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Abstract

5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile, dubbed ROY for its numerous crystal
polymorphs of red, orange, and yellow colors, has been studied in its liquid and glassy state by
infrared spectroscopy. Two populations of conformers are observed whose equilibrium is
characterized by AH = 2.4 kJ/mol and AS = 8.0 J/K/mol. The two populations correspond to the
global and local minima of the torsional energy surface and to the conformational preference of
the 13 crystal polymorphs. The local minimum features a more coplanar arrangement of the two
aromatic rings, greater m conjugation, and lower CN stretch frequency. In the gas phase, the lowest-
energy path between the two minima has an energy barrier 3.9 kJ/mol above the global minimum,
consistent with the rapid equilibration between the two populations. The relevance of our result

for understanding the prolific polymorphism of ROY is discussed.



Introduction

For over two decades, 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile (Fig. 1) has
been continuously studied for its large and growing number of crystal polymorphs.!-%3%%6.7 The
molecule is named ROY for its crystals of red, orange, and yellow colors and is the current record
for the largest number (13) of ambient-condition polymorphs with solved crystal structures.® This

prolific polymorphism has made ROY a model for polymorph discovery, crystal structure
9,10,11,12

13,14,15

prediction, and studies of structure-property relationships.
ROY is noted for its conformational diversity in the
crystal polymorphs. In the 13 structures, ROY adopts a
wide range of conformations characterized by the
torsional angles defined in Fig. 1. For example, Owio
ranges from 5° (in polymorph R18)° to 128° (polymorph
PO13).> This variation explains the different crystal

colors:'* small Ouio means that the two aromatic rings are  Fig. 1. Molecular structure of ROY.
Definition of torsional angles:
S1CoN3Cy (Bthio), CoN3C4Cs
to a deeper color (red); as Owmio increases, the extent of T (Opheny1), C4C6N70s (Onitro).

nearly coplanar, which promotes m conjugation and leads

conjugation decreases and the crystal color changes to
orange and yellow. Recently, Tang et al. observed that inclusion of ROY in hydrogen-bonded

frameworks tends to flatten the molecule. '

Given its conformational diversity in the crystalline state, it is of interest to determine ROY’s
conformation in the liquid state. Does the distribution of conformers in crystals have a counterpart
in the liquid phase? Does the liquid-state conformation influence the crystallization process and
polymorphic selection? In this work, infrared (IR) spectroscopy and quantum chemical
calculations are used to investigate the conformational distribution of ROY in its liquid and glass.
We find that ROY exists in two conformational populations whose equilibrium is characterized by
AH = 2.4 kJ/mol and AS = 8.0 J/K/mol. These two populations correspond to the global and local
minima of the torsional energy surface and to two groupings of conformers observed in the crystal
polymorphs. Our result confirms the importance of intramolecular energetics in the formation of

crystals and in crystal structure prediction.



Experimental

ROY was a gift from Eli Lilly and Company. IR absorption spectra were recorded in transmission
with a Bruker Equinox 55/S FT—IR unit or a Nicolet 60SXB spectrometer. The instruments had a
resolution of 4 cm’!, consistent with the full width at half maximum (FWHM) of the peaks of the
ROY crystal spectra. To measure the liquid-phase spectrum, a crystalline powder was melted
between two KBr disks and the resulting liquid film was mounted on a custom-built temperature
stage. The temperature of the stage was controlled between 250 and 365 K by circulating cooled
ethanol or heated water through a brass block using a VWR PolyScience circulator. The block
temperature was calibrated against the melting point of o-terphenyl crystals (329 K). To measure
the solution spectra, a ROY powder was dissolved in chloroform or carbon tetrachloride at target

concentrations and IR absorption spectra were recorded at 295 K.

The gas-phase geometry of ROY was optimized by the Moller—Plesset perturbation theory (MP2)
with the cc-pVDZ basis set using Gaussian16.!” The initial structure was the molecule in the
crystal structure of ROY polymorph ON (QAXMEH in the Cambridge Structural Database).'
Geometry optimization was performed either without constraints, yielding the global and local
minima, or at fixed Omio (Fig. 1), yielding the torsional energy vs. Owmio curve. The transition states
for conformational changes were searched using Nudged Elastic Band (NEB) theory implemented
in the Atomic Simulation Environment (ASE).!®:!° For each search, the initial and the final
conformations were provided and the transition state was sought that had only one imaginary
frequency corresponding to the saddle point on the reaction path between the two structures. The

search was also performed at the level MP2/cc-pVDZ.



Results and Discussion

IR Spectroscopy

In this work, the CN stretch band in the IR spectrum was used to study the molecular conformation
of ROY. The CN stretch occurs in an uncrowded region of spectrum, enabling detailed analysis of
its position, width, and shape without interference from other vibrations. It has been used to study
the local environment of proteins?®:2! and solvents.???} For ROY, the CN stretch frequency is
sensitive to the molecular conformation as seen from a comparison of the crystal polymorphs in

which ROY adopts different conformations (see below).!
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Fig. 2. (a) CN stretch spectra of ROY melt from

250 K to 360 K. The gap in the progression of
We find that each spectrum observed is well ~ spectra was a result of skipping a temperature
range in which crystallization was fast. (b)
llustration of the fit of each experimental
2b illustrates this fit where 1 and 2 refer to  spectrum (this one recorded at 298 K) using two
Voigt functions.

dependence of the spectrum.

fitted as a sum of two Voigt functions. Fig.

the peaks at lower and higher wavenumbers,



respectively. The small residual displayed at the
bottom indicates the quality of fitting. This fit
yields the position, the width, and the area of
each peak. These fitting parameters are plotted in

Fig. 3 as a function of temperature.

Fig. 3a shows that with cooling, both peaks shift
to higher wavenumbers (blue shift), with Peak 2
showing larger shift. As a result, the separation
between the two peaks increases with cooling.
Fig. 3b shows the FWHM of each peak as a
function of temperature. Peak 1 is slightly
broader than Peak 2, and with cooling, Peak 1
narrows while Peak 2 broadens. We note that
these peak widths have contributions from the
instrumental resolution (4 cm™) but their
differences and temperature trends are
considered reliable. Fig. 3¢ compares the areas
of the two peaks, each expressed as a percentage

of the total area. With cooling, the area of Peak
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Fig. 3. The temperature dependence of (a)
peak position, (b) peak width (FWHM), and
(c) relative peak area for each of the two peaks
that compose the observed CN stretch band

(Fig. 2b).

2 increases at the expense of Peak 1 and the two areas are the same at 295 K. The vertical dotted

line in Fig. 3 indicates the glass transition temperature of ROY, 7, =259 K. Within the temperature

range investigated, none of the spectral characteristics considered above is sensitive to the passage

of Ty.

We interpret the results above as follows. Peaks 1 and 2 correspond to two populations of ROY

conformers in equilibrium with each other. This conclusion is supported by the success of the two-

peak model to fit each spectrum (Fig. 2b) and by the observation of the isosbestic point at 2222

cm’! (Fig. 2a). At the isosbestic point, the two conformers have the same extinction coefficient so

that any change of their concentrations does not alter the sum of the total absorbance. The

isosbestic point is a general feature of processes where the observed spectrum is the sum of the



contributions from two species that exist in equilibrium.?*?> Given that Peak 2 increases with
cooling at the expense of Peak 1, the corresponding conformation has lower energy. As we discuss

later, this conformation is associated with the global minimum of the torsional energy surface.

Building on the understanding above, we calculate the equilibrium constant for the conformational
change:

Low-energy conformer (Peak 2) «» High-energy conformer (Peak 1).
The equilibrium constant is given by

K =x1/x2=A1/42
where x1 and x; are the mole fractions of the high-energy and low-energy conformers, with xi + x2
=1, and the second equality assumes that the area of each peak is proportional to the fraction of

the corresponding conformer (that is, the two conformers are assumed to have the same average

extinction coefficient).

Fig. 4 shows the van’t Hoff plot of the e
equilibrium constant K (In K vs. 1/T). A linear 015 1
relation is observed. From the linear fit, we 0.05
obtain: AH = 2.4 kl/mol, AS = 8.0 J/K/mol, E
where AH and AS are the enthalpy and entropy i
changes associated with the conformational 015 7
equilibrium. The adherence of K to van’t Hoff’s -0.25 : : :
26 3 34 38 42
law is further support for the two-population 1000/T (1/K)

model for ROY conformers. It is noteworthy that ~ Fig. 4. van’t Hoff plot of the equilibrium
constant K for conformational change. From

the high-energy conformer (Peak 1) has e Jinear fit (solid line) we obtain AH = 2.4
approximately equal concentration as the low- kJ/mol and AS = 8.0 J/K/mol.

energy conformer (Peak 2), with K = 1. Within
van’t Hoff’s model, this is interpreted as a compensation effect where the high-energy conformer

is disfavored in terms of enthalpy but favored in terms of entropy. The temperature range in Fig.



4 spans ROY’s Ty (259 K) and there is no
evidence that the conformational equilibrium
is perturbed by the passage of T,. When a
liquid is cooled below its Ty, whole-molecule
rotation and translation are frozen, causing a
drop of heat capacity. Our result thus indicates
that ROY’s conformational dynamics is not
strongly coupled to those degrees of freedom

that are frozen by the glass transition.

The two-population model not only describes
ROY conformations in the pure liquid but also
in the solutions. Fig. 5 shows the CN stretch
spectra of ROY dissolved in CCls and CHCl3
at similar concentrations (~0.9 mM). In each
solution, the ROY spectrum features a main
peak and a shoulder at lower wavenumber. As
in the case of the melt spectrum (Fig. 2b), the

solution spectrum is well represented as a sum
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Fig. 5. CN stretch spectrum of ROY in (a)
CClsand (b) CHCI3 at a similar concentration

(~0.9 mM). Each spectrum is fitted as a sum
of two Voigt functions.
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of two Voigt functions. The two-peak fitting is illustrated in Fig. 5. The small residual shown at

the bottom indicates the quality of fitting. The fitting results are collected in Table 1.

Table 1. Peak positions v, peak area 4, and peak width (FWHM) of the two components in the CN

stretch spectrum of ROY at 295 K.

solvent v(em) 4 (%) FWHM (cm™)?
CCly4 peak 1 2222 56 12

0.090 mM peak 2 2230 44 8

CHCI3 peak 1 2222 59 19

0.094 mM peak 2 2231 41 10




None peak 1 2214 50 13
(neat liquid) peak 2 2227 50 12

@ The FWHM contains the unremoved contribution from instrumental contribution (4 cm™), but their differences are

considered meaningful.

Relative to the melt spectra, the solution spectra for the two solvents used are blue-shifted and the
separation between the two peaks is reduced. The 41/4> ratio is slightly larger in these solutions
than in the melt when compared at the same temperature (295 K), indicating a larger fraction of
the high-energy conformer in the solutions. The effect of changing the solvent from CCls to CHCl3
on the CN spectrum is the most noticeable in the peak shape: in CHCl3, Peak 1 has lower height
than in CCls. Besides this, the solvent effects on spectral features are relatively minor. For
benzonitrile, Bagchi et al. observed that the CN stretch frequency is lower in solvents of higher
polarity and dielectric constant and attributed the effect to increased local electric field and the
vibrational Stark effect.?? Their work could be a basis for understanding the ROY results. ROY
has larger dielectric constant (50.4)%¢ than CCls (2.2) and CHCl; (4.8) and presumably higher local
electric field and larger Stark shift. In this work, our focus is on the main result that in both the
melt and the solutions, ROY exists as two populations of conformers. We seek an understanding

of this result on the basis of quantum chemical calculations described below.

Quantum Chemical Calculations

The experimental finding that ROY exists in two conformational populations in its melt and
solutions motivates an analysis of the torsional energy landscape. We inquire whether the
landscape contains multiple minima that correspond to the observed populations and if so, how
high the activation barriers are between them. The first quantum chemical calculation on ROY was
performed at the level of RHF/6-31G* and observed only a single energy minimum for Owmio > 0
(an equivalent, inversion-related minimum occurs at Omic < 0). Later work employed other
computational models and reached rather different conclusions:?”> 2829 30 10. 1L for g0 > 0, some
reported two minima, others three; when two were reported, the global minimum was placed at
higher or lower Owio than the local minimum. Thomas and Spackman pointed out that many DFT
methods are problematic for a molecule like ROY for they overweigh the stabilizing effect of

conjugation; they regarded MP2 energies as more accurate.?’ More recently, Greenwell et al. used



CCSD(T) as the benchmark for accurate torsional energies.!! In this work, we revisit this problem

using MP2/cc-pVDZ and investigate not only the energy minima but also the transition barriers.

Fig. 6 shows the torsional energy of
ROY as a function of Omio. The energy

profile shows four symmetry-related

minima marked with red crosses: G+,
G-, L+, and L-, where G and L indicate G, Omio = 116.9
global and local minima and + and —
distinguish  degenerate  inversion-
related pairs. These minima were

obtained by full optimization (no

E (kJ/mol)

constraints). The results are shown in

Table 2 and the inset of Fig. 6. The

global minima, G+ and G-, are

. 0 1 L 1 L 1 L L 1 1
characterized by Omic = £116.9° and -180-150-120 -90 60 -30 0 30 60 90 120 150 180

Otnio (°)

Fig. 6. Torsional energy of ROY as a function of Owio
+46.5°.  The local minima are 1.4 calcylated using MP2/cc-pVDZ. G+, G-, L+ and L-
are 4 symmetry-related global and local energy
minima (marked with red crosses). The structures of
global. In Fig. 6, M1, M2, and M3 G+ and L+ are shown on top. M1, M2, and M3 are the
maxima of the energy profile for which + and —
indicate inversion-related pairs.

the local minima, L+ and L-, by Omio =

kJ/mol higher in energy than the

indicate the maxima observed by the
Omio scan. These maxima all come as
inversion-related pairs distinguished by plus and minus signs. As we discuss below, these are not

the transition-state points. Our results are consistent with the benchmark CCSD(T) result.!!



Table 2. Parameters for the torsional energy surface of ROY.

Othio ephen Onitro E - F (global)
S1CoN3Cy (°) CoN3C4Co (°)  O7NeCsCs (°)  (kJ/mol)

State points ?

Minima
G+ 116.9 -09 16.0 0
L+ 46.5 26.0 -15.5 1.4

Maxima of energy scan along Oinio

M1+ 0 (fixed) 46.0 -22.0 53
M2+ 60 (fixed) 26.8 -8.9 1.6
M3+ 180 (fixed) -61.6 24.4 9.5
Transition states

TS1 0.0 0.0 0.0 12.9
(between L- and L+)

TS2+ 82.4 11.9 1.2 3.9
(between L+ and G+)

TS3 180.0 0.0 0.0 34.4

(between G- and G+)°
# The plus sign (+) indicates one of two inversion-related iso-energy structures. For the other
structure in each pair (with the minus sign (-)), reverse the signs of all torsional angles. Where no
plus or minus sign is given (TS1 and TS3), the structure is planar and achiral.
®The actual TS search yielded a slightly non-planar structure with Omio = 179.1°, Ophen = 1.5°, and
Onitro = 2.6°, but we regard the deviation from planarity as insignificant.

Local minimum

The global and local energy minima 6 Omo 146'50 = ROY polymorphs
obtained by quantum chemical calculations T QROY in GS frameworks
correspond reasonably well with the ‘g 4 Ggo?aif?;'gfggm
conformational preference of ROY in the 3° L

crystalline state. In Fig. 7, a histogram is 2

shown of the Owmic angle for the 13 1 ]_1 [LI
polymorphs of ROY!">¥*3078 and 6 ° °e233988¢e glglgg S gg 3888
guanidinium  organosulfonate  (GS) Othio (°)

inclusion compounds containing ROY.!° Fig. 7. Histogram of Omic for ROY in its 13
. . | h do6 idini Ifonat

ROY adopts a wide range of conformations PO ymoIpls an suamdiniuim _organosu ionate
(GS) inclusion compounds. Some structures

in the crystalline state with Owmi, ranging contain independent molecules, making the total
count greater than 13 (for polymorphs) or 6 (for

from 5° to 128°. The polymorphs (black  j,clusion compounds).



bars) fall into two groups, one centered around 40° and the other around 110°. These two groups
approximately correspond to the local and the global minima, indicated by down arrows. This
indicates that the conformational preference in the crystalline state has correspondence with that
in the gas phase. It is also noteworthy that more crystal structures are clustered around the local
minimum than around the global minimum. That is, despite its higher energy, the local-minimum
conformer (with some adjustment) is utilized more often as the building block in the observed
crystal structures. On the other hand, the global-minimum conformer (with some adjustment) is
the building block for the two lowest-energy polymorphs: Y with Omic = 104.7° and YT04 with
Otmio = 112.8°. In the GS frameworks, ROY conformations are clustered exclusively around the
local minimum. These rich observations reflect an interplay between the intrinsic conformational

bias and the preferred conformation for crystal packing.

The torsional energy curve of ROY in Fig. 6, valid for a gas-phase molecule, also provides a basis

for wunderstanding its two conformational 2235
populations in the liquid state. Assuming the liquid 2230 | '@
© X
environment does not significantly alter the 2225 0% o
i\ ° °
: £ 2220 | %
conformational preference, we expect two S oo
. 3 22151 OO o ROY polymorphs
populations of conformers whose structures fall L A e X o ROY in GS frameworks
L. 2210 F X ROY melt
close to the global and local minima. These two o 0 ROY in CCl
205 | O + ROY in CHCI,
. . A Nor-Me ROY pol h
populations are expected to have different CN 2200 ‘ . 4 Nor-Me ROY polymorphs
0 30 60 90 120 150 180

stretch frequencies, with the higher frequency
associated with the global-minimum conformer.
This last expectation is based on the fact that in

ROY 1,2,3,4,5,6,7,8

polymorphs and  inclusion

compounds,'® higher CN stretch frequency
correlates with larger Owmio. This correlation is
displayed in Fig. 8. In addition to ROY, Fig. 8

includes two data points on the polymorphs of

Bthio (°)
Fig. 8. CN stretch frequencies of ROY
polymorphs and inclusion compounds
plotted against Omio. The data points for
ROY melt and solutions are placed at Owmio
= 46.5° (local minimum) and 116.9°
(global minimum). In addition, we include
the data points on the two polymorphs of

ROY with its methyl group removed (nor-
Me ROY).

“nor-methyl ROY” (ROY without its methyl group).3! This correlation arises because smaller Oio
leads to a more co-planar structure, enabling stronger 7 electrons conjugation between the two

aromatic rings and causing a decrease of the CN stretch frequency. Based on this explanation,



lower temperature favors the global-minimum conformer (Peak 2). This is in complete agreement
with experiment: with cooling, Peak 2 increases at the expense of Peak 1 (local minimum). The
1.4 kJ/mol energy difference between the global and the local minima is close to the 2.4 kJ/mol
enthalpy difference between the two groups of liquid-state conformers. The difference can arise

from many factors, including zero-point energy and solvation effect.

We now turn to the transition states (TS) and the energy barriers for conformational changes. This
information is important for understanding the rate of transitions. Given that our experiments
observed no out-of-equilibrium behavior during heating or cooling, the timescale for
conformational changes must be short relative to the experimental timescale — minutes to hours,
implying relatively fast transitions and low energy barriers. Naively, the TS points are simply the
maxima of the energy scan in Fig. 6 (M1, M2, and M3). But this is not the case, as our TS searches
found energy barriers significantly higher than these maxima (Table 2). In each search, we begin
with two input structures (the initial and the final

conformations) and seek a saddle point where the TS1, 64 = 0°

energy is minimal with respect to all vibrations

except for one — the reaction coordinate. With L+ and

L- as input, a TS is located at Omio = 0° (TS1), 11.5
TS2+, 04, = 82°

kJ/mol higher in energy than the input structures. As
shown in Fig. 9, this is a planar, achiral structure,
expected for a transition state between two chiral
structures of opposite sense (L+ and L-). With L+

and G+ as input, we obtain a TS at Omio = 82° (TS2+)

TS3, 04, = 180°

whose energy is 3.9 kJ/mol above G+ and 2.5 kJ/mol

above L+. This is a non-planar, chiral structure for

the transition between two structures of the same  Fig. 9. Structures of the transition states
for conformational changes. TS1 is for

the transition between the two local
inversion-related transition state TS2- for the minima L+ and L-. TS2 is for the
transition between the global and local
minima of the same chirality with
G- as input, a TS at Omic = 180° (TS3) is located ~ chirality distinguished by + and — signs.

' ' ' TS3 is for the transition between the
whose energy is 34.4 kJ/mol higher than the input  ty global minima G+ and G-.

chirality (G+ and L+). (By symmetry, there is an

transition between G- and L-.) Finally, with G+ and



structures. As in the case of TS1, TS3 is a planar, achiral structure, as expected for the transition

between two chiral structures (G+ and G-).

The set of energy barriers obtained by the transition-state search is insufficient to cause kinetic
arrest in the temperature range investigated. The height of TS2 is on the order of thermal energy
kT relative to the states connected by it (G+ and L+ or G- and L-). This is consistent with the lack
of any out-of-equilibrium behavior observed in this work (Fig. 3 and 4). It is also important to note
that the energy barriers above pertain to isolated molecules in the gas phase and are likely modified
by the condensed-phase environment. For example, the energy of TSI is a sizable 12.9 kJ/mol
above the global minimum, but a known polymorph of ROY (R18)° actually utilizes a nearly
identical conformer as TS1 as building unit. In this case, the conformational strain is apparently
overcome by the stabilizing effect of crystal construction. Given the high dipole moment of the
planar TS1 structure,' one mode of stabilization is the dipole-dipole interaction. The stabilization
of TS1 in this manner would accelerate the conformational transition between L+ and L-. Of the
three TS points identified, TS3 has the highest energy (34.4 kJ/mol above the global minimum),
suggesting the conversion between G+ and G- is the slowest and could be frozen at low enough

temperatures.

Given the common use of 1D torsional scans of the type in Fig. 6, we briefly discuss the failure of
this method to identify the transition states for conformational changes. As Table 2 shows, the TS
points are significantly higher than the maxima of the 1D scan at the same Owio. The discrepancies
are 7.6 kJ/mol for TS1, 2.3 kJ/mol for TS2, and 24.9 kJ/mol for TS3. This failure is an intrinsic
issue for a molecule like ROY with many coupled torsions (Fig. 1).>* The torsional energy of ROY
is a function of all its major torsional angles (Otio, Ophen, and Onitro).>> In the 1D scan, slices are
taken of the multi-dimensional potential energy surface, each at a fixed Oio, to find the minimum
on each slice. At fine enough increments, a 1D slice is guaranteed to cut through a TS saddle point,
but depending on the topology of the energy surface, the TS point is not guaranteed to be a
minimum on the slice and as a result, may be absent in the search report.>? We illustrate this in Fig.
10 where ROY’s torsional angles Ophen and Oniwo are plotted as Omio is scanned between the local
minima L- and L+. The TS point between L- and L+ is located at the center of each plot,

corresponding to a planar structure with Owio = Ophen = Onitro = 0°. Note that during the Owmio scan,



the system’s trajectories do not pass through the

) ) a 60 M1+
TS point. At Bmio = 0, the Bwmio scan yields two a0 | L% ¢, L
structures, M1+ and MI1-, depending on the 2 "_‘3.% .
direction of approach; these structures have the o":? ol TS:& ...........
same energy but opposite chirality. The dotted CD% ol e
lines indicate the hypothetical reaction path ¢ o<y o
between the two minima through the TS. The 40 - * ..T/n
above discussion explains the unusual “pointy” '60_60 "0 20 o : 20 40 60
maxima M1 and M3 of the torsional energy Othio (°)
curve in Fig. 6. The pointy maxima imply a b so _ -
discontinuity in the first derivative of energy and 20 f L'. o ® oone
a singularity in the second derivative, features 10 ¢ o
incompatible with a real potential energy Co ol 181
surface. This “anomaly” is a result of projecting q;; 10 T °
trajectories on a multi-dimensional surface onto 00 | - ®® oif
one dimension. For example, in Fig. 10, M1+ 30 L Mt L
and M1- are two distinct structures, but they -60 -40 -20 Oth(-) (0)20 40 60

10

coincide when projected unto one dimension
Fig. 10. Changes of ROY torsional angles

Opheny! (2) and Oniwo (b) during a 1D energy
In Fig. 6, changing Bmio from slightly below zero ~ scan along Bwmio. Only the region around Oumio
= 0 is shown. The diamond symbol at the
center indicates the transition state TS1.

(Bnio) because both are characterized by Owmio = 0.

(M1-) to slightly above (Ml1+) is not a
continuous path, but a jump on the multi-
dimensional energy surface (Fig. 10), leading to the pointy maximum. Although the maximum M2
appears less pointy than M1 and M3, the same underlying issue*? likely exists. For this reason,
TS2 is to be trusted over M2 as representing the barrier for conformational transitions. As future

work, a grid scan near M2 would be informative to determine the reaction path.

Concluding Remarks
In this work, the IR spectrum of ROY is used to investigate its conformations in the melt and in
solutions. In both media, ROY exists as two populations that correspond to the global and the local

minima of the torsional energy surface. The global minimum corresponds to a more orthogonal



arrangement of the two aromatic rings, with reduced m conjugation and higher CN stretch
frequency. The equilibrium between the two populations in the melt is characterized by AH = 2.4
kJ/mol and AS = 8.0 J/K/mol. The lowest-energy pathway connecting the global and the local
minima has a transition state 3.9 kJ/mol above the global minimum, allowing rapid equilibration

between the two populations.

The temperature range of our measurement extends from well above the glass transition
temperature (7, = 259 K) to 10 K below and we observed no evidence that the conformational
equilibrium is perturbed by the passage of 7. At the glass transition, whole-molecule rotation and
translation are frozen, causing a drop of heat capacity. Our result indicates that the conformational
dynamics of ROY is decoupled from those degrees of freedom that are frozen by the glass
transition. It would be of interest to investigate the system at lower temperatures to observe the

kinetic arrest of conformational dynamics.

The low barrier of conversion between ROY conformers suggests the possibility to observe
spectral coalescence and splitting as a function of temperature, as commonly investigated by
dynamic NMR.** The high frequency of the CN stretch implies that to observe this effect, the
exchange rate would need to be extremely fast, on the order of THz. There have been some
examples of spectral coalescence in the IR regime; for example, the CO stretch bands of (n*-
norbornadiene) Fe(CO); merge with heating®> and the CN stretch band of acetonitrile in methanol
is split into free and hydrogen-bonded components but unresolved at high temperatures.>® Our data
show only a weak hint of coalescence — see the decrease of peak separation with heating in Fig.
3a, and the temperature effect is far smaller than in the two examples given above. It might be
possible to use dynamic NMR to study the ring rotation and inversion dynamics in ROY.3"-3® The
transition barriers at Bmio = 0 and 180° (TS1 and TS3, Fig. 9) are comparable to those that have
been investigated by dynamic NMR.3%40

There have been attempts to connect liquid-state conformation with crystallization and
polymorphic selection, hypothesizing that conformational similarity between the liquid state and
a crystal structure promote crystallization toward that structure.*'**? In the case of ROY, there is

some validity in this statement in that the two populations of conformers in the liquid state



approximately match the two populations in the crystalline state (Fig. 7). This argues that
conformational preference in the liquid state is not lost when forming crystals. It is consistent with
the finding that accurate conformational energies are important in the energy ranking of crystal
polymorphs.'®!! But the role of conformation in crystallization is rather limited from a kinetic
standpoint. If the dominant conformer (the global minimum) controls polymorphic selection, those
polymorphs that employ the stable conformer as building unit would be selected. This is not the
case: polymorph ON, which is composed of conformers that resemble the local minimum, is one
of the fast-nucleating polymorphs from the melt.** This can be explained by the fact that the
timescale for nucleation** is longer than the timescale for conformational changes in ROY.
However, in situations where conformational changes are slow relative to crystal nucleation and

growth, the distribution of conformers can potentially control polymorph selection.
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