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Abstract: Polymorphism and phase transitions in 2-(2,4-dinitrobenzyl)-3-methylpyridine were investigated
using 13C and !N solid-state NMR, crystallographic, and calorimetric techniques. The coexistence of two
phasesA andB, over at least 89 K around the first-order phase transition temperature is observed by solid-
state NMR and by following the decay kinetics of a thermally activated tautomerization process in a single
crystal. The observations are interpreted in terms of a distribution of mesoscopic domains within the crystal,
differing in their local pressure. The presence of dynamic processes on time scales shorter than minutes is
excluded by both NMR measurements and tautomerization kinetics.

Introduction relatively large temperature ranj@he deviation from classical
behavior was attributed to fine microscopic details that are not
accounted for in the classical thermodynamic theory or to factors
giving rise to nonequilibrium conditions.

Two basic models aimed at accounting for such nonclassical

namics theory, a first-order phase transition takes place when iy T . . . ;
! . ; transitions were proposed, taking into consideration microscopic
the free energies of the two phas@sandB, in question,Ga N ) .
phenomend. The initiation of a first-order phase transition

andGg, become equal. Normally, this condition is fulfilled along . ; .

. . . aroundT, is induced by the nucleation of one phase inside the
a curve representing the intersection between the two free eNergy i or In one model. the transition progresses by domain growth
surfaces of the two phases. Consequently, afle#yT. (where ' ’ ’

! " . while in the second model, growth of the new phase is facilitated
T. is the transition temperature at a given pressure), only one

S ? .. by the segregation of mobile microscopic domains.
phaseA or B, exists in the sample. The two phases coexist in . . .
oo L R -, In both models, one must consider the potential energy arising
equilibrium atT, exhibiting an infinitely sharp transition at a

. - : L from the need to fit a domain of the new phase into the
Te,Pc pair. As a result, at this temperature, discontinuities appear : . ; !

! : Lo structurally different lattice of the old phase. This potential
for all extensive physical properties in the system (entropy,

i energy can be divided into two major contributions: (A)
volume, enthalpy, etc.), and the heat capacity of the system. . L .

. . interfacial energy oy, arising from the structural mismatch
becomes infinitely high.

Nevertheless, as early as the 1930s, nonclassical IOhaséaetween the phase lattices in the two-domain interface, and (B)

transition behavior was observed between polymorphs with Strain energygic;, generated f rom th? m'S”.‘a‘.Ch betyveen the
structurally similar packing. Work published by Ubbelohdad molar volumes O.f the two Ia_tt|ces. This strain Is manl_fest(_ed by
others$ around the middle bf the century revealed that, at least either compression or tension, depending on the dlrgctlo_n of

. - ' ..~ the transition relative to the volume change. In one direction,
for molecular crystals, the classical phase transition description

is somewhat too simplistic, and many systems can be describeaIhe newly formed domains are compressed within the smaller
P ’ y syster available space of the old phase (thus introducing increased
only by an expanded set of rules. A considerable number of

molecular crystals were shown to exhibit different types of compression), while in the other direction, tension is exerted.

“oremonitory. effects”. “smearing”. and hvsteresis. where the Both energy terms depend also on the domain sizes and vary
P y ' g, y ’ in magnitude as the transition progresses.

different crystal' phases exhibit gradgal onset and offset of The complex and asymmetric nature of these two contribu-
Egggfaltﬁgzzegf:;’;g;?; heﬁ;ﬁg&ﬁ"tg 33;;’05; Tn?\;grasl an tions gives rise to the hysteresis often observed in such cyclic
’ P P %hase transitions. The overall free energy of a given phase is

T Department of Chemistry. described in eq %:

*Solid State Institute.
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Scheme 1 Here we report on a detailed crystallographic, calorimetric
and solid-state NMR investigation of the three polymorphs of
2 and the phase transitions between them. The real temperature
width of the single crystal to single crystal phase transition
taking place between two of the polymorphs is investigated
using solid-state NMR techniques.

Experimental Section

hv, A; hv, hva\\ 4; hv, Materials. *>N-Nitric acid (65%, 99%°N, Isotec Inc., Matheson
USA), 2-amino-3-methylpyridine (Aldrich), deuterated ethanol ¢CH
CH,OD, 99.5% D, Sigma), and other materials used for the preparation
of the different compounds were used as received unless noted. THF
was dried over potassium and benzophenone under argon until blue.
Triethylamine was distilled over sodium and used immediately.

2-(2,4-Dinitrobenzyl)-3-methylpyridine (2) was prepared according
to a previously reported procedifre.
2-(2,4-Dinitrobenzyl)-3-methylpyridine-d, (2-d,). Five-hundred
milligrams (1.85 mmol) of 2-(2,4-dinitrobenzyl)-3-methylpyridin®) (
the following equations: were dissolved in a mixture of 5 mL of dry THF, 10 mL gf deuter_ated
ethanol (CHCH,OD, 0.17 mol), and one drop of dry triethylamine.
AG(T)._. = XG + (1 — X)G, ) The solution was stirred for 1 week at 3C in the dark. Solvents
! ! were removed under reduced pressure, and the product was recrystal-
AG(T)H =(1-XG, + XGj (3) lized from deuterated ethanol (§EH,OD). The product was deuterated
exclusively at the benzylic position (998% D by NMR). Mp: 118.8
°C (uncorrected, ethanol). MSFDCI): 275.9 (M + HY). 'H NMR
(200 MHz, CDC}): 02.34 (s, 3H), 7.1 (t, 1H), 7.45 (s, 1H), 7.48 (d,
1H), 8.2 (d, 1H), 8.4 (d, 1H), 8.87 (d, 1H}C NMR (50 MHz,
CDCly): 6 18.8 (s), 39.0 (br s), 120.3 (s), 122.1 (s), 126.9 (s), 131.4
(s), 134.0 (s), 137.9 (s), 141.5 (s), 146.8 (s), 149.5 (s), 155.1 (S).
2-(2,4-Di**N-nitrobenzyl)-3-methylpyridine- >N, (2(**NO,),). Six-
tenths of a gram of 2-benzyl-3-methylpyridine was added to a mixture
of 1 mL of N-nitric acid (65%) and 10 mL of sulfuric acid and then
heated to 100C with stirring. After 1 h, the solution was cooled to

These additional contributions to the free energy surfaces were
suggested to give rise to the nonclassical phase transition
behavior? Earlier report3attributed the deviation from classical
first-order phase transition behavior to the formation of “meta-
stable” states in whicihG = 0. These states may be either
kinetically “frozen” or may advance to completion of the
transition, overcoming “kinetic resistance”. These models and
their interpretation were supported by many experimental
observations of a\_/ariety of_nonclassical phenomena in solid- room temperature, quenched with ice, and made basic using an
phase transformatiorisDespite these early reports and later ., monium hydroxide solution. The product was extracted with
extenswe research in th!s field, the origin and nature of S.UCh dichloromethane, dried over sodium sulfate, and chromatographed over
nonclassical transformations are not fully understood, mainly aymina (60:40, hexane/ether). The product was isolated as colorless
due to the limited understanding of the contribution of inter- ¢rystals, 0.62 g, 69% yield. Mp: 12Z (ethanol). MS¢DCI): 276.0
molecular potentials to the thermodynamic functions. (M -+ H"). H NMR (200 MHz, CDC}): 6 2.34 (s, 3H), 4.57 (s, 2H),
Our interest in such nonclassical phase transitions arises from7.1 (t, 1H), 7.45 (s, 1H), 7.48 (d, 1H), 8.2 (d, 1H), 8.4 (d, 1H), 8.87 (d,
the need to gain detailed structural information on photoactive 1H). 3C NMR (100 MHz, CDC}): 6 18.8 (s), 39.0 (s), 120.3 (s),
crystals, as part of an ongoing effort to correlate the supramo- 122.1 (s), 126.9 (s), 131.4 (s), 134.0 (s), 137.9 (s), 141.5 (s), 146.5
lecular structure of assemblies of molecules with their chemical (d), 146.8 (s), 149.5 (d), 155.1 (s). All products were kept in the dark
and physical properties. Recently we repottaal the investiga- ~ and recrystallized before use.
tion of site selectivity in phototautomerization processes taking  Apparatus. Calorimetry experiments were performed on a dif-
place in crystals of 2-(2,4-dinitrobenzyl) pyridin® @erivatives ferential scanning calorimeter (DSC, Polymer Science Ltd.). Transient
(Scheme 1%.Our preliminary results suggest that the kinetic optical absorption spectra were recorded on a Cary 1E instrument
parameters of such solid-state processes are controlled by(Varian) equipped with a temperature-controlled (Lake Shore 330,
neighboring molecules. Even subtle differences in the packing Cryotronics), liquid nitrogen-cooled optical cryostat (Oxford, DN1704).
of the molecules in the crystal lattice significantly affect the X-ray diffraction data were collected at 293 K,(C) and at 343 K
relative reactivity of the different phototautomers. This effect (B) on a Philips PW 1100 four-circle diffractometer. SolutiéN, *H,
was attributed to the differences in the ability of neighboring and**C NMR spectra were recorded on 200 MHz AC200 and 400
molecules to participate in the tautomerization reactibnone MHz wide-bore AM400 spectrometers (Bruker).
system, 2-(2,4-dinitrobenzyl)-3-methylpyriding)( a biexpo- Crystal Structures. Crystals ofC were grown by slow evaporation
nential decay curve of the phototautomer in the crystal was of 1:1 (v/v) hexane/ether solutions in the dark. Crystal& efere grown
observed throughout the phase transition temperature range. Thi§om ethanol solutions in the dark. Crystals Bfwere obtained by
observation can be explained if the san\#H" phototautomer gradually heating a single crystal in phasen a temperature-controlled

is embedded in two phases related by a nonclassical phasé;oniometer head mounted on the X-ray diffractometer. Crystals of phase
transition C were grown from hexane/ether solutions. The— B single crystal

to single crystal phase transition was followed by monitoring the
(5) Scherl, M.; Haarer, D.; Fischer, J.; DeCian, A.; Lehn, J.-M.; Eichen, intensities of 25 independent reflections at different temperatures.
Y. J. Phys. Cheml996 100, 16175. Significant changes in the intensities of different reflections were
E% E:)élr]el—r'] ¥V ?g%}oz'r?;r?srﬂy,ljl\r}l)./;s}ﬁgei?(igfl'Ul.‘;ws'cherl, M. Haarer, D.: observed during a period of up to several days after the phase transition.
Khatib, S.J. Am. Chem. S0d997, 119, 7167. (b) Peskin, U.; Khatib, S.; No solution could be derived from data sets collected.and T, +
Eichen, Y. Manuscript in preparation. 5 K, even after a period of several days. Satisfactory solution could be
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Table 1. Crystallographic Information on the Different Polymorphs
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phaseA phaseB phaseC
space group P2:/c P2i/c Cc
a(A 11.333(4) 11.617(3) 23.756(6)
b (A) 15.386(4) 15.355(5) 7.175(2)
c(A) 7.639(3) 7.641(3) 15.078(4)
p (deg) 106.07(3) 105.97(3) 102.39(3)
V (A3) 1280.0(8) 1310.4(7) 2510.1(12)
4 4 4 8
Dy (Mg m=3) 1.418 1.385 1.446
6 range (deg) 1.8725.10 2.25-22.02 2.7725.01
absorption coefficient (mnt) 0.108 0.105 0.11
temperature (K) 293(2) 363(2) 293(2)
crystal form plate plate needle
crystal size (mm) 0.3%0.2x 0.1 0.33x 0.25x 0.1 0.4x 0.15x 0.1
absorption correction none none none
no. of measured reflections 2170 1739 5010
no. of independent reflections 2170 1594 2305
no. of observed reflections 1779 1041 1112
criterion for observed reflections | > 20(I) 1 > 20(l) I > 20(l)
Rint 0.0000 0.0336 0.0000
range ofh, k, | —13>h= 13 —12>h=>=11 —28=> h= 27
0=>k=>18 0= k=16 0=k=>38
0=1=8 0=1=8 0=1=>17
intensity decay (%) 25 10.4 7.3
bs 0.0506 0.0745 0.0627
WRobs 0.1292 0.1739 0.1104
S 1.019 1.167 1.087
no. of reflections used in refinement 2111 1594 1899
no. of parameters used 226 226 423
(A/0)max 0.011 0.003 0.043
pmax (€ A3) 0.274 0.178 0.211
omin (€ A7) —0.263 —0.211 —0.192

obtained only from data collected after a stabilization period of ca. 7 temperature determination for th’Pb chemical shift scale was
days at 25 K abové.. obtained using the DSC-measured phase transition temperatures of 317
Crystallographic data were collected using a Philips PW1100 four- and 361 K under the same experimental conditions (temperature and
circle diffractometer using graphite crystal monochromated Mo K  spinning speed). These gave rise to a 0.82 ppm/K dependence. Recently,
radiation § = 0.7107 A) withw/20 scan (scan width, 1°2scan rate, similar dependencies of 0.720.75!* and 0.78? ppm/K were reported,
2° min~1). Unit cell parameters were determined by a least-squares Yet our temperature determination, being limited to a relatively small
fitting of the setting angles of 25 centered reflections. The intensities temperature range, is probably more accurate. Using the 0.82 ppm/K
of three standard reflections were measured every 120 min during thedependence, we were able to correct the temperature read on the
data collection. All non-hydrogen atoms were found by direct methods temperature control device to the actual sample temperature over the
and refined anisotropically. Hydrogen atoms were found using a desired temperature range. The determination of the temperature
difference Fourier map and refined isotropically. Detailed crystal- gradient across the sample relies on the observed line wictfRis
lographic information on the different structures is presented in Table in lead nitrate. The temperature calibration procedure will be described
1. Further details on the crystal structures are available on request fromin details elsewheréChemical shifts of*C and**N were referenced
the Director of Cambridge Crystallographic Data Center, 12 Union to external standards of TMS and solid ammonium sulfate, respectively.
Road, GB-Cambridge CB2 1EZ, UK, on quoting the full journal In total, 128 and 16 transients were recorded'farand*>N CPMAS
citation. experiments, respectively. Repetition delay times of-80 s and

Solid-State NMR. Solid-state NMR measurements were carried out Samples of ca. 160 mg were used.
on a 300 MHz CMX-Infinity (Chemagnetics/Varian) triple-resonance Triple-resonance REDOR and TEDOR NMR experiments, along
spectrometer. Double-resonance measurements were performed usin®ith a temperature jump experiment, were employed to obtain complete
Chemagnetics probes having 7.5 mm spinning modules. CPMAS “*C and®*N spectral assignments #f andB. This report contains the
experiments utilized proton decoupling powers corresponding to 80 spectral assignments, while a full experimental account will be provided
kHz. The HartmanrHahn match was set at 50 kHz for durations of ~elsewheré?
10 and 5 ms to allow for optimal transferred carbon and nitrogen
polarization. Spinning speeds employed were in thé 4Hz range, Results and Discussion
controlled to within+2 Hz. o
Variable-temperature experiments were performed in the range of ~Polymorphs. Molecular crystals of 2-(2,4-dinitrobenzyl)-
253-383 K. The sample temperature was allowed to stabilize and Pyridine @-DNBP) and its derivatives display a wealth of
equilibrate for a period of up to 20 min before data collection. To limit  crystalline phases, of which some are photoactive while others
the temperature gradient across the samplelt® K, the 7.5 mm rotor are photoinert. In this work, three different crystalline poly-
was only partially filled® Absolute temperature determination was morphsA, B, andC, of 2-(2,4-dinitrobenzyl)-3-methylpyridine
obtained by following the solid-to-plastic phase transition of 2,3- (2) were isolated and structurally characterized by means of
dimethyl-1,3-propanedi®(NPG) and of 2-hydroxymethyl-2-methyl- - x_ray crystallography and solid-state NMR techniques. The

1,3-propanedid|(PG) by™*C CPMAS NMR. These phase transitions  haqe transitions linking the different polymorphs were char-
were found experimentally to span a temperature range of less than
1.5 K. The temperature-dependent chemical shift@®b in PbNQ (10) Van Gorkom, L. C. M.; Hook, J. M.; Logan, M. B.; Hanna, J. V.
was utilized to calibrate the required temperature range. An absolute Wasylishen, R. EMagn. Reson. Chend995 33, 791.
(11) Bielecki, A.; Burum, D. PJ. Magn. Reson. A995 116, 215.

(8) Kababya, S.; Appel, M.; Schmidt, A. Manuscript in Preparation. (12) Ferguson, D. B.; Haw, J. Anal. Chem1995 67, 3342.

(9) Wilmet, F.; Ribet, M.; Bernier. P.; Girault, Y.; Elegant, Solid State (13) Kababya, S.; Appel, M.; Khatib, S.; Eichen,; Schmidt, A. Manuscript
Commun.199Q 76, 621. in preparation.
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Figure 1. Superposition of the unit cell and molecular packing2zah phasesA (balls and sticks) an& (sticks).

Scheme 2 Table 3. Selected Intermolecular Distances (A) in the Different
Polymorphs of2

phaseA phaseB phaseC symmetry relation

Os~H%, 3.35(1) 2.80(1) a (1—-x05+y, 15— 2
OgHfy,  2.73(1) 2.93(1) a (1-x05+y,15-2)
Or+Hiy  2.88(1) a a (=% -y, 1-2
Ose+-Hip @ a 3.30(1) (0.5+x, 0.5—y, —0.5+ 2)
OsxHi7, @ a 2.99(1) (0.5+x, —0.5+y, 2)
Osb"'H:72a a a 2.82(1) & —y,0.5+y)

Table 2. Selected Intramolecular Parameters2df the Different 8‘2‘23#322 g : ggigg g £115)3+ 2

Polymorphs

phaseA phased phaseCa phaseCb aDistance exceeds 3.5 A or not relevant.

pyridine—phenyl (deg) 56.1(4) 68.3(2) 77.7(4)  83.2(4) B is ca. 2% larger than that of phasedue to the elongation

o-nitro—phenyl (deg) 40.8(4) 29.7(8) 14.7(9) 8(1) - . ; .
pnitto—phenyl (deg) ~ 14.2(4) 8.2(9)  2.7(6) 21.6(6) _of thea axis. All other unit ceII_ parameters are almost identical
Ni—Hq1 (A) 3.12(3) 3.12(7) 3.05(10) 3.02(9) in the two phases. The major differences in the molecular
mr"':'n(_%h (deg) ;(ZJ(ll()S) 38(53()6) 3?3%(75()11) 311(2210) structure of2 in the two polymorphs are manifested by the
Ni"'H7722_C7 (deg) 44(1) 4-9(3) 4-3(5) 3-7(4) interplanar angle_s between tbeytro group, thep-nitro group,
—Hon (A) 247(4) 2.38(6) 2.56(10) 2.31(9) and the phenyl ring, as well as in the interplanar angle between
Oy++-H71—C7 (deg) 100(2) 101(4) 94(8) 108(7) the pyridine and phenyl rings (see Table 2). In both phases, the
Ni—Ci—C;—H7i(deg) 118(2) 130(4) —156(8) —155(8) oxygen atom of the-nitro group, Q, is close to one benzylic

hydrogen, and the nitrogen atom of the pyridine moiety, isl
acterized using calorimetric, X-ray crystallography, and solid- situated at about the same distance from the two benzylic
state NMR techniques. The molecular structure and atom hydrogens. In phase there is only one close contact between
numbering of2 are depicted in Scheme 2. one benzylic proton and @-nitro group of a neighboring
Phases A and B.A superposition of the packing of the molecule. In contrast, in phask, the two benzylic protons
molecules in the unit cells of phas@sandB is presented in interact with oxygen atoms of botx and o-nitro groups of
Figure 1 (phasd in balls and sticks, phadgin sticks). Selected neighboring molecules, forming extendedC—H---O— net-
intramolecular and intermolecular parameters of the two phasesworks!* The intermolecular center-to-center distances between
are presented in Tables 2 and 3, respectively. The two phaseghe closest ring pairs in each of the phases indicate the absence
consist of the same conformer @f differing slightly in its of any significantr—x interactions between the molecules,
internal coordinates. Crystals of the two phases are colorless, (14) (a) Desiraju, G. RAngew. Chem., Int. Ed. Engl995 34, 2311,

monoclinic, space group2i/c, with four molecules in the unit ()" angley, P. J.; Hulliger, J.; Thaimattam, R.; Desiraju, G.New J.
cell. The volume of the unit cell of the high-temperature phase, Chem.1998 22, 1307. (c) Desiraju, G. RAcc. Chem. Re<.996 29, 441.
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angles between the andp-nitro groups and the phenyl ring,
A as well as by the pyridinephenyl interplanar angle. In the two
molecules, one oxygen atom of tbhenitro group, Q, is close
to a benzylic hydrogen atom, and the nitrogen atom of the
pyridine ring, N, is situated at about the same distance from
the two benzylic hydrogens. The planes of a pyridine moiety
of a b molecule and a phenyl moiety of a neighboriag
molecule are almost parall@ljane-plane= 3.05(1) A. The center-
to-center distance between the two ringddsercenter= 3.70-
(5) A. This distance reflects the existencemofsr interactions
between the two rings. Crystals o are photoinert, in
accordance with previous predictions for systems hawing
interactions between the dinitrophenyl moiety and other ring
systems?® The molecules are interconnected vi€—H-:-O—
networks formed between benzylic protons and oxygen atoms
+a of neighboring molecule¥!

Calorimetric Investigation. The differential scanning cal-
orimetry (DSC) curves of crystals d? and its deuterated
analogue2-d, grown from cold ethanol solutions (pha&g are
presented in Figure 4a and b, respectively. Two sharp endot-
herms appear in both curves, indicating the presence of two
first-order phase transitions. The solid-to-soid— B phase
transitions are found at 3184 0.2 K for 2 and at 315.G 0.2
K for 2-d,. The solid-to-liquid phase transitions (melting points)
are found at 396.4t 0.2 and 392+ 0.2 K for 2 and 2-dy,
respectively. Insets in Figure 4a and b depict cyclic DSC
measurements & and 2-d; in the range of the solid-to-solid
A = B phase transition. The cyclic DSC curves exhibit
hysteresisATpeak-peak= 9.7 £ 0.4 and 9.2+ 0.4 K for 2 and
2-dy, respectively. Clearly, th& — B transition in both2 and
2-d; is characterized by an endotherm with width at half-
maximum (WHM) of 3.1+ 0.4 K, while the revers& — A
transition spans a wider range of temperatures, W4HM.8 +
0 A +a 0.4 K. The solid-to-solid phase transition is reversible. The DSC

é’r curves of2 and 2-d, show similar behavior; however, the
Figure 2. Supramolecular arrangementfn phasesA (top) andB deute_r_ated analogue undergoes the SO“d'to'mhﬁ B pha_lse
(bottom) viewed along the axis. transition at a lower temperature (ca3.5 K). This lowering

of the phase transition temperature due to the replacement of
Geenter-center > 4.1 A. The photoactivity o in the two phases, ~ the benzylic protons by deuterons suggests that these protons
and the absence of significant—z interactions with the contribute to the_ packing of the molecule_s in the crystal and
dinitrophenyl moiety, are in accordance with previous predic- thus to the lattice energy. The predominant intermolecular
tions on structure photoactivity relationship in such systeds. ~ interactions involving benzylic protons areC—H---O— net-

Figure 2 depicts the supramolecular arrangemen? drf works formed with oxygen atoms of neighboring nitro groups
phasesA and B along thec axis. In both phases, the phenyl (S€€ Table 3).
groups stack in columns along thexis, separated by 7.64(4) Figure 5 depicts }he DSC curve of crystals2ogrown from
A (interplanar distance). The phenyl ring centers in one column Nexane/ether solutions (pha&g. Two sharp endotherms are
are shifted by hal with respect to the phenyl ring centers of located at 377.8- 0.4 and 393.9- 0.2 K. These two peaks are
their neighboring molecules in adjacent columns, thus forming SeParated by an exotherm at 37&:2.4 K that varies in size
interleaved layers. The major difference in the supramolecular with scan rate. The curve indicates the melting of phasat
packing in the two phases is manifested in the degree of overlap¢@ 378 K and its subsequent crystallization as pliase ca.
between the interleaved columns. Columns in phasee more 379 K (phase identity confirmed by solid-state NMR spectros-

evenly spaced than those in ph&dnteraxis distances in the copy). _

two phases are 4.67 and 3.88 A in phasand 2.71 and 5.34 In summary, the free energyemperature diagram revealed

A in phaseB. by DSC and NMR experimentsifie mfra) is of a three-
Phase C A stereoscopic view of the molecular packingaof ~ crystalline-phase system, as presented in Scheme 3.

in phaseC is presented in Figure 3. Selected intramolecular NMR Characterization. (i) **C Measurements.The *C

and intermolecular parameters are presented in Tables 2 and 3CPMAS spectra of polymorph&, B, andC recorded at 253,

respectively. Crystals of phageare colorless, monoclinic, space 343, and 296 K are presented in Figure 6. The high sensitivity

groupCc,16 with two sets of symmetry-related molecules (four ©Of the 13C chemical shifts to the changes in the intra- and

of aand four ofb) in the unit cell. The main differences between intermolecular parameters of the three phases is evident. None

the nonequivalent molecules are manifested by the interplanarof the three solid-state spectra is identical to the proton-
decoupled solution spectrum @fin CDCl; (Table 4). Conse-

53%%)6“3“*3’ S.; Botoshansky, M.; Eichen, Xcta Crystallogr. B1997, quently, the latter provides only limited information for the
(16)13C and N NMR investigation support the existence of two assignment of the carbon peaks in the spectra of the three solid

nonequivalent molecules in the asymmetric unit. phases. The complete spectral assignment in such molecular
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Figure 4. DSC curves of crystals d (a) and2-d, (b) grown from AT B Melt <x—C \ Melt

cold dilute ethanol solutions (phagg. Insets: Cyclic DSC measure-
ments in the range of the solid to soidd= B phase transition. Sample

size, 10 mg; scan rate, 10 K mih ratio between the two spectral contributions is temperature

dependent, starting with the spectrum of pArat T < T, and
crystals is a challenging task. Here it required the tailoring changing gradually to the spectrum of puBeat T > Tc. A

of a variety of NMR techniques, e.g., delayed decoupling, representative spectrum recorded at an intermediate temperature
REDOR;’ TEDOR/® and T-jump. A detailed experimental (313 K) is shown in Figure 6, trackB. SpectrumAB reflects
account for the assignments will be given elsewhé@omplete  the coexistence of both phases at 313 K. Detailed examination
spectral assignments of phageandB are presented in Figure  of the spectra obtained as a function of temperature reveals a
6, and the corresponding isotropic chemical shifts, along with gradual and continuous conversion of the low-temperature phase

the solution assignment, are summarized in Table 4. A into the high-temperature phadg. All spectra in the
Interestingly, the spectra obtained at temperatures close tojntermediate temperature range were stationary with respect to
Tc are composed of the spectra of both phasesndB. The time course: changing the temperature reestablishes instanta-

(17) Gullion T.; Schaefer JI. Magn. Resonl98981, 196. neously (a few seconds fohT = 1-2 K) a new relative
(18) Hing, A. W.; Vega, S.; Schaefer,d.Magn. Resori992 96, 205. composition of the coexisting phases. The resulting spectrum
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Figure 6. 13C CPMAS NMR spectra of (centerband regions only) Figure 7. 15N CPMAS NMR spectra of the three polymorphs df
recorded at different temperatured; 253 K; B, 343 K; AB, 313 K; (centerband regions only) recorded at different temperatute299
C, 296 K. Experimental parameters: 5 kHz spinning rate; 10 ms contact K; B, 319 K; C, 293 K. Experimental parameters: 3 kHg,(B) and
time, with 50 kHz rf level, 80 kHz decoupling level. About 1000 5.4 kHz (C) spinning rate; 5 msA, B) and 10 ms €) contact time,
transients were collected for each spectrum with 30 s repetition time. with 50 kHz rf level; 80 kHz decoupling level. Up to 40 scans were
collected for each spectrum with 30 A,(B) and 60 s C) repetition

Table 4. 13C Chemical Shift Assignments & andB Polymorphs

and of Solution of22 time.
carbon no. phase phas@ 6A — 6B solution (CDC&) Table 5. 1N Chemical Shift ASSignmentS d‘, B, andC
Polymorphs and of Solution ¢
1 142 142.4 —-0.4 141.5
2 152.8 150.5 2.3 149.5 phaseA phaseB 6, —ds phaseC  solution (CDCH)
3 1196 1192 04 1203 0-NO, 3509 3447 62 342.7,3410 3447
4 147 145.7 13 146.5 pNO, 3411 3393 1.8 3405 339.9
5 127.3 126.6 0.7 126.9 ) ) ) ) )
6 1355 135.6 0.1 134.0 a Chemical shift scale is referenced to sol SO,
7 40.0 a1 ~1.0 39.0 L)
8 154.1 1549  —08 155.1 it a si - ini
9 1336 1334 0.2 1314 l[t a slltr.nple and straightforward probe to scrutinize the phase
10 139 139 0 137.9 ransition. )
11 122.9 123.1 -0.2 122.1 To monitor theA — B andB — A phase transformations,
12 1435 145.7 —2.2 146.8 15N CPMAS spectra were recorded as a function of temperature
13 19.2 19.2 0 18.8 with increments smaller tmal K over the entire transition
2 Chemical shift scale is referenced to TMS. temperature range. Starting with a samplédfigure 7A) and
increasing the temperature, the peak intensities of pkase
remains unchanged for periods as long as 2%@.CPMAS gradually decrease while those 8f gradually increase. A

shows that, upon cooling the sample, the reverse transiion, selected set of six spectra, depicting the progression of the
— A, is shifted to lower temperatures, in accordance with A — B transition, is presented in Figure 8. Clearly, the
calorimetric experiments. Both the temperature-dependent specconversion of phasé into B is continuous, and both phases
tra and hysteresis are described in further detail inite A andB coexist over a wide temperature range.

CPMAS section. The relative integrated peak intensities of the two phases at
(ii) 5N Measurements.The assigned®N CPMAS spectra each temperature, interpreted in terms of the mole fraction of
of phasesA, B, andC are shown in Figure 7. ABSN spectra the p_h_ases, are drawn in Figure 9. As can b_e seen, the phase

shown in this section correspond to th@itro andp-nitro 15N- transition extends over ca. 1.0 K upon heatirg {- B) or
labeled samples &. Phase®A andB give rise to'>N spectra cooling (B = A). Upon Iowerlqg of _the sa_mple temperature,
with two resolved peaks corresponding to thaitro (low field) hysteresis is observed, as depicted in the inset of Figure 9. The

andp-nitro (high field) groups. Phage, which consists of two B — A transition temperature is ¢ K lower than the — B

. X ; o . transition temperature.
honequivalent molecules in the asymmetric unit, gives rise to a Accurate temperature calibration and reduction of the sample
three-line spectrum with a 1:1:2 intensity ratio. TH& peak

. ; i . volume narrows the temperature gradient across the sample to
assignment was accomplished for pha&esndB in the solid P g P

. . . less than 1.5 K. This allows us to set unambiguously a lower
state and will be described elsewhéteThe corresponding g y

; . . ) . . limit of 8—9 K for the A — B phase transition span & The
isotropic chemical shift values are listed in Table 5. Ph@se  |ine widths of the resolvedsN peaks ofA andB are 22 Hz

has not yet been fully assigned. Based on the spectral assignq,er the entire phase transition temperature range. The absence
ments ofA andB, we attribute the intense high-field peak to  f |ine proadening across this temperature range excludes the
the p-nitro groups of the two nonequivalent molecules (coin- presence of a dynamic process, e.g., two-site exchange of
cide), and the two lower field peaks to the two nonequivalent molecules that “hop between phases’, with a correlation time
0-nitro groups. shorter than 1 s. Exchange-NMR SELD®Mexperiment

The high sensitivity of the nitrogen chemical shift to the local performed to probe dynamic processes with correlation times
environment, and the simplicity of their NMR spectra, render on the order of 30 s yielded no evidence for such dynamics.
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Figure 8. Selected set of CPMABN NMR spectra o as a function ether solution (phe_ts@) as a function of its thermal history. (§) at
of increasing temperature, shown from 311 (bottom) to 319.6 K (top). 293 K;f(b) conversion ofhphas@ 0B commences at 363 K; (?) when
Experimental parameters: 5 kHz spinning rate; 5 ms contact time, with 90% OfC converts tc, the temperature is restored to 293 K (d) after

50 kHz rf level: 80 kHz decoupling level. Eight scans were collected maintaining the sample at 293 K for a period of 3 months. Experimental
parameters: 5.4 kHz spinning rate; 10 ms contact time, with 50 kHz

rf level; 80 kHz decoupling level. Up to 40 scans were collected for
each spectrum with 30 s repetition time.

for each spectrum with 30 s repetition time.
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Figure 9. Mole fraction ofA andB phases as a function of increasing Figure 11. Mole fraction of phasesA and B as a function of
temperature, obtained from the integrated peak intensities in the temperature in a single crystal &f as obtained from the analysis of
complete set of temperature-depend& CPMAS spectra. Inset: e decay of theNH” phototautomers monitored dt= 611 nm.
Mole fraction of one component upon heatingpoling cycle.
o . . Optical Measurements. Crystals of 2-(2,4-dinitrobenzyl)-
Therefore, the lower limit for such possible processes is further 3-methylpyridine 2) grown from ethanol solutions develop a
extended to 1 min. Moreover, no loss of total integrated peak blue-green color Amax = 611 Nm) upon UV irradiation( <
intensity was detected across the phase transition temperaturg 3o nm). This coloration is indicative of a phototautomerization
range. This observation excludes the presence of an |II-def|nedproceSS and the formation of th&lk” phototautomer. In all
phase, e.g. mobile glass or melt zones, up to the level of our pther derivatives ofx-DNBP studied so far, the bluegreen
experimental accuracy. ) . absorption band decays homogeneously in the dark, displaying
N CPMAS spectra of phas@ as a function of its thermal 3 monoexponential behavior. This is indicative of a uniform,
history are depicted in Figure 10. Starting with ph&sat room thermally activated NH” — “CH” tautomerization process
temperature (Figure 10a), no spectral changes are dete_cted UmiﬂScheme 1). Curiously, in crystals @f the thermal decay of
363 K, where the conversion & to B commences (Figure e “NH” phototautomer follows a biexponential decsy,
10b). The temperature was set back to room temperature whemttributed to the presence of thBlE4” phototautomers in two
90% of phaséC was converted into phagk Nevertheless, the  coexisting different sites. Investigation of the system revealed
C — B phase transition proceeded even at room temperaturethat the initial population of theNH” tautomers is strongly
(Figure 10c). PhasB is gradually converted into phage and  temperature dependent (Figure 18t temperatures below 310
the process is completed after several months (Figure 10d). Thek = the longer-lived NH” species dominates, whereas at
B — C transformation was never observed, in accordance with temperatures higher than 320 K, most of théH” tautomer
Scheme 3. exists in the short-lived form. Since a very small fraction of
(19) Tekely, P.; Brondeau, J.; Elbayed, K.; Retournard, A; Canet, D.  the molecules, ca. 16, is photoexcited, one can assume that
Magn. Reson198§ 80, 509. the crystal as a whole is practically unaffected by the pho-
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totransformation. Therefore, the two sites reported by the two Scheme 4

“NH” populations must originate from differences in the P
environment offered by the two different phasésandB.

If there were to exist interphase exchange processes in the
system, decay kinetics measurements imply that their rates are <
at least one order of magnitude slower than the detected lifetimes
(minutes to hours at ambient temperature). —

Mole

Conclusions Fraction

Polymorphism and phase transitions in 2-(2,4-dinitrobenzyl)- ) o . -
3-methylpyridine were investigated using optical, crystal- constitutes a fast redistribution of the mole ratio of the coexisting

lographic, calorimetric, and solid-state NMR techniques. The Phases, while the much slower second process involves mac-
coexistence of two phases,andB, over at least 89 K around roscopic relaxatlt_)n of the system. NMR experiments, aimed at
the first-order phase transition temperature is clearly observed@ Petter description and understanding of such slow dynamic
by solid-state NMR and by the\H” — “CH” tautomerization ~ Processes, are underway.

kinetics in the single crystal. Our X-ray measurements fail to  Microscopically, the overall temperature span of the phase
yield any crystallographic structure throughout this phase transition can pe rationalized by assuming a situation in WhICh
transition temperature range. While solid-state NMR techniques d!fferent domains U“defgo the phase transition at a slightly
and kinetic measurements reflect the properties of individual différent temperature. This span of transition temperatures may
molecular species embedded in their periodical molecular Stem from the existence of mesoscopic domains having different
environment, X-ray crystallography requires extended, macro- SUrface areas. These domains are characterized by different
scopic, long-range order to disclose the structure of the ENergy contributionsinterfacial,oy, and straingicj—originating
molecules in their lattice. Such long-range order does not ToM the encapsulation of one phase in the other. NMR

necessarily exist in our case, where one phase grows from theTéasurements clearly show that, at each temperature throughout
other. the phase transition, a new mole ratio of the two phases is

Solid-state NMR and kinetic data provide evidence for fast reestablished instantaneously (seconds) and is apparently time

response of the system to temperature changes at the moIecuIa{Pdependent thereafter (24 h). HOV_Ve"er.- X-ray measurements
level: as a new temperature is set, a new stationary mole ra'[ioClealrly show slow evolution of diffraction patterns (days).

of phasesA andB is established instantaneously. Nevertheless, Therefore, we suggest that the system rgpidly arrives at a Io_cal
NMR measurements exclude the presence of temperature_thermodynamlc minimum (phase red|str|but|on), after which it
dependent fast conformational exchange processes of individualSIOV"l_y evolvels_ to a more stable thermodynamic state (macro-
molecules embedded in the crystal lattice. No fast dynamic scopic _annealng). . A . .
equilibrium of the typeA == B occurs in the system. This is .In this system, Iocall thermodynamic eqU|I|br|um_|§ rapidly
further supported by the observation of two distinct decay rates r?nstated at t.h? d(t)mafln Ievg'lffand :h de pha}se trﬁnsm(t)n .ten(;pk()e -
in the phototautomer decay kinetics. Hence, the possibility that ature span originates from ditierent domains characterized by
the phase transition manifests conformational changes Ofdlfferent T values resulting from differences in mesoscopic

individual molecules embedded in the crystal lattice is excluded. energy con_trlblutlo.ns. “Smearlr!g" of the phase transition stems
The phase transition, as monitored by the NMR measurements,from the distribution of effectiveP of gach domain, where
is therefore described as collective changes of a large number domain = f(Pext0ij.Sicj). Scheme 4 depicts a schemalfe-T

of molecules that constitute domains. Insightful NMR work on phase diagram fa2 in theA andB space. Th? dl_strlbunon In
phase transitions that dates back to the 1950s utifizeMR P can be extracted from Figure 9 as the derivative of the mole

line shapes and second moment analysis to probe and charactelf-“’wt'On (_)fA_ asa fun_ctlor_] of the temperature_l\{@\)/ dm). The
ize the onset of molecular motion, in particular rotation or overa_ll distribution width is shown by the vertical bar. The gray
tunneling of methyl and methyl-like groups.These early level in the bar represents the relative abundance of molecules

studies focused on molecular crystals consisting of small \.N'th Pdomaml:eéwgerP' andP’ +tﬁp' kl)ncr?astehln tgrﬂfe'r:}(ture h
molecules and of species which exhibit a high degree of mobility IS represented by sweeping the bar 1o thé right. eac

in the solid state. While onset of motion was often found to temperature, the population represented by the portion of the

correlate with the phase transition phenomena, it does not reflectbar above the solid line is in phage while the portion below

(as is also indicated by the authors) the cooperative changesthe solid line is in phasB. Additional aspects of the multiphase
that accompany the phase transition system and the effect of crystal packing on proton-transfer

Solid-state NMR provides yet additional unique and detailed tautomerization kinetics are under investigation.
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