitioning into
Coulomb—polarization and dispersion terms, which help clarify structures and mechanisms.?® This
comes as close to the molecular transition level as can be in a non—dynamic approach, revealing the
relationships between the local checkerboard of interactions that sustain the transition. Our analysis
reveals that, at variance with the usually accepted assumptions, the rotational motion of the cations is
not hampered by substantial energetic barriers. On the contrary, our simulations predict that ring
flipping acts as a rate determining step, as the pseudorotatory path from any starting boat-chair (BC) to
any intermediate crown (CR) conformation implies a kinetic barrier of ~ 45 kJ-mol-!'. Possible

molecular level mechanisms for the phase transition are discussed.

2. Methods

Experimental crystal structures of TACO at T'= 175, 258, 278, 288 K (phase o) and at 7= 193,
288 and 298 K (phase ) were retrieved from the Cambridge Structural Database.?! C—H bond lengths
were renormalized to the usual neutron—derived estimate?? of 1.08 A through the Retcif module of the
CLP/PIXEL program package.?? Total molecule-molecule interaction energies Eyy(i,f), as well as lattice
energies, E,, were estimated by means of the PIXEL method, which also allows to partition them into
Coulomb (E.), polarization (£),), dispersion (£4) and repulsion (£;) contributions. The method is based
on interacting molecular charge densities, which were computed at the MP2/6-31G(p,d) level of theory
by means of the Gaussian09 program package.?* Quantum simulations were performed throughout
without imposing any symmetry constraint. Gaussian09 was also employed to estimate the energy
barrier for the interconversion between the BC and CB conformers. To this end, transition state
optimizations were carried out in the gas phase through the Intrinsic Reaction Coordinate (IRC)
method? using the Minnesota—class functional M06,%¢ in conjunction with the triple zeta 6-311G(p,d)
basis set. The vibrational zero-point correction was applied to all the energies corresponding to refined

geometries, including those of transition states.

3. Results and Discussion
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3.1 Preliminary packing analysis: similarity of the two phases. Essential crystallographic data for
TACO are collected in Table 1. The two phases differ in density (Figure S1, ESI) and the thermal

expansion coefficients are nearly identical, ~ 1.6-10* K-! (phase o) and 2.2-10# K-! (phase B). Our

oNOYTULT D WN =

9 theoretical analyses have been conducted using the low—7 o phase determination at 278 K and the
high—T B phase determination at 298 K, both ordered and defect free, having a comparable degree of
12 R—factor accuracy and thus representing the two phases separated by a good temperature gap and

14 excluding any inter—phase contamination.

17 Table 1. Crystallographic data for TACO (taken from ref.)

19 Phase space group | T/K alA b/A c/A f/deg R—factor
20 175 9.759 8.657  13.081 9859 |4.17
21 o Pfe 278 9.800 8723  13.136 9843 | 6.72
53 193 19.727  8.667  6.583 9823 | 4.72

24 p P2/a 298 19.793 8.760 6.638 97.99 6.47
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38 Figure 2. Left: a—phase at 278 K: translation along a, horizontal row; glide along c, vertical row.
39 Right: B—phase at 298K: glide along a, horizontal row; translation along c, vertical row. Symmetry
40 operations and crystallographic reference frames are shown. Numerals serve to unequivocally label
pairs of molecules whose contact energies are discussed (see infra); primed numbers refer to
43 translation—related pairs. The b axis is tilted by approximately ~ 14° with respect the plane normal of
44 the picture.
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Figure 3. (a) a—phase, translation ribbon along a. Cation molecules obviously preserve orientation and
chirality. (b) B—phase, the glide reflection along a (X, y, z; x+1/2, —=y—1/2, z) (blue arrow) and the
“equivalent” rotation-flipping operation (pink arrow) showing that molecule B is transformed with
respect to A by a 180° rotation around an axis approximately perpendicular to the mean ring plane,
along with a boat—chair to chair-boat ring flip (hydrogens omitted for clarity).

A striking similarity between the two crystal structures is apparent on drawing a packing
diagram that includes the first few, fundamental interactions in the ac plane of each of them. In the o—
phase (Figure 2, left) anion—cation pairs are arranged by translation along the a—axis (horizontal) and
by glide reflection along the c—axis (vertical). In the 3 phase (Figure 2, right) these relationships have
switched to glide reflection along the a—axis and translation along the c—axis, hence the change of
space—group setting from P2,/c to P2,/a.

The distances between centers of mass of the cations are identical (see below), and it is
therefore tempting to superimpose the two panels of Figure 2 as naively suggesting a simple
rationalization for the transition with cations holding their place in a rigid lattice.

A more in—depth analysis (Figure 3) shows that such a mechanism would require in fact (i) a
chirality switch of every second molecule by ring inversion between the two boat—chair forms of the
enantiomers, plus (ii) a molecular rotation by 180° around an axis roughly perpendicular to the mean
plane of the ring and (ii1) a notable change in the orientation of the anions. Point (iii) may be plausible
considering easy rotation of the nearly globular anions, but points (i) and (ii)) may involve substantial

transition barriers. Each of these points will be analyzed in detail in the following.

ACS Paragon Plus Environment



Page 9 of 33 Crystal Growth & Design

oNOYTULT D WN =

Figure 4 shows another remarkable similarity between the two structures. In both phases the
cation coordinates a threesome of anions that contribute the highest stabilization energies (see below).
Not surprisingly, these favorable contacts involve a proximity of the negatively charged perchlorate

oxygens with the positively charged methylene hydrogen regions, on the opposite side of the S—O
group.

a-phase B-phase

Figure 4. The cation (A) and its three closest—interacting anions (B, C, D). Negative oxygens tend to
cluster around positive methylene hydrogen regions in both phases. The A-B contact is almost
identical in the two phases.

3.2 Quantitative energy analysis

The lattice energies were calculated for both forms at several temperatures by the PIXEL
formalism. In that approach the long—range Columbic terms are convergent because lattice summations
are carried out on overall neutral units (ion pairs). Phase stability differences should be judged by free
energies, which are not within reach of intermolecular energy calculations. However, in an encouraging
result, although with reservations about absolute values, the calculation gives the P—phase as
significantly more stable in terms of energies required to pack an ion pair (Table 2). Even a simple
atom—atom, point—charge calculation by the AA—CLP scheme gives the same qualitative indication.

Total energies are scarcely sensitive to the temperature of the X-ray determination due to the
well known compensation between the parallel increases of dispersion stabilization and overlap
repulsion, both short-range terms, as density decreases and molecules come closer together. Further
insight into relative stabilities can be gained by an analysis of separate contributions to the non-
covalent interaction. As expected in organic salts,'? the Coulombic term is largely predominating and
accounts alone for the energy difference between phases. For the rest, the above mentioned
compensation between polarization-dispersion and repulsion is also at work, in connection with the

lower density of the B-phase.
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Table 2. Total PIXEL lattice energies, E,; (kJ-mol™! per cation—anion pair), for the o and
phases of TACO at various temperatures. Total energies are decomposed into Coulomb (E.),
polarization (£),), dispersion (£3) and repulsion (£;) terms (Section 2).

Phase | T/K Eja E, E, E, E,
175 5864  489.0 -51.0 ~177.6  131.0

N 258 5884  —486.6 —48.0 ~1694  115.6
278 5874 4836 472 ~167.2  110.6
288 5858 4822 464 ~164.4  107.0
193 ~608.8  —510.0 —46.0 ~167.8  115.0

B 288 6062  -502.8 —44.0 ~159.4  100.0
298 ~603.0 5002 418 1558 94.6

The contact energies, E%,, between pairs of ions in the two crystal structures are calculated in
the usual?’3% PIXEL setup for all anion—anion, anion—cation and cation—cation pairs. These energies
and their separate contribution terms give a close insight into crystal organization and a quantitative
estimate of true similarities and differences. If total contact energies were identical by chance, such a
misleading indication would be unmasked by a comparison of a set of four numbers. Quite obviously,
Coulombic interaction energies between singled-out ions are strongly destabilizing between units of
same charge and strongly stabilizing for units of opposite charge; the simple fact that the Coulombic
energy between two one—electron charge is 1389.5/R;; kJ-mol™! explains the both the predominance and
the long-range nature of these interactions. On the other hand, dispersion energy terms are non—zero
only for very first-neighbor interactions, and are one order of magnitude smaller than Coulombic
terms.

Table 3. Comparison of center-of-mass distances (dcom, A) and total molecule-molecule interaction
energies Ey(ij) (kJ'mol') in the ac plane manifolds for the two phases (Figures 2-3). For each
molecular pair, the second partner is transformed by the indicated symmetry operation. See Table S1
ESI for full energy partition of interaction energies.

Species? | Symmetry Elem.” | Pairs¢ Phase | dcom | E(iy)) | Comp.4
Asymmetric unit
Ct—A- X,Y,Z E 1-2 o 5.083 -323.6 | VD
CA XYz E 1-2 B 5.387 -273.4 | VD
c-glide () vs. c-translation (P)
CH--C* | x,-y-12,z£1/2 G 1-3,1-3'  « 6.571 167.2 | ID
CH--Ct | x,y,z+l T 1-3,1-3' B 6.638 165.9 | ID
CA | x-y-12,z-12 G 1-4 o 6.091 -258.6 | VD
10
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Ct-A- X,-y-1/2,z+1/2 G 2-3 o Id. VD
CH A | xy,z+]l T 2-3,1-4 B 7.707 -151.6 | VD
CrA | x,-y-12,z+12 G 1-4' o 10.040 | -1494 | D
CrA | x-y-1/2,z-12 G 2-3 B Id D
CHA | x,y,z+l T 1-4,2-3 B 9.315 -161.1 | D
AA | x,y-172,z2172 G 24,24« 6.574 206.4 | ID
A A | x,y, zE] T 2-4,2-4 B 6.638 2049 | ID
a-translation () vs. a-glide (B)

C-C" | xxl,y, z T 1-5,1-5"  « 9.800 132.8 | ID
Cr--C* | xx1/2, -y-172, G 1-5,1-5' B

z 9.904 131.8 | ID
CrHA- xtl,y,z T 1-6,2-5' « 5.329 -271.0 | VD
CrA | x-12,-y-12,z G 1-6 B 5.151 -317.1 | VD
CrA- | xt1/2, -y-172, G 2-5' B Id. VD

z
A~A | xxl,y,z T 2-6',2-6 « 9.800 1409 | ID
A—A | xt12,-y-12,z G 2-6,2-6' B 9.932 138.7 | ID

Cation-Cation interactions along b

CH--C" | xyt+l,z T - o 8.723 1609 |ID
CH--C* | xytl,z T - B 8.760 160.4 | ID
CH--C* | x,12+y,12-z G - o 9.434 160.2 | ID
Cr--Ct | x-1/2,12+y,-z G - B 9.458 159.7 | ID

@ C*: Cation; A~: Anion.

b Symmetry element involved. E: identity; G: glide; T: translation.

¢ See Figure 2 for pair numbering. A “-” means that the pair is not shown in Figure 2.

4 Qualitative descriptor for comparing the total interaction energies. VD: very different; D: Different; ID: Identical.

We first analyze the surprising similarity of the layer structures shown in Figures 3—4. Cation—
cation and anion—anion R's and E%'s (Table 3) along the glide reflection and along the translation
displacements in the ac plane are identical after the interchange in the two phases, in spite of the
change of symmetry, chirality and orientation. However, cation—anion arrangements are quite different.
Thus, the ac—plane manifolds that appear very nearly identical in the two structures on visual
examination, or even judging from the similarity of center-of-mass separations, in fact conceal a
number of very different intermolecular contact energies. This result once again underscores the need
for quantitative energetic considerations in judging packing similarities or differences.

Out of the ac plane the two structures also present a striking similarity (see the last entries in
Table 3), with identical cation-cation translations along b and screw-related pairs also along b in P2/a

and P2,/c.

11
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Table 4 shows the contact energies of the three most stabilizing cation—anion contact in the two
phases, as shown in Figure 5. The A-B contact is nearly identical in the two phases but the other two
show only a broad geometrical and energetic similarity. Negative oxygens tend to cluster around
positive methylene hydrogen regions in both phases; an overall view of the comparison between the
two phases is provided by a complete plot of molecule-molecule contact energies against center—of—

mass distance, including all symmetry—related pairs.

Table 4. Comparison of center-of-mass distances (dcom, A) and molecule-molecule interaction
energies (kJ-mol™), partitioned into Coulomb (£.), polarization (£,), dispersion (£4) and repulsion (£;)
terms, in the closest cation-anion contacts (see Figure 4).

Pair | Symmetry Elem.# Phase dcom E. E, Ey4 E, Eo

A-B | x,-y,z I a 5.278 273.8 287 -17.2 11.2 -308.5
A-B | x, -y, -1-z I B 5.196 -280.4 316  -182 13.5 -316.6
AC | x,y,z E a 5.083 -287.9 -30.6  -16.0 10.9 -323.6
A-C | x-1/2,-y-1/2, z G B 5.151 2822 298  -14.6 9.5 -317.1
A-D | -x,y+1/2,-z+12 S a 6.053 -274.8 262  -13.0 13.0 -300.9
A-D | x,-y,-z I B 5.699 -284.6 276 -154 9.1 -318.4

@ Symmetry element involved. I: inversion; E: identity; G: glide; S: screw axis.

Figure 5 shows these distance/energy landscapes, summarizing in a graphical manner, among
others, the data collected in Tables 2-3. The cation—cation pattern shows the previously mentioned
similarities but also points out a region of dissimilarity in the 7-8 A range. Interestingly, a large shape
effect appears, because the electron density of the cation is far from a spherical distribution: in fact, the
short—distance range is less repulsive than the medium—distance range, thanks to partially stabilizing
effects due to the distribution of positive nuclear and negative electron charges. The two closest anion—
anion contacts are almost identical in the two phases and then the pattern merges into a distribution

strictly coincident with Coulomb's law for a spherical ion.'4
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Figure 5. (a) Distance—energy pattern for the cation—cation contacts in the two phases. dcow 1s the
centre-of-mass distance. Identical pairs: two inversion—related (inv) plus one b—translation (T(b)) and
one screw pair (S(b)). G-T and T—G are the pairs interchanged between translation and glide in the ac
plane. The blue circle encloses pairs where dcom changes by about 0.3 A and E.(i,j) by about 10 kJ
mol~!' on changing phase. (b) Same as (a), for the anion—anion contacts. The full green line follows the
Coulomb law for a couple of ions with identical charges, as a function of dcoy. (b) Same as (a), for the
cation—anion contacts.

The anion—cation pattern (Figure 5c) shows significant structural reshuffling in the closest-neighbor 5—
6 A distance range, then a 6-10 A distance region almost empty of contacts except for two isolated
pairs, that are very similar in the two phases. A distance range of interaction energy continuum begins
at R> 10 A, less and less directional and evolving towards a point-like ion—ion interaction mode. This

is exactly what it is expected in organic salts.!*

3.3 Molecular rotations in the crystal

Some simple computer experiments probe of the ease of molecular reorientation for cations,
even in a rigid lattice. A crystal slab made of 192 anion—cation pairs was prepared from the crystal
structure of the alpha phase at 278 K by 4x4x3 repetitions of the unit cell. A Monte Carlo procedure
involving rigid molecules, whose position is described by center—of—mass vectors and three angles of
orientation in the inertial molecular reference system was then applied.3!-3?

In a first experiment, one cation molecule at the center of the crystal box is manually reoriented from
0 to 180° in steps of 30° around the main inertial axis, roughly coinciding with the normal to the mean
molecular plane of the cation (Figure 6 shows the effect of the 180° reorientation on a sample box
without anions). The lattice energy is then calculated for the crystal including the central defect by

atom—atom intermolecular potentials. When no relaxation is allowed, an intermolecular energy barrier
13
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of 9 kJ mol™! develops around 90° rotation, but if a short 10 kstep MC relaxation is allowed, the barrier
vanishes. This demonstrates that the globular cations can reorient quite easily even within an almost

stationary lattice.

PE® SE®
Figure 6. (a) Rows of cations in the ordered crystal. (b) A computer—generated picture in which every
second pair in each row (starred) is rotated by 180° around the axis perpendicular to the average ring

plane (use the S—yellow to O-red vector as a pointer). The rotation is well described by the angle
between transannular vectors from S (yellow) to N (blue): see also Figure 7.

The same conclusion can be reached by just inspection of the cluster geometries, which show
no hard contacts at whatever reorientation step. In a second experiment, the 192—pairs slab is manually
seeded by 90° reorientation of every third cation. The same 10 kstep MC relaxation is applied, again
reducing the energy rise to a handful of kJ-mol-!. Figure 7 shows the distribution of the angles between
transannular, S—N intramolecular vectors (Figure 1b,c) after relaxation: significant population of 90°
rotated molecules remains with practically zero energy cost. These simulations do not allow for ring
flipping, but it is unlikely that this small conformational rearrangement may change substantially the

energetic picture for overall ring tumbling.
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Figure 7. Percent distribution of angles between S—N intramolecular vectors (see text) in the 192—pairs
crystal cluster. Blue: ordered crystal, four 25% peaks corresponding to the four symmetry operations of
the space group; red: cluster seeded by 90° rotation of the cations and then briefly relaxed in Monte
Carlo for 10 ksteps. A significant population of 90° rotated cations remains but the total intermolecular
energy of the two distributions differ only by a handful of kJ-mol-'.

3.4 Ring flipping

The possibility of cation ring pseudorotation is crucial to subsequent discussions of the
transition mechanism. This point therefore requires more consideration by a survey of available
experimental and theoretical evidence.

a) Static evidence. Cyclooctane itself shows a total of 10 different conformations (see Figure S2
ESI)?3 although MM, DFT and ab initio MO calculations found that just four conformers are stable and
populated in the gas phase (boat-chair, BC; twist boat-chair, TBC; twist chair-chair, TCC and crown,
CR).3* The other forms (boat-boat, BB; twist-boat, TB; twist chair, TC and chair-chair, CC) represent
either unstable or high-energy conformations. Chair (C) and boat (B) conformers correspond to
transition states. The conformational adaptability of a cyclooctane ring in crystals has been studied by
B3LYP/6-31+G* theoretical calculations,’® finding energy differences of the order of 1-10 kJ mol".
The BC—Crown energy difference has been estimated at 6 kJ mol™! by high level quantum chemistry
calculations.** All conformers can be divided in four easily interconvertible families.’>3¢ A
conformational exchange occurs by pseudorotation within a family but only by inversion among
families with a higher energy barrier.3® The theoretical results agree with crystallographic evidence in
confirming that BC is the dominant conformer. Statistical analysis of other classes of compounds,
including substituted carbocycles, C—ring with endo— or exo— double bonds, heterocycles, etc. reveals

that conformational preferences in the solid state are the same for chemically modified 8-ring systems,
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although with some deformations.’” Excluding bridged or very complex ring systems, deviation from
the BC conformer was mostly observed in extended fused-rings or for unsaturated and multiple hetero—
substituted rings. Needless to say, crystal packing effects can affect the relative stability of the
conformers in the crystal structures.

b) Dynamic evidence. Solid—state conformational changes in ring systems have been
characterized by NMR, spectroscopic and crystallographic methods. A rapid conformational exchange
has been detected by NMR in pefluorocyclo—octane in solution at room 7.3 Orientational and
conformational disorder in a liquid-like cyclooctane included in thiourea crystals has been reported,*®
while the dynamic nature of the ring flip (half-ring inversion from BB to TCC conformation) in
ammonium salts of nefopam has been characterized by CPMAS-NMR and variable-T diffraction
measurements.*

c) Computational evidence. Our in vacuo quantum simulations (Figure 8) confirm that the two
resulting enantiomeric boat-chair conformations are perfectly equivalent, with electronic energies
differing by less than 1.0 kJ-mol™! (Table S2 ESI). Accordingly, the pseudorotation path is also
symmetric and crosses two slightly distorted, mirror-symmetric equivalent high-energy crown
conformers CR and CR’ (Figure 8), which lie at ~ 12 kJ-mol~!' above the BC/CB states. Thus, M06/6-
311G(p,d) calculations predict two symmetry-independent elementary steps for the BC/CB
interconversion, involving both the CR and CR’ high-energy minima (Figure 8, Table S2 ESI):

BCo TSI & CR& TS24 CR’ < TS3 < CB
The equivalent TS1 and TS3 saddle points involve a rather substantial barrier of ~ 45 kJ-mol™! for the
BC<«>CR conversion. The second barrier (CR<> CR’) amounts to ~ 3.3 kJ-mol~!, meaning that, once
either CR state is achieved, a very fast switching between the two allowed crown conformations must
occur. The whole BC <> CB conformational rearrangement implies a significant distortion of the —
(CH;);— carbon ring groups involved in the flipping movement, with changes in covalent bond lengths
and angles up to 0.05 A and 11 deg respectively (Figure S3, Table S3 ESI). Likely, these distortions are
responsible for the high kinetic barriers associated to transition states TS1 and TS3 (Figure 8), as the
latter imply longer (weakened) C—C bonds, in conjunction with large deviations from ideal sp?
geometries of the methylene groups. Also steric effects might play a role, as in TS1 and TS3 hydrogen
atoms of adjacent CH, moieties are forced into an almost eclipsed arrangements. Interestingly, the

geometry of the transannular NH:--O hydrogen bond is poorly affected: the H:--O distance undergoes a
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54

slight average decrease, from 1.57 A to 1.56 A, on going from either the BC or the CB state to the
closest transition saddle point, TS1 or TS3. Then, it is lengthened, on average by ~ 0.06 A, when the
ring achieves either the CR or CR’ crown conformation (Figure S3a ESI). The corresponding
maximum distortions of the S-H-O angle, however, are smaller than 3.5 deg (Table S3 ESI). This
suggests that the transannular hydrogen bond is strong enough to be conserved throughout the
conformational rearrangement. Therefore, it is reasonable to assume that it prevents TACO from
exploiting the full conformational flexibility observed in cyclooctane, contributing to increase the
kinetic barrier of the pseudorotation process.

Some experimental evidence suggests that conformational interchanges of medium-—size rings
probably occur by stepwise mechanisms rather than via synchronized changes involving the whole
cycle.#0-42 Our gas-phase findings agree with such a model: the ring inversion in TACO is achieved
through a two-step mechanism, each of which implies the inversion of a half of the cycle at a time. The
latter is obtained through a step-by-step displacement of a pair of —CH,— groups across the main ring
plane.®>** Moreover, the high-energy minima CR and CR’ could account for the possible occurring of a
metastable crystal structure somewhat intermediate between the o and 3 polymorphs, whose existence
was claimed in the past by Paul and co-workers.!> However, considering the kinetics of the whole
process (see Figure 8 and Conclusions below), such a structure, if exists, should be just a transient one,

and we expect that it could be hardly isolated.
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Figure 8. The quantum M06/6-311G(p,d) energy profile for a possible interconversion of the TACO
cation ring system.

4. Conclusions
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Our computational analysis has pinpointed a number of relevant facts in the polymorphic
equilibrium of TACO, revealing the subtle energy differences that characterize the two phases.
However, one is now faced with the key question: what is the molecular-level mechanism of the TACO
polymorphic transformation?

At one extreme of the range of possibilities, the phase change may occur by complete disruption
of the crystal structure of the mother phase into a bulk liquid, possibly starting at defects, and
successive recrystallization of the daughter phase. In such a scenario, the phase change can be regarded
as a sort of pre-melting feature. Our results show that molecular rotations at or about the temperature of
the phase transition are relatively easy, the anion being almost perfectly spherical and the cation being
also close to a globular shape. Translational diffusion may also be relatively unhampered for the same
reasons. However, some experimental evidence stands against this picture for the TACO case: there is
no sign of Bragg diffraction breakdown near the transformation temperature; and the transformation is
easily reversible.!'-13

At the other extreme of the transformation landscape, much more attractive, if still puzzling,
would be a thoroughly on—site process, as suggested by Figures 2, 3 and 6, involving in every second
cation molecule only minor displacements of the centers of mass, with 180° molecular rotation, along
with a conformational flip of the boat-chair ring with chirality switch, and with anions following suit.
Several pieces of our computational evidence have a say on this proposed model.

a) Although the difference in total lattice energy between polymorphs is very small, partitioned
molecule-molecule energies show that the rearrangement involves a number of surprising retentions of
interaction, but also that quite a few molecule-molecule contacts undergo a substantial energetic change
in the local environment, as seen in Table 3 and Figure 5a. Therefore the picture shown in Figure 2
apparently suggesting an almost superimposable pattern of the two structures, is in good part
misleading, as usually are inferences based only on geometry without supporting quantitative evidence.

b) Molecular simulation shows that the globular cations can undergo rotational or translational
diffusion with only minor energy penalty. The packing of nearly spherical anions should be scarcely
structure— or orientation—selective (Figures 2—4), and such spherical shapes should also be scarcely
selective against anion—cation interaction. Molecular mobility must be rather high and in this respect
the on-site phase change mechanism seems accessible. Partly countering this conclusion is the fact that
no unusual behavior of atomic displacement parameters from Xray diffraction seems to occur near the

transition temperature.
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c¢) The sulfinyl (S=O) group forms a strong intramolecular 1,5—transannular hydrogen bond with
the protonated nitrogen atom (Figure 1), making the molecule almost a bridged species in what seems
to be a hinge effect against full conformational flexibility. This effect stabilizes both BC and crown
conformers, but as a result, quantum calculations show that flipping of the eight-membered ring is
hampered by a rather substantial barrier of 45 kJ mol’!, high enough against 3RT to quench a
pseudorotation. The result refers to a gas-phase molecule, but an assist from the intermolecular field in
lowering this barrier seems rather unlikely.

In conclusion, the present computational evidences imply that a site-by-site mechanism, where
conformational changes of cations occur in conjunction with very easy rotations of both the ions, seems
to be preferred. Even though from a thermodynamic viewpoint the o and B polymorphs of TACO are
nearly isoenergetic (Table 2), the phase transition implies a substantial redistribution of the molecule-
molecule interaction energies (Figure 5, Table 3), where both Coulomb repulsive and attractive terms
undergo changes up to several hundreds of kJ-mol™!. In this scenario, it seems quite reasonable that the
kinetic cost of the BC—CR conformational change across the f—a transition could be paid by
relieving some Coulomb repulsions among neighboring cations. Then, an almost identical amount of
energy is released upon the subsequent crown/boat-chair conversion (Figure 8) and it eventually does
not appear in the overall thermodynamic balance. Upon warming, the structural change can be inverted
once the energy necessary to overcome the inverse kinetic barrier is provided by an external source.
This picture is in agreement with the fact that the low-7 structure a is not stable above the transition
temperature, but the high-7" phase 3 can be supercooled into a metastable regime. It also complies well
with the preservation of the macroscopic crystal shape and the permanence of Bragg diffraction across
the first-order phase transition. At the same time, this scenario corroborates the idea that TACO does
not conform to classical topochemical postulates — that is, the /a transition does not occur through
small atomic and molecular movements. Rather, the crystal can be considered as a sort of “motor at
molecular level”, as it uses either its internal energy (f—a) or the heat provided from an external
source (a—P) to produce work in terms of a large, non-trivial and fully reversible internal coherent

motion of atoms.
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13 Synopsis: The energy decomposition analysis reveals that the elusive a— phase transition of TACO should
14 imply a fast rotation of both anions and cations, coupled to a slow boat-chair < chair-boat interconversion of
15 the 8-membred ring.
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a) b)

The TACO cation molecule: a) two enantiomers in the boat-chair conformation, and a hypothetical crown
conformation; b) and c), two views of the crystalline cation, showing the transannular intramolecular
S=0::-H-N hydrogen bond. c) a view down the main inertial axis. The perchlorate anion has a regular

tetrahedral shape.
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20 crystallographic reference frames are shown. Numerals serve to unequivocally label pairs of molecules

21 whose contact energies are discussed (see infra); primed numbers refer to translation-related pairs. The b

22 axis is tilted by approximately ~ 140 with respect the plane normal of the picture.
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(a)

(b)

(a) a-phase, translation ribbon along a. Cation molecules obviously preserve orientation and chirality. (b) B-
phase, the glide reflection along a (x, y, z; x+1/2, -y-1/2, z) (blue arrow) and the “equivalent” rotation-
flipping operation (pink arrow) showing that molecule B is transformed with respect to A by a 180° rotation
around an axis approximately perpendicular to the mean ring plane, along with a boat-chair to chair-boat
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ring flip (hydrogens omitted for clarity).
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23 a-phase B-phase
The cation (A) and its three closest-interacting anions (B, C, D). Negative oxygens tend to cluster around

26 positive methylene hydrogen regions in both phases. The A-B contact is almost identical in the two phases.
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(a) Distance-energy pattern for the cation-cation contacts in the two phases. dcowm is the centre-of-mass
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circle encloses pairs where dcom changes by about 0.3 A and Etot(i,j) by about 10 kJ mol~! on changing
phase. (b) Same as (a), for the anion-anion contacts. The full green line follows the Coulomb law for a

couple of ions with identical charges, as a function of dcom. (b) Same as (a), for the cation-anion contacts.
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31 (a) Rows of cations in the ordered crystal. (b) A computer—-generated picture in which every second pair in
32 each row (starred) is rotated by 180° around the axis perpendicular to the average ring plane (use the S-
33 yellow to O-red vector as a pointer). The rotation is well described by the angle between transannular
34 vectors from S (yellow) to N (blue): see also Figure 7.
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Percent distribution of angles between S—-N intramolecular vectors (see text) in the 192-pairs crystal cluster.

Blue: ordered crystal, four 25% peaks corresponding to the four symmetry operations of the space group;
red: cluster seeded by 90° rotation of the cations and then briefly relaxed in Monte Carlo for 10 ksteps. A
significant population of 90° rotated cations remains but the total intermolecular energy of the two

distributions differ only by a handful of kJ-mol~1.
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33 The quantum M06/6-311G(p,d) energy profile for a possible interconversion of the TACO cation ring system.
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