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4,6-Dimethoxy-3-methyldihydrotriazine-2-one (1) undergoes

a single-crystal to single-crystal reversible phase transforma-

tion at 319 K. The low-temperature phase crystallizes in

monoclinic space group P21/n with two crystallographically

independent molecules in the asymmetric unit. The high-

temperature phase is obtained by heating a single crystal of

the low-temperature phase. This phase is orthorhombic, space

group Pnma, with the molecules occupying a crystallographic

mirror plane. The enthalpy of the transformation is

1.34 kJ molÿ1. The small energy difference between the two

phases and the minimal atomic movement facilitate the single-

crystal to single-crystal reversible phase transformation with

no destruction of the crystal lattice. On further heating, the

high-temperature phase undergoes methyl rearrangement in

the solid state. 2,4,6-Trimethoxy-1,3,5-triazine (3), on the other

hand, undergoes an irreversible phase transformation from

single-crystal to polycrystalline material at 340 K with an

enthalpy of 3.9 kJ molÿ1; upon further heating it melts and

methyl rearrangement takes place.
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1. Introduction

According to McCrone (1965), `a polymorph is a solid crys-

talline phase of a given compound resulting from the possi-

bility of at least two different arrangements of the molecules

of that compound in the solid state'. This is a very general

de®nition that states nothing about the way the polymorphs

are being prepared or what the conditions are for their exis-

tence. In most cases different polymorphs are being prepared

(or obtained with no intention) by varying crystallization

conditions. The transformation of one polymorph to the other

can be accomplished by heating (or cooling) if they are

enantiotropic. Phase transitions in molecular solid compounds

are of high importance in solid-state chemistry and in material

science. Besides their importance, the mechanisms of trans-

formations in molecular crystals are largely unknown (Dunitz

& Bernstein, 1995). From energy considerations it is believed

that the differences between polymorphs are usually quite

small (Kitaigorodskii, 1970) and that they are temperature

dependent. The dependence on temperature is due to the

difference between the entropy of the polymorphs. If there are

large differences between the structures of the polymorphs

then usually the crystal lattice of the transformed phase is

destroyed and followed by nucleation and growth of the new

phase (Mnyukh, 1977, 1979). It is not clear to what extent may

the structures of the two polymorphs be different and yet

allowing transformation without destruction of the crystal
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lattice. A certain level of under-

standing the mechanism of phase

transitions is claimed for the

order±disorder-type phase trans-

formation. For this type of phase

transformation there is only a

slight difference between the site

symmetries of the structural units

of the two phases. The molecule of

the higher-temperature phase

adopts higher symmetry attributed

to the time-averaged disordered

molecules. There are examples of

®rst-order phase transitions where

the crystal lattice remains unde-

stroyed during the transforma-

tion process. 1,2,4,5-Tetra-

bromobenzene has a ®rst-order

phase transformation at 319.5 K

(Gafner, 1960, 1964). There is a

very close resemblance between

the crystal structures of the two

polymorphs; both crystallize in the

monoclinic space group P21/a. The

enthalpy of transformation was measured as 659 J molÿ1 (at

315 K; Herbstein, 2000). A second example is the single-

crystal to single-crystal transformation of oxitropium bromide

(Zamir et al., 1994) that belongs to the class of thermosalient

solids (jumping crystals). The two forms adopt an ortho-

rhombic space group P212121. There is a small difference

between the molecular structures in the two forms and the

enthalpy of the transition was measured to be 2.5 kJ molÿ1.

During our study of methyl rearrangement in the solid state

(Kaftory & Handelsman-Benory, 1994; Handelsman-Benory

et al., 2000; Greenberg et al., 2001) we have found that there

are two polymorphs of 4,6-dimethoxy-3-methyldihydro-

triazine-2-one (1), 2,4,6-trimethoxy-1,3,5-triazine (3) and 4,6-

dimethoxy-3-methyl-1,3,5-triazine-2(3H)-thione (4). The ®rst

crystallizes in only one form but undergoes phase transfor-

mation to the second polymorph. The last two compounds can

be crystallized in two polymorphic forms and each of them

also undergoes phase transformations. In the present publi-

cation we describe two different types of phase transitions

observed in these compounds: irreversible single-crystal to

polycrystal and reversible single-crystal to single-crystal.

2. Experimental

All compounds were prepared according to known procedures

(Paolini & Tosato, 1968; Tosato, 1979, 1982).

The thermal behavior was studied using a Mettler DSC TA-

3000 and Polymer Laboratory DSC-PL. NMR spectra were

collected on Bruker AC200 and AC400 spectrometers.

The X-ray diffraction intensities at 359 K were measured

using a Siemens SMART diffractometer. Crystallographic

data are given as supplementary material.1 Crystallographic

data at 298 and 320 K are given in Table 1. Although the

crystal structure of (1) at room temperature has been

previously published (Handelsman-Benory et al., 1995), we

have repeated the X-ray diffraction intensity measurements

and re®ned the crystal structures of the low- and high-

temperature phases in the same way. All methyl H atoms have

been calculated and re®ned as riding on their C atoms. One of

the methyl H atoms at the high-temperature phase (C4) was

found to be disordered between two conformations.

3. Results and discussion

The thermal behavior of the solid-state methyl rearrangement

of 4,6-dimethoxy-3-methyldihydrotriazine-2-one (1) to 1,3,5-

trimethyl-2,4,6-trioxohexahydro-s-triazine (2) was studied by

measuring the enthalpy with a Differential Scanning Calori-

meter (DSC; see the thermograph shown in Fig. 1). The

exothermic peaks, starting at 380 K, were attributed to a solid-

state intermolecular methyl transfer (Kaftory & Handelsman-

Benory, 1994; Handelsman-Benory et al., 2000); the endo-

thermic peak at 448 K was assigned to the melting of the

rearrangement product. The tiny peak (encircled in Fig. 1) was

overlooked. The X-ray diffraction intensities were measured

Figure 1
DSC thermograph of (1) and (2) taken at a heating rate of 1� minÿ1, and enlargement of the encircled
region.

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: AV0042). Services for accessing these data are described
at the back of the journal.



at elevated temperatures in an attempt to follow the variation

of the atomic displacement parameters of the atoms involved

in the rearrangement as a function of temperature. It was

found that the crystal structures at temperatures above 319 K

are different from those at lower temperature. It turned out

that the low-temperature phase (LTP) crystallizes in the

monoclinic space group P21/n, while crystals of the high-

temperature phase (HTP) belong to the orthorhombic space

group Pnma. Moreover, it was found that the high-tempera-

ture single crystal reverses to the low-temperature phase when

the crystal was cooled to room temperature. It was therefore

assumed that the overlooked peak represents a reversible

phase transformation (see the enlarged encircled region in Fig.

1). There is ca 3� hysteresis between the phase transformation

temperatures. The enthalpy (�H) of the phase transition is

1.34 kJ molÿ1, the entropy difference (�S) at 319 K is only

4.2 J molÿ1 Kÿ1.

3.1. Crystal structures of the LTP and HTP of (1)

The LTP crystallizes in the monoclinic space group P21/n

with two crystallographically independent molecules in the

asymmetric unit. The molecules are packed in columns

parallel to the a axis and these form layers with molecules

tilted in the bc plane (top view is shown in Fig. 2a and

stereoscopic side view is shown in Fig. 3).

Neighboring columns are related by a glide plane and the

angle between the molecular planes of these columns is

15.77 (3)� (see Fig. 3, top). Each column consists of pairs of the

two independent molecules A and B. The two molecules

within a stack are parallel to each other and are arranged in

the order A±B�B±A�A±B... .

While a crystallographic inversion center exists between the

pairs, a pseudo-inversion center relates the two independent

molecules. Irregular distances between the centers of the six-

membered rings within a column of 3.687 (3) and 3.442 (3) AÊ

exist between pairs of molecules related by the crystal-

lographic inversion centers at A�A and B�B, respectively. The

center-to-center distance between the two independent

molecules is 3.484 (3) AÊ . The high-temperature phase is

orthorhombic with space group Pnma. The molecules lie on

crystallographic mirror planes. The molecules are packed in

parallel columns similar to those of the low-temperature phase

(see Figs. 2b and Fig. 3b). The distance between the centers of

the rings related by an inversion center within a column is

3.491 (4) AÊ .

3.2. Comparison between the structural parameters

Crystallographic data for the two phases are given in Table

1. Fractional atomic coordinates for the LTP and HTP have
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Figure 2
A layer (a) of the low-temperature phase and (b) the high-temperature
phase.
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been deposited. Crystallographic data, fractional atomic

coordinates for the high-temperature phase at 359 K, coordi-

nates of the H atoms, anisotropic displacement parameters

and tables of bond lengths

corrected for libration are also

given as supplementary mate-

rial. Comparisons between bond

lengths and angles of the two

independent molecules of (1) at

room temperature and a single

molecule of the high-tempera-

ture phase at 320 and 359 K are

given in Tables 2 and 3, respec-

tively.

There are no signi®cant

differences between the intra-

molecular geometries at the

three different temperatures.

Comparison between the inter-

molecular distances (shorter

than 4.0 AÊ , see Table 4) within a

layer shows that the sum of the

absolute values of the differ-

ences between intermolecular

distances of the low- and the

high-temperature phases is only

0.596 AÊ , indicating that there

are no signi®cant atomic

displacements within the layers

during the phase transforma-

tion. The differences between

the intermolecular distances

within the stacks, on the other

hand, are important for the

interpretation of the phase

transformation. The overlap

within each pair in a stack is

shown in Fig. 4. The arrange-

ment of molecules within a stack

of LTP is such that there are two

pairs (A�A and B�B) crystal-

lographically related by inver-

sion centers and a pair (A*B)

where the two molecules are related by a pseudo-inversion

center. In the structure of the HTP there is only a single pair

related by a crystallographic inversion center.

The overlap diagrams of the two pairs, A*B and B�B, in the

LTP structure are similar to that of the single pair type in the

HTP structure. The two molecules are shifted in opposite

directions parallel to the N1ÐC3 bond (the atomic numbering

is according to the HTP). The overlap diagram of one pair

(A�A) in the LTP structure is signi®cantly different and may be

described in terms of a lateral shift of the two molecules in

opposite directions parallel to the N11ÐC11 bond (see Fig. 4).

The intermolecular distances between the six atoms of the ring

in each pair are compared in Table 5 and in Fig. 5. Fig. 5 shows

that the intermolecular distances of the two pairs A*B and

B�B are very close to that in the HTP, while the intermolecular

distances of the A�A pair are signi®cantly different. It was

found that the sum of the absolute values of differences

Table 1
Experimental details.

LTP HTP

Crystal data
Chemical formula C6H9N3O3 C6H9N3O3

Chemical formula weight 171.16 171.16
Cell setting, space group Monoclinic, P21=n Orthorhombic, Pnma
a, b, c (AÊ ) 13.480 (2), 14.172 (2), 8.433 (1) 8.465 (1), 6.749 (1), 14.284 (2)
� ��� 92.07 (2) 90
V (AÊ 3) 1610.0 (2) 816.0 (2)
Z 8 4
Dx (Mg mÿ3) 1.412 1.393
Radiation type Mo K� Mo K�
No. of re¯ections for cell

parameters
3758 2809

� range (�) 1.0±28.2 1.0±25.9
� (mmÿ1) 0.115 0.113
Temperature (K) 298 (2) 320 (2)
Crystal form, color Prism, colorless Prism, colorless
Crystal size (mm) 0.35 � 0.3 � 0.3 0.35 � 0.3 � 0.3

Data collection
Diffractometer Nonius KappaCCD Nonius KappaCCD
Data collection method ' scans ' scans
No. of measured, independent and

observed parameters
3758, 3758, 2273 2809, 854, 487

Criterion for observed re¯ections I > 2�(I) I > 2�(I)
Rint 0.046 0.0532
�max (�) 28.26 25.89
Range of h, k, l ÿ17! h! 17 ÿ10! h! 10

ÿ18! k! 0 0! k! 8
0! l! 10 ÿ17! l! 16

Re®nement
Re®nement on F2 F2

R�F2>2��F2��, wR�F2�, S 0.0559, 0.1803, 1.041 0.0461, 0.147, 0.976
No. of re¯ections and parameters

used in re®nement
3758, 224 854, 102

H-atom treatment Mixed Mixed
Weighting scheme w = 1/[�2(F2

o) + (0.0773P)2 +
0.7666P], where P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) + (0.0911P)2 +

0.0000P], where P = (F2
o + 2F2

c )/3
��=��max 0.158 0.117
��max, ��min (e AÊ ÿ3) 0.223, ÿ0.184 0.145, ÿ0.161
Extinction method SHELXL SHELXL
Extinction coef®cient 0.046 (7) 0.12 (3)

Computer programs used: KappaCCD (Nonius, 1998), DENZO-SMN (Otwinowski & Minor, 1997), SHELXS97 (Sheldrick, 1997a),
SHELXL97 (Sheldrick, 1997b), SMART, SAINT (Siemens, 1995), ORTEP3 (Farrugia, 1997).

Table 2
Comparison between bond lengths (AÊ ) of LTP and HTP of (1).

LTP (A) LTP (B) 320 K 359 K

O11ÐC11 1.221 (3) 1.220 (3) 1.212 (4) 1.212 (3)
O12ÐC12 1.321 (3) 1.319 (2) 1.317 (3) 1.320 (2)
O12ÐC15 1.458 (3) 1.457 (3) 1.456 (5) 1.460 (3)
O13ÐC13 1.330 (3) 1.333 (2) 1.338 (4) 1.328 (3)
O13ÐC16 1.445 (3) 1.447 (3) 1.454 (5) 1.449 (3)
N11ÐC13 1.297 (3) 1.297 (3) 1.295 (4) 1.289 (3)
N11ÐC11 1.369 (3) 1.367 (3) 1.362 (4) 1.354 (3)
N12ÐC12 1.348 (3) 1.349 (3) 1.346 (4) 1.341 (3)
N12ÐC11 1.402 (3) 1.406 (3) 1.393 (4) 1.403 (3)
N12ÐC14 1.469 (3) 1.469 (3) 1.480 (4) 1.478 (3)
N13ÐC12 1.304 (3) 1.306 (3) 1.303 (4) 1.297 (3)
N13ÐC13 1.350 (3) 1.350 (2) 1.342 (4) 1.357 (3)



between the intermolecular distances in each pair in the LTP

and in the HTP are 2.862, 0.559 and 0.612 AÊ for pairs A�A,

A*B and B�B, respectively. A conclusion may be derived that

most of the geometric adjustment during the phase transfor-

mation involves the A�A pair.

3.3. The phase transitions

Aromatic and other planar rings are usually packed in

either stacks or herringbone motifs. Therefore, polymorphism
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Figure 3
Stereoscopic side view of (a) the low-temperature phase down the c axis
and (b) the high-temperature phase down the a axis.

Table 3
Comparison between bond angles (�) of LTP and HTP of (1).

LTP (A) LTP (B) 320 K 359 K

C12ÐO12ÐC15 116.9 (2) 116.8 (2) 117.0 (3) 116.8 (2)
C13ÐO13ÐC16 118.1 (2) 117.7 (2) 117.1 (3) 117.5 (2)
C13ÐN11ÐC11 116.8 (2) 117.1 (2) 116.7 (2) 117.4 (2)
C12ÐN12ÐC11 118.8 (2) 118.7 (2) 119.0 (3) 118.9 (2)
C12ÐN12ÐC14 122.2 (2) 122.3 (2) 122.7 (3) 122.5 (2)
C11ÐN12ÐC14 118.9 (2) 119.0 (2) 118.3 (3) 118.6 (2)
C12ÐN13ÐC13 113.6 (2) 113.5 (2) 113.4 (3) 113.4 (2)
O11ÐC11ÐN11 123.3 (2) 123.6 (2) 122.7 (3) 123.8 (2)
O11ÐC11ÐN12 119.0 (2) 118.8 (2) 119.5 (3) 118.7 (2)
N11ÐC11ÐN12 117.7 (2) 117.6 (2) 117.8 (3) 117.5 (2)
N13ÐC12ÐO12 121.5 (2) 121.7 (2) 122.0 (3) 121.5 (2)
N13ÐC12ÐN12 124.4 (2) 124.5 (2) 124.1 (3) 124.5 (2)
O12ÐC12ÐN12 114.1 (2) 113.8 (2) 113.9 (3) 114.0 (2)
N11ÐC13ÐO13 119.9 (2) 119.6 (2) 119.6 (3) 120.2 (2)
N11ÐC13ÐN13 128.7 (2) 128.7 (2) 129.0 (3) 128.3 (2)
O13ÐC13ÐN13 111.4 (2) 111.8 (2) 111.4 (3) 111.4 (2)

Figure 4
Overlap diagrams of pairs in the LTP and HTP.
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is quite a common feature of this group of compounds. For

example, 1,4-dichlorobenzene (Wheeler & Colson, 1976;

Maiga et al., 1984) exists in three modi®cations: in the two

monoclinic modi®cations the molecules adopt the herringbone

packing motifs and in the triclinic modi®cation the molecules

adopt the stack packing motifs. The structures are closely

related and therefore a reversible phase transformation may

occur (Mnyukh, 1963). During our study of the solid-state

methyl rearrangement in cyanurates and thiocyanurates

(Kaftory & Handelsman-Benory, 1994; Handelsman-Benory,

Botoshansky et al., 2000; Greenberg et al., 2001) we have found

that both 2,4,6-trimethoxy-1,3,5-triazine (3) (Belaj & Nach-

baur, 1987; Krygowski et al., 1997; Handelsman-Benory et al.,

2000) and 4,6-dimethoxy-3-methyl-1,3,5-triazine-2(3H)-thione

(4) (Greenberg et al., 2001) crystallize in two different modi-

®cations. Both compounds crystallize either in the ortho-

rhombic space group Pnma, adopting the stack packing motifs

with the molecules occupying the mirror site symmetry, or in

the monoclinic space group P21/c. Upon heating the ortho-

rhombic polymorph of (3) undergoes a phase transformation to

the monoclinic P21/c space group, adopting the herringbone-

packing mode, while (4) undergoes a phase transformation

from the monoclinic space group P21/c to the orthorhombic

space group Pnma (Greenberg et al., 2001). In both cases the

crystal structures were destroyed during the irreversible phase

transformation. The DSC thermograph of (3) is given in Fig. 6

(Handelsman-Benory et al., 2000). The ®rst endothermic peak

Figure 5
The differences (�d) between the LTP and HTP intermolecular distances
(d) in each pair within a stack. Squares: A�A; circles: A*B; triangles: B�B).

Figure 6
DSC thermograph of (3) taken at a heating rate of 1� minÿ1.

Figure 7
(a) Structure of a layer of the orthorhombic phase of (3) and (b) a top
view of a tilted layer of the monoclinic phase of (3).



at 340 K with a measured enthalpy of 3.9 kJ molÿ1 (the esti-

mated �S at this temperature is 11.5 J molÿ1Kÿ1) is assigned

to the phase transformation. The second endothermic peak (at

389 K) is attributed to melting and the last exothermic peak

(at 435 K) is assigned to the methyl rearrangement. The

structure of a layer of (3) in the orthorhombic phase is shown

in Fig. 7 (left), together with the structure of a layer of (3) in

the monoclinic phase (Fig. 7, right). Side views of the packing

in the unit cells of the two compounds are shown in Fig. 8.

The differences between the two forms are so large that the

crystal structure of the orthorhombic form is destroyed during

the phase transformation and is irreversible. Compound (1),

on the other hand, undergoes a reversible single-crystal to

single-crystal phase transformation. The phase transformation

from monoclinic space group P21/n to the orthorhombic space

group Pnma is followed by a variation of the unit-cell

dimensions. Two of the unit-cell edges, a and c of the mono-

clinic LTP, vary continuously. However, the b axis of the HTP

unit cell becomes half of the a axis of the LTP unit cell and the

� angle changes to 90.0�. At the transition point, the last two

parameters vary discontinuously, as expected for a ®rst-order

phase transformation. Nevertheless, the volume changes

continuously (see Fig. 9).

The two phases are structurally only slightly different (see

Figs. 2 and 3). The packing of the high-temperature modi®-

cation seems to be an intermediate between the two pure

modes of packing, stacking and herringbone. A statistical

survey of the crystal structures of more than 100 compounds

(Gould et al., 1985) containing leucin, isoleucine, valine and

phenylalanine residues shows that adjacent phenyl rings do

not prefer an orientation with interplanar angles in the range

5±30�. This is due to the loss of stability gained when the

molecules are in the stacking mode, without compensation

stabilization that is reached in the herringbone packing where

the interplanar angle is in the range 40±90� (Desiraju, 1989).

The interplanar angle in the low-temperature modi®cation of

(1) is only 15.77 (3)�. The small interplanar angle and the close

resemblance of two of the three overlapping pairs prove that

only a small amount of atomic movement is needed to convert

the LTP structure into the HTP structure and that these

conditions facilitate the phase transformation without

destruction of the crystal lattice.
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Figure 8
Stereo side view of (a) the orthorhombic phase of (3) down the a axis and
(b) the monoclinic phase of (3) down the b axis.

Table 6
Translation (AÊ ), libration amplitudes (�) and weighted R for all U's of
molecules A and B in the low- and high-temperature phases at 320 and
359 K.

Molecule T1 T2 T3 L1 L2 L3
Weighted
R

LTP (A) 0.1988 0.1925 0.1763 5.30 3.84 3.34 0.076
LTP (B) 0.2033 0.1831 0.1694 5.68 3.57 3.30 0.092
HTP (320 K) 0.2509 0.2478 0.2182 6.60 4.05 3.54 0.076
HTP (359 K) 0.2561 0.2544 0.2109 7.06 4.40 4.16 0.074

Table 4
Comparison between the shortest intermolecular distances (AÊ ) within a
layer of the LTP and HTP of (1).

LTP LTP HTP HTP

O11ÐC24 i 3.080 (3) 3.011 (4) v O1ÐC4
O11ÐC15 ii 3.479 (3) 3.479 (5) vi O1ÐC5
O13ÐC26 iii 3.214 (3) 3.350 (5) vii O3ÐC6
N11ÐC15 ii 3.565 (3) 3.606 (5) vi N1ÐC5
N13ÐC26 iii 3.525 (3) 3.652 (5) vi N3ÐC6
C14ÐO21 iv 2.986 (3) 3.014 (4) viii O1ÐC4
O21ÐC25 ii 3.500 (3) 3.473 (5) ix±x O1ÐC5
O23ÐC16 3.398 (3) 3.348 (5) ix O3ÐC6
N21ÐC25 iii 3.564 (3) 3.606 (5) ix±x N1ÐC5
N23ÐC16 3.587 (3) 3.663 (5) ix N3ÐC6

Symmetry codes: (i) x;ÿ1� y; z; (ii) x; y; 1� z; (iii) x; y;ÿ1� z; (iv) x;ÿ1� y;ÿ1� z;
(v) 1

2� x; 1
2ÿ y;ÿ 1

2ÿ z; (vi) 1� x; y; z; (vii)ÿ 1
2� x; y; 1

2ÿ z; (viii)ÿ 1
2� x; 1

2ÿ y;ÿ 1
2ÿ z;

(ix) 1
2� x; y; 1

2ÿ z; (x) 3
2� x; y; 1

2ÿ z.

Table 5
Comparison between intermolecular distances (d in AÊ ) within a stack in
the low- and in the high-temperature phases.

d(HTP) d(A�A) d(A*B) d(B�B)

N1ÐC2 3.505 3.714 3.477; 3.514 3.448
N2ÐC3 3.497 3.641 3.492; 3.516 3.467
N3ÐC1 3.499 3.718 3.496; 3.462 3.451
C1ÐC2 3.739 3.455 3.824; 3.873 3.817
C2ÐC3 3.441 4.016 3.314; 3.329 3.348
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3.4. Thermal motion analysis

The thermal motion of the two molecules in the low-

temperature phase and the single molecule of the high-

temperature phase at 320 and 359 K has been analyzed with

Figure 9
Variation of the unit-cell dimensions of LTP and HTP as a function of
temperature. The a, b and c axes of the LTP unit cell should be compared
with 2b, c and a axes of the HTP unit cell.

the program THMA11 (Dunitz et al., 1988). A summary of the

results is given in Table 6 with all the values supplied in the

inertial frame. The libration and translation of the two mole-

cules in the low-temperature phase are very similar. A slight

increase in both translation and librations are seen at higher

temperatures.
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