


Figure 6.17. (a) Parts of the reciprocal lattice 41/ digitally reconstructed directly from
the measured frames given for 230 (phase III) and 233 K (phase II). At 233 K, the less
intense reflections (satellite reflections) appear to be split and are no longer indexable
correctly in phase III. The phase transition III — II occurs between 230 and 233 K. The
indexing in the pseudo-cell (i.e., the indexing for which the most intense reflections are
only considered) was chosen so that the two frames are oriented similarly. (b) Parts of the
reciprocal lattice 43 ¢ digitally reconstructed directly from the measured frames given for
239 (phase II) and 243 K (phase I). At 239 K, only very few satellite reflections are
observable (see box) and the indexing in phase II is nearly correct. At 243 K, the
intensities of all satellite reflections are zero. The phase transition II — I occurs between

239 and 243 K.
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Figure 6.18. Projections of the units cells down the a direction for phases III and I and
down the normal to the plane (1 0 0) for phase II. The drawing shows that the ¢ direction
corresponds to the direction of greatest change in the phase sequence III — II — I. At the
phase transition III — II, the ¢ axis increases by a factor of approximately 2.5; at the

phase transition I — I, the ¢ axis shrinks by a factor of about 5.
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Similarities and Differences Between the Two Polymorphic Systems
[Ni(H20)6](NO3),: (15-crown-5)-2H,0 and [Ni(MeCN)(H;0)2(NO3)2]:(15-crown-
5)-MeCN

In the previous and present chapters, two unusual polymorphic systems with similar
phase sequences have been investigated: [Ni(H,0)s](NO3), (15-crown-5)-2H,0O (see
Chapter 5 for details) and [Ni(MeCN)(H,0)2(NOs),]-(15-crown-5)-MeCN. The following
section emphasizes the similarities and the differences observed between the two

polymorphic systems.

Similarities

(1) Three solid-solid phase transitions and four phases were found for each compound.
Part of the phase sequence [i.e., P2i/c (Z’=1) — B2, (Z’ > 2)¥"*° — P2\/m (Z’ = %)] was

found to be very similar in the two systems.

(i) The Z’ > 2 phase is a commensurate modulated superstructure. The phase is better
described as an intermediate phase of the Z’ = 3 and Z’ = 1 structures. This phase is
similar to the Z” = 3 structure in some regions and similar to the Z’ = 1 structure in other

regions.

(ii1) The intermediate high-Z’ phase was found to be metastable at 90 K after crystals had

been flash-cooled from room temperature.

% 7’=5 in [Ni(MeCN)(H,0),(NO;),]*(15-crown-5)-MeCN.
% 7’ =17 in [Ni(H,0)s]J(NO3),*(15-crown-5)-2H,0.
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(iv) The four phases of the compounds [Ni(H,0)s](NO3), (15-crown-5)-2H,O and
[Ni(MeCN)(H,0)2(NOs3),]-(15-crown-5)-MeCN are built of 1-D chains of H-bonds along
the ¢ direction. The 15-crown-5 molecules and the axial water ligand of the [Ni(H,0)s]*"
ions and of the [Ni(MeCN)(H,0),(NOs),] metal complexes participate in hydrogen bond
interactions along the ¢ direction. In the phase sequence P2,/c (Z’=1) — B2, (Z">2) —
P2/m (Z’ = %) (given for heating), the ¢ direction is the direction along which the most

important structural changes occur.

(v) The crystal packing is surprisingly similar in the compounds [Ni(H,0)s](NO3),-(15-
crown-5)-2H,0 and [Ni(MeCN)(H20),(NOs),]-(15-crown-5)-MeCN (see Figure 6.19).
The cell dimensions a, b, ¢ and the volume V" for some phases of the two compounds are
comparable (see Table 6.4). At 90 K, the difference in the S angles between the phases

IV of the two compounds is about 4°.

(vi) In the phase sequence of [Ni(H,0)s](NO3)2:(15-crown-5)-2H,0, the ¢ dimension
increases by a factor of approximately 3.5 at the phase transition P2,/c (Z’=1) — B2, (Z’
= 7) and shrinks by a factor of about 7 at the phase transition B2, (£’ =7) — P2/m (Z’ =
7). In the phase sequence of [Ni(MeCN)(H20)2(NO3),]-(15-crown-5)-MeCN, the ¢
dimension increases by a factor of approximately 2.5 at the phase transition P2,/c (Z’ = 1)

— B2, (2’ = 5) and shrinks by a factor of about 5 at the phase transition B2, (£’ =5) —
P2/m (Z’=1%).
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Differences

(1) The intermediate phase of [Ni(H2O)s](NO3),:(15-crown-5)-2H,0 is stable over a
surprisingly wide temperature range of about 40 K. The intermediate phase of
[Ni(MeCN)(H20)2(NO3),]-(15-crown-5)-MeCN is stable over a relatively short

temperature range of about 10 K.

(i1) In the compound [Ni(H20)6](NO3),:(15-crown-5)-2H,0, the H-bond pattern is built
of 1-D chains and 2-D planes. In the compound [Ni(MeCN)(H,0),(NOs),]-(15-crown-
5)-MeCN, the H-bond pattern is built only of 1-D chains. The five Oger atoms of the
crown ether are H-bond acceptors along the 1-D chains of the former compound, whereas
only four Ogmer atoms of the crown ether are H-bond acceptors along the 1-D chains of

the latter compound.

(ii1) The intermediate phases of the two compounds are locally disordered. The amount of
disorder found in the Z’ = 7 structure is less than that found in the Z’ = 5 structure. The
additional diffuse scattering observed for the Z’ = 5 structure may indicate some short

range order within the structure.
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[Ni(H,0)](NO,),"(15-crown-5)-2H,0
IV(P2,/c.Z’=1)

[Ni(MeCN)(H,0),(NO,),](15-crown-5)-MeCN
IV(PLZ =2)

S il
I Y
b i

Figure 6.19. Projections down the ¢ direction of phases IV of [Ni(H,0)s](NO3),-(15-
crown-5)-2H,O0 and [Ni(MeCN)(H;0),(NOs),]-(15-crown-5)-MeCN. The packing is

quite similar for the two chemically different compounds. The a axis of the P2/c

structure is not in the plane of the drawing. The a and b axes of the P1 structure are not in

the plane of the drawing.
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Table 6.4. Comparisons of the cell dimensions of phases II, II, IV of
[Ni(H,0)6](NOs3),:(15-crown-5)-2H,0 (1) with the cell dimensions of phases I, II, IIT and
IV of [Ni(MeCN)(H,0)2(NO3),]-(15-crown-5)-MeCN (2) at 90, 150 and 250 K (243 K).

1 2 ratio (1/2)

250 (1),243 ) K 11 (P2i/m, Z’=%) 1(P2i/m, 2’ =1%)

a(A) 12.303 (2) 12.131 (2) ~1.01
b(A) 12.543 (2) 12.339 (2) ~1.02
c(A) 8.049 (1) 8.143 (1) ~0.99
V(A% 1220.7 (3) 1174.5 (3) ~1.04
150 K IV (P2i/c,Z’=1) ML (P2i/c,Z’ =1)

a(A) 12.024 (1) 12.164 (1) ~0.99
b (A) 12.678 (1) 12.183 (1) ~1.04
¢ (A) 16.016 (2) 16.089 (2) ~1.00
V(A% 2392.6 (3) 2298.0 (4) ~1.04
90 K I (B2, Z"="7) I (B2, Z’=5)

a(R) 30.632 (3) 27.463 (3) ~1.12
b (A) 12.594 (1) 12.184 (1) ~1.03
c(A) 55.955 (5) 40.229 (4) ~1.39
V(A% 16666 (3) 11411.8 (15) ~1.46
90 K IV (P2i/c, Z"=1) IV (P1,Z’=2)

a(A) 11.950 (1) 12.144 (1) ~0.98
b (A) 12.686 (1) 12.137 (1) ~1.05
c(A) 15.988 (2) 16.039 (2) ~1.00
V(A% 2375.0 (3) 2278.4 (4) ~1.04

268



Conclusions

The system [Ni(MeCN)(H,0)2(NOs),]-(15-crown-5)-MeCN is remarkable for having
three solid-solid phase transitions and four phases, which have similar crystal packing.
The single-crystal X-ray investigations of this system can be achieved because there is no
major loss of crystallinity as single crystals pass through the phase transitions. The phase
sequence IV — I was investigated via a large series of single-crystal X-ray experiments.
Only one of the three phase transitions in the phase sequence IV — I were located by

DSC analyses. The phase sequence is described as a set of four phases (numbered as

phases I, II, IIT and IV). The structure of phase IV (P 1,2’ = 2) is completely ordered. The
structures of the phases I, II and III have different amounts of disorder that increase as the
temperature is raised. Phase III (P2,/c, Z’ = 1) is slightly disordered and phase I (P2;/m,
Z’ = %) is very disordered. The amount of disorder in phase II (B2, Z’' = 5) is
intermediate to the amounts of disorder found in the phases I and III. Phase II is a
commensurately modulated superstructure, which is best described as an intermediate

structure because it contains some separate regions of the two phases I and III.

The phase transitions in the phase sequence IV — I are characterized by structural
changes along the direction of the 1-D H-bonded chains (i.e., along the ¢ direction). The
transition IV — III is characterized by the addition of elements of symmetry (i.e., the ¢
glide planes in phase III) with translational component along the ¢ direction. The
transitions III — II and II — I are more difficult to understand because the true symmetry
along the c¢ direction is lost in phase II. Though, the structure of phase II is found to be
highly pseudosymmetric. The specific operations that define the pseudosymmetry
correspond to pseudoglide planes in some regions and pseudomirror planes and
pseudoinversion centers in other regions. The ¢ glide planes in phase III are replaced by
mirror planes m in phase I and the translational component ¢/2 generated by symmetry in
phase III is lost in phase I. The crystal structures of [Ni(MeCN)(H,0),(NO3),]-(15-
crown-5)-MeCN become more symmetrical as the temperature raises except at

temperatures for which phase II is stable.
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Some parts of the phase sequences of the two chemically different compounds
[Ni(MeCN)(H20)2(NOs),]-(15-crown-5)-MeCN  and  [Ni(H20)g](NO3),-(15-crown-

5)-2H,0 are found to be very similar (i.e., Z’: 1 > 5o0r 7 — 3).

Copyright © Maxime A. Siegler 2007
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Chapter Seven

General Conclusions

Extension of [M(H,0),(15-crown-5)](NO3),

The system [M(H;0),(15-crown-5)](NOs),, M = Mg, Mn, Co, Cu and Zn has been
carefully examined and previously discussed’'. This system was found to be polymorphic
and all phases have unusual Z’ values (Z’ = 2, 3, 5 and 8). In more recent investigations,
the system was extended’ to include two new phases with M = Fe (Z’ = 3, 8; the former

phase was not discussed in the dissertation) and two new phases with M = Ni (Z’ = 2, 3).

Attempts to Synthesize [Ni(H,0)(15-crown-5)](NO3);

Six Ni(Il) complexes”™ were discovered during attempts to synthesize the target
compound [Ni(H20),(15-crown-5)](NOs),. The Ni*" jons were not found to be
coordinated by the crown ether in any of these Ni(II) complexes. Co-crystallization
occurs between the 15-crown-5 molecules and [Ni(H20)2L4]2+ ions (L = H,0, MeOH,
NO5)** or [Ni(H,0),LL ] metal complexes (L = MeCN; L’ =NO3).

The synthesis of the compound [M(H,0),(15-crown-5)](NO3), is more complicated for M
= Ni than for M = Mg, Mn, Fe, Co, Cu and Zn. It is believed that the amount of water

available may have an important impact on the synthesis of [Ni(H,O)x(15-crown-

5)J(NO3)s.

! Xiang Hao’s dissertation includes an exhaustive discussion of the system [M(H,0),(15-crown-5)](NO3),,
M = Mg, Mn, Co, Cu and Zn. Some parts of his work were reported in Hao, Parkin & Brock (2005).
%2 In the section entitled ‘Unanswered Questions’ of his dissertation, Hao wrote ‘Other metal ions, such as
Fe*, Ni*" and Cd*" are also possible to produce similar compounds, but the structures are unknown’.
% The six Ni(Il) complexes are: (1) Ni(H,0)¢](NOs),:(15-crown-5)-2H,0, (2) the first polymorph of
[Ni(H,0)6](NO;3),-(15-crown-5)-H,0, (3) the second polymorph of [Ni(H,0)c](NO3),:(15-crown-5)-H,0,
(4) [Ni(H,0)](NO3), trans-[Ni(H,0)4(MeOH),](NOs),-2(15-crown-5), (5) cis-[Ni(H,0)4(NOs),]-trans-
[Ni(H,0)4(NO;),]-2(15-crown-5) and (6) [Ni(H,0),(MeCN)(NO;),]-(15-crown-5)-MeCN.

Depending on the compounds, there may be a combination of several types of ligands for the
[Ni(H,0),L4]*" ions.
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Coordination Number of Ni** in Seven Ni(IT) Complexes

In six of the seven Ni(Il) complexes discussed in the dissertation, the Ni*" ions were
found to be coordinated by water molecules only” or by water molecules and other
solvent molecules™ or by water molecules and nitrate ions”’ or by water molecules,
nitrate ions and other solvent molecules’®. These Ni(I) complexes are similar in that six
coordination (octahedral geometry) is found around the Ni*" ions. In all of these
compounds, hydrogen-bond interactions are found along one dimension between the 15-
crown-5 molecules and the [Ni(H,0),Ls*" ions (L = H,0, MeOH, NO;3) or
[Ni(H,0),LL ;] metal complexes (L = MeCN; L’ = NOys).

The single-crystal X-ray experiments proved that the Ni*" jons in the two phases of
[Ni(H20)2(15-crown-5)](NOs), are disordered””. The occurrence of disorder suggests that
the Ni*" ions might not be coordinated by all five Ogper atoms of the 15-crown-5
molecules, or at least not to the same extent. In the two phases of [Ni(H,0O),(15-crown-
5)](NOs),, the six-coordination around the Ni*" ion is found to be distorted from the

normal octahedral geometry.

These results suggest that the occurrence of six-coordinate Ni(Il) complexes (octahedral
geometry) might be more favorable than the occurrence of seven-coordinate Ni(Il)

complexes (pentagonal-bipyramidal geometry).

%% [Ni(H,0)6](NOs),- (15-crown-5)-nH,0 (n = 1, 2).

%6 [Ni(H,0)6](NO3), - trans-[Ni(H,0)4(MeOH),](NO;),-2(15-crown-5).

97 cis-[Ni(H,0)4(NO5),]- trans-[Ni(H,0)4(NOs),]-2(15-crown-5).

% [Ni(H,0),(MeCN)(NOs),]-(15-crown-5)-MeCN.

% However, the disorder is more obvious in the low-temperature phase than in the high-temperature phase.
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New Polymorphic Systems

Among the six Ni(II) complexes for which the Ni*" ions are not coordinated by the crown
ether, the compounds [Ni(H,0)s](NO3)2:(15-crown-5)-H,O (first polymorph),
[Ni(H2,0)6](NOs3),:(15-crown-5)-2H,0 and [Ni(H20)2(MeCN)(NOs3),]-(15-crown-
5)-MeCN were found to have reversible solid-solid phase transitions between structurally
similar phases. These three polymorphic systems are remarkable for having transitions

through which there is no significant crystal damage.

The first polymorph'® of [Ni(H,0)s](NO;3),(15-crown-5)-H,0 is the simplest of the
polymorphic systems discussed in the three previous chapters of this dissertation. This
compound goes through one transition (Z: 2 — 1) from 90 K to room temperature.
Structural changes were observed to take place in the lowest-temperature phase at

intermediate temperatures.

The two  polymorphic  systems [Ni(H,0)s](NO3), (15-crown-5)-2H,0O  and
[Ni(H,0)2(MeCN)(NOs3),]-(15-crown-5)-MeCN are very unusual; the two systems go
through three transitions (respectively 2% 1 —>7 -3 —>zand Z: 2 —» 1 — 5 — 3) from
90 K to room temperature and have phase sequences that include high-Z’ intermediate

phases (i.e., the phases with Z’ > 2).

Because the three systems are easy and inexpensive to make, and because there is no
significant loss of crystallinity during the phase transitions, these systems are good
candidates for potential studies in the field of polymorphism and phase transitions.
Investigations of such systems may encourage developing efficient methods of

characterization for new polymorphic systems.

190 A second polymorph of [Ni(H,0)s](NOs),-(15-crown-5)-H,O was discussed in Chapter 3 but no further
research was done to know if more phases of this polymorph exist.
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Systematic Approach to Study Phase Transitions

The systematic approach that was used to investigate the three polymorphic systems
[Ni(H20)6](NO3),:(15-crown-5)-H,O (first polymorph), [Ni(H,0)s](NOs3),:(15-crown-
5)-2H,0 and [Ni(H20)2(MeCN)(NOs),]-(15-crown-5)-MeCN is based on collecting data

at different levels.

Thermal analyses (e.g., DSC) were more often performed during the preliminary steps of
investigations because these analyses were less time consuming'®' than other techniques.
DSC may not be a good technique, however, for investigations of phase transitions that
involve relatively low latent heat. Second-order or higher-order phase transitions cannot

be located reliably via DSC experiments.

Other techniques such as optical microscopy'*> or NMR spectroscopy may be considered

as additional techniques for characterization of polymorphic systems.

Choosing a strategy for collecting data via single-crystal X-ray experiments was
important. The approach, which was chosen in the course of this research, includes a
collection of full data sets at various temperatures'*. Doing so is undeniably time
consuming'® but the amount of information obtained is very valuable for
characterization of polymorphic systems. This large amount of information allows
multiple analyses'® on a given polymorphic system at various temperatures. Solving and
refining structures at various temperatures is also another benefit of this approach in

order to examine structural changes that may occur near a transition (see Chapter 4).

%" Depending on the heating rate (or cooling rate), several hours (sometimes less, sometimes more) is
generally enough to get enough conclusive data in the DSC experiments.

192 The three polymorphic systems discussed in Chapters 4, 5 and 6 could have been studied by cold-stage
optical microscopy (because all transitions occur below 295 K), but such apparatus was not available at the
University of Kentucky.

1 In most experiments, data were collected between 90 and 294 K. The upper temperature for data
collection was sometimes less than 294 K and sometimes more than 294 K.

194 Collecting full data sets at various temperatures can take between two to three weeks, but can take more
time depending on the strategy of data collection.

195 plots of refined cell dimensions against 7' can be made, the diffraction pattern can be fully reconstructed,
plots of integrated intensities of specific classes of reflections against 7' can be made.
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The Ambiguous Nature of Intermediate Phase

The nature of intermediate phase is not well understood because there are not many
systems for which an intermediate phase has been observed. In his review paper about the
mechanism of some first-order enantiotropic phase transitions (Herbstein, 2006),
Herbstein mentioned the term ‘intermediate phase’ to make references to Ubbelohde’s

approach of ‘hybrid crystals’.

In Ubbelohde’s approach, a single crystal is said to be hybrid when it contains on average
a set of domains of a low- and high-temperature phases (hereafter, L and H), which are at
equilibrium within a 7-range of stability. The separate domains are large enough (i.e., the

level of order in the ‘hybrid crystal’ is large) to produce their own diffraction patterns.

6

One phase'® of the compound 4,4’-dichlorobenzophenone (Zuniga & Criado, 1995)

seems to be in agreement with Ubbelohde’s approach of ‘hybrid crystals’. Ubbelohde
suggested that a ‘hybrid crystal’'®” might occur when the structures of the L and H phases

are similar.

When the difference between the unit cells becomes sufficiently small,
well oriented domains of either phase can co-exist in the hybrid crystal...
Conditions are now present for a transition that in appearance is
thermodynamically continuous. However, X-ray methods leave no doubt
about discontinuous jumps in structure between the domains of the two
phases, provided sufficiently refined methods are used (Ubbelohde, 1962).

Mnyukh rejected Ubbelohde’s approach and argued in favor of a two-phase mixture'®®

that is not at equilibrium near the transition.

The diffuseness is not the manifestation of a specific transition
mechanism. It is a consequence of the non-simultaneous nucleation in
different particles, or parts of the specimen...At intermediate temperatures
T” the sample is two-phase (Mnyukh, 2001).

1% This phase is cited as an intermediate phase in Herbstein’s paper.

197 Herbstein (2006) pointed out that the term ‘hybrid’ may be ambiguous and wrote “A mule is neither a
horse nor a donkey; perhaps it would be best to avoid ‘hybrid’ entirely”.

1% In contrast to Ubbelohde’s approach, the level of order in the crystal is low near the transition.
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In this dissertation, phases for which some regions of a low- and high-temperature phases
can co-exist in a single unit cell were defined as being intermediate. This statement
suggests that regions of the low- and high-temperature phases are strained within a single
unit cell (different from the cells of the low- and high-temperature phases) rather than
being strained within a single crystal (i.e., Ubbelohde’s approach). As a result, the
diffraction pattern of an intermediate phase is different from the diffraction patterns of a
low- and high-temperature phases and is not the result of their superposition. One
intermediate phase in Fe(2-picolylamine);Cl,-C;HsOH (Chernyshov et al, 2003;

Chernyshov et al., 2004) seems to be in accordance with this approach.

The existence of an intermediate phase in Fe(2-
picolylamine);Cl,-C,HsOH is also established, but its nature differs from
that found in 4,4’-dichlorobenzophenone. Rather than being a mélange of
the low- and high-temperature phases, here an ordered phase is found,
based on these phases but different from them (Herbstein, 2006).

1 110,111 .
09,110, have been found in

Two intermediate phases with high-Z’ values
[Ni(H20)6](NO3),-(15-crown-5)-2H,0 and [Ni(H20)2(MeCN)(NOs),]-(15-crown-
5)-MeCN. The X-ray diffraction experiments have shown significant evidence that these
intermediate phases are different (but related) from their respective low- and high-
temperature phases. None of these phases show structural similarities with Ubbelohde’s
‘hybrid crystal’. The two-phase mixture depicted by Mnyukh could not be established

either.

199 7> =7 for [Ni(H,0)s](NOs),*(15-crown-5)-2H,0.
1077 =5 for [Ni(H,0),(MeCN)(NO;),]-(15-crown-5)-MeCN
" These two phases were discussed in Chapters 5 and 6.
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Phase Predictions

The dissertation is not concerned with polymorphic systems for which phases cannot be
related by obvious relationships, that is for which the two crystal packings are quite
different. Predictions of new phases in such systems are known to be unreliable. The
following discussion is only concerned with the three polymorphic systems
[Ni(H20)6](NO3)2-(15-crown-5)-H,O (first polymorph), [Ni(H2O)s](NO3),:(15-crown-
5)-2H,0 and [Ni(H,0),(MeCN)(NOs3),]-(15-crown-5)-MeCN.

A noteworthy characteristic of these three polymorphic systems is that all phases for each
of these systems are structurally similar''? and are easily related by geometrical
relationships. Can phase transitions be predicted for such systems? The question is
complicated to answer because a positive response would imply that temperatures of
phase transitions can be predicted. Nevertheless, phase relationships in the three systems
are obvious. This may open new discussions for phase predictions in similar systems,

although some factors must be taken into careful consideration.

"2 The Z’ = 1, 2 phases of the compound [Ni(H,0)¢](NO;),-(15-crown-5)-H,0 (first polymorph) have
similar packing. The Z’ = 7, 3, 1, 7 phases of the compound [Ni(H,0)s](NO;),*(15-crown-5)-2H,0 have
similar packing. The Z” = 3, 1, 2, 5 phases of the compound [Ni(H,0),(MeCN)(NOs),]-(15-crown-
5)-MeCN have similar packing.
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(1) The crystal structure of at least one phase of the phase sequence must be known in
order to predict the structures of possible new structurally similar phases. As a starting
point, the structure of the lowest-temperature phase seems to be a good candidate. As the
temperature decreases, thermal motion (i.e., dynamic disorder and librational effects)
decreases. Another benefit is that the hydrogen atoms are more accurately located in the
structure of the lowest-temperature phase than in the structures of higher-temperature
phases. Care must be taken when crystals are cooled from room temperature to a
temperature at which the lowest-temperature phase is stable. Experience shows that some
higher-temperature phases can be metastable at temperatures lower than their equilibrium
transition temperatures. Using slow cooling rates (e.g., -2 K/min) helps avoid this

problem.

(i1) Characterization of a phase sequence should be done from low to high temperatures
and from high to low temperatures. However, it may be easier to investigate a given
system using the former approach because there are several advantages to examining the
structure of the lowest-temperature phase prior to the structures of the higher-temperature

phases [see (1)].

(iii) As the temperature is changed'", the change in thermal motion should be considered

as the driving force for the occurrence of phase transitions in such systems.

(iv) The order (or disorder) of phases of the phase sequence should be examined carefully
as the temperature of the system is changed. As the temperature is raised, order —
disorder transitions (i.e., the system becomes less ordered) are likely to take place
because of the increase in thermal motion of the system. In the three systems studied
here, the phases become less ordered as the temperature is raised; the lowest-temperature
phase was found to be ordered and the highest-temperature phase was found to be less

ordered (see Chapter 4) or very disordered (see Chapters 5 and 6).

'3 The pressure of the system remains constant as the temperature is changed.
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(v) In the noncentrosymmetric crystal system [Ni(H,0)6](NO3),(15-crown-5)-H,O (first

114
as the

polymorph), the symmetry of the two phases (Z’ = 1, 2) remains the same
temperature increases (or decreases). In the two other crystal systems
[Ni(H20)6](NOs3),:(15-crown-5)-2H,0 and [Ni(H20)2(MeCN)(NOs),]-(15-crown-
5)-MeCN, the symmetry of the systems varies as the temperature is changed. In the phase
sequences Z: 1 —» 7 — 1.1 (P2y/c — P2, or B2y — P2y/m — C2/m or I2/m) and Z": 2

—1-55—>73 (Pi — P2i/c — P2, or B2; — P2,/m), the systems are generally'"> more
symmetrical as the temperature is raised. Phases with higher Z’ values have less
symmetry and phases with lower Z’ values have more symmetry. These two systems tend

to be more symmetrical as they become less ordered''® (i.e., as the temperature is raised).

(vi) Systems for which the lowest-temperature phases have Z’ > 1 should be regarded as
potential polymorphic systems if the crystallographically independent formula units are
related by small fluctuations in position, occupation and/or thermal motion. These units
may become crystallographically undistinguishable as thermal motion of the system
increases by raising the temperature. Following this logic, the transition Z: 2 — 1 and
the Z’ = 1 phase for the system [Ni(H,0)¢](NO3),:(15-crown-5)-H,O (first polymorph)

may have been expected by assuming that the structure of the Z’ = 2 phase was known.

(vii) In the system [Ni(H,0)s](NO3),-(15-crown-5)-2H,0, the Z’ = 7 and 3 phases might
have been predicted by symmetry consideration and by assuming that the structure of the

Z’ =1 phase was known (see Figure 7.1 for further details).

(viii) In the system [Ni(H,0),(MeCN)(NOs),]-(15-crown-5)-MeCN, the Z’ = 1 and 3
phases might have been predicted by symmetry consideration and by assuming that the

structure of the Z’ = 2 phase was known (see Figure 7.2 for further details).

"4 The Z’ =1, 2 phases were solved and refined in the same space groups.

"> This is not true for the Z: 1 — 7 and Z*: 1 — 5 transitions because the systems lose the crystallographic
inversion centers in the Z’=7 and Z’ = 5 phases.

¢ This is not true for the Z’ =7 and Z’ = 5 phases, but the nature of these phases is more complicated than
the nature of the other phases found in the two phase sequences.
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Figure 7.1. Projections of the asymmetric units of the Z”= 7, 3 and 1 phases of the system
[Ni(H,0)6](NOs3),:(15-crown-5)-2H,0O down the direction of the 1-D H-bonded chains
(i.e., the ¢ direction). Two formula units are shown for the Z’ = 1 phase (the lowest-
temperature phase); the black and light gray formula units are related by a ¢ glide plane
(i.e., a mirror of plane with a translational component of ¢/2). Symmetry considerations
suggest that the formula unit of the lowest-temperature phase may become more
symmetrical if the thermal motion of the system increases. In the ordered lowest-
temperature phase, the conformational enantiomers of the 15-crown-5 molecules, the
[Ni(H,0)s]*" ions and the nitrate ions nearly occupy sites of a ¢ glide plane. As a result,
the black formula unit and the symmetry generated light gray formula unit (via the c glide
plane) are relatively similar in orientation but statistically distinguishable at low
temperatures (since the thermal motion is small). As the temperature of the system
increases, the formula units become less distinguishable; when the system passes through
the transition Z”: 1 — 3, the translation component ¢/2 is lost''” and the new phase has a
statistical mirror plane''®: the nitrate ions lie statistically at sites of the mirror symmetry,
the 15-crown-5 molecules are disordered (because the conformational enantiomers
cannot be superimposed), the [Ni(H,0)s]*" ions are also disordered. As the temperature
increases, the system becomes even more disordered (because the thermal motion is
large); when the system passes through the transition Z”: 3 — 7, the Z’ = 7 phase has a
twofold'"” and mirror symmetries. Theoretically, the 15-crown-5 molecules and the
[Ni(H,0)s]*" ions should be very disordered, but because the thermal motion in the
system is very large, the disorder of the [Ni(H,0)6]*" ions and of the 15-crown-5
molecules are more difficult to resolve (see experimental section of Chapter 5 for further

details).

"7 As a result, the ¢ axis of the Z’ = 3 is approximately shortened by a factor of two compared to the ¢ axis
of the Z’ =1 phase.

"8 I the paper entitled ‘Toward a Grammar of Crystal Packing’, Brock and Dunitz wrote ‘Molecules with
apparent crystallographic mirror symmetry often show some atomic displacement ellipsoids that are
elongated perpendicular to the mirror plane. These displacement parameters may indicate that the apparent
mirror symmetry is only statistical in nature (a space or time average over slightly different molecular
orientations)...’.

1% The lattice water molecules lie on sites of the twofold symmetry.
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Figure 7.2. Projections of the asymmetric units of the Z’ = 3, 1 and 2 phases of the system
[Ni(H,0)2(MeCN)(NOs3),]-(15-crown-5)-MeCN down the direction of the 1-D H-bonded
chains (i.e., the ¢ direction). The two independent formula units (black and gray) are
shown for the Z’ = 2 phase (the lowest-temperature phase). Two formula units are shown
for the Z’ = 1 phase; the black and light gray formula units are related by a ¢ glide plane
(i.e., a mirror of plane with a translational component of ¢/2). Symmetry considerations
suggest that the formula units of the lowest-temperature phase may become more
symmetrical if the thermal motion of the system increases. In the ordered lowest-
temperature phase, which is nearly monoclinic, the conformational enantiomers of the
15-crown-5 molecules, the [Ni(H,0)(MeCN)(NOs),] metal complexes and the lattice

120 (the ¢/2 translation

acetonitrile molecules nearly occupy sites of a pseudo ¢ glide plane
is nearly true). As the temperature of the system increases, the thermal motion becomes
larger. When the system passes through the transition Z: 2 — 1, the structure is
monoclinic with a true translation component of ¢/2. The two formula units (black and
light gray) are crystallographically related by a ¢ glide plane. The black formula unit and
the symmetry generated light gray formula unit (via the ¢ glide plane) are relatively
similar in orientation but distinguishable. As the temperature of the system increases, the
formula units eventually become less distinguishable; when the system passes through
the transition Z”: 1 — 3, the translation component ¢/2 is lost and the new phase has a
statistical mirror plane. The 15-crown-5 molecules are disordered (because the
conformational enantiomers cannot be superimposed and because of the occurrence of
pseudoinversion symmetry), the [Ni(H,0),(MeCN)(NOs),] metals complexes are very
disordered, the lattice acetonitrile molecules are also disordered. Single-crystal X-ray
experiments show that the thermal motion in the system is large in the Z’ = 3 phase, the
disorder of the acetonitrile ligands and lattice acetonitrile molecules are more difficult to

resolve (see experimental section of Chapter 5 for further details).

120 Tt is important to notice that the monodentate nitrate ligands of the two formula units cannot be related
by a pseudo ¢ glide plane because the two crystallographically independent Ni** ion are not coordinated by
the same pseudosymmetrically related O atoms.
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(ix) The two polymorphic systems [Ni(H20)s](NOs),-(15-crown-5)-2H,0 and
[Ni(H20)2(MeCN)(NO3),]-(15-crown-5)-MeCN are more complicated to understand
because of the occurrence of high-Z’ phases, which were found to be intermediate to the
Z’ = % and 1 phases. The high-Z’ phases were found to have high pseudosymmetry. The
high-Z’ phases are unpredictable partly because the loss of true inversion centers in the

crystal structures were not expected as the temperature of the two systems was raised.

New Polymorphic Systems in the Future

New systems for which hydrogen bond interactions between A and B constituents are
found along one dimension and for which at least one of the constituents (A or B) has
relatively high internal symmetry should be regarded as good candidates for possible
polymorphic systems. The geometry of the 15-crown-5 molecule seems to favor such
hydrogen bond interactions because the crown ether can act as a bifacial H-bonded
acceptor. Some octahedral metal ions or some octahedral metal complexes that act as H-

bond donors*?

to the 15-crown-5 molecules are good candidates.

The likelihood of finding new polymorphic systems that have similar characteristics to
the three systems discussed in Chapters 4, 5 and 6 is relatively high'??. Such systems are
convenient to study polymorphism because no significant loss of crystallinity is
detectable while single crystals go through a phase transition. As a result, such systems

are likely to be good references as polymorphic systems in the literature.

Copyright © Maxime A. Siegler 2007

121 There are at least two potential ligands along one axis of the octahedron.
22 1n the six Ni(ll) complexes for which 1-D H-bonded chains are found between the 15-crown-5
molecules and the Ni** ions or Ni(Il) metal complexes, three crystal systems were found to be polymorphic.
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Appendix A: Crystallographic Tables

In Appendix A, each file (named Tab##.pdf) is a linking file (pdf format) that
corresponds to the crystallographic tables of all structures discussed in the dissertation.
Each file contains seven tables. Table 1 includes the information of crystal data and
structure refinement. Table 2 lists the atomic coordinates and equivalent isotropic
displacement parameters for non-hydrogen atoms. Table 3 lists the bond lengths and
angles. Table 4 lists the anisotropic displacement parameters for non-hydrogen atoms.
Table 5 lists the coordinates and isotropic displacement parameters for hydrogen atoms.

Table 6 lists the torsion angles. Table 7 lists the hydrogen bond distances.

Tab01.pdf (x04082, Z’ =8, B2))
Al. Crystallographic tables for diaqua(15-crown-5)magnesium(II) nitrate at 311 K.

Tab02.pdf (x05032, Z" =8, B2))
A2. Crystallographic tables for diaqua(15-crown-5)iron(II) nitrate at 90 K.

Tab03.pdf (k05062, Z" =8, B2,)
A3. Crystallographic tables for diaqua(15-crown-5)iron(II) nitrate at 90 K.

Tab04.pdf (x05028, Z' =8, B2,)
A4. Crystallographic tables for diaqua(15-crown-5)zinc(II) nitrate at 313 K.

Tab05.pdf (k05253, Z’ = 3, P1)
AS. Crystallographic tables for hexaaquanickel(II) nitrate (15-crown-5) monohydrate (2““l
polymorph) at 90 K.

Tab06.pdf (k06063, Z’ =3, P2,/n)

A6. Crystallographic tables for hexaaquanickel(Il) nitrate (15-crown-5) trans-
tetraaquadimethanolnickel(II) nitrate (15-crown-5) at 90 K.
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Tab07.pdf (k05086, Z’ = 1, Pbca)
A7. Crystallographic tables for cis-tetraaquadinitratonickel(Il) (15-crown-5) trans-
tetraaquadinitratonickel(IT) (15-crown-5) at 90 K.

Tab08.pdf (k05322, Z’ =2, C1)
AS8. Crystallographic tables for diaqua(15-crown-5)nickel(Il) nitrate (phase I) at 308 K.

Tab09.pdf (k05256, Z" =3, P2,/c)
A9. Crystallographic tables for diaqua(15-crown-5)nickel(II) nitrate (phase II) at 90 K.

Tab10.pdf (k06368, Z' =1, P2))
A10. Crystallographic tables for hexaaquanickel(Il) nitrate (15-crown-5) monohydrate
(1" polymorph, phase I) at 295 K.

Tabl11.pdf (k06367, Z" =2, B2))
Al1l. Crystallographic tables for hexaaquanickel(Il) nitrate (15-crown-5) monohydrate
(1*' polymorph, phase II) at 90 K.

Tab12.pdf (k02180, Z’ = 3, I2/m)
A12. Crystallographic tables for hexaaquanickel(Il) nitrate (15-crown-5) dihydrate (phase
I) at 294 K.

Tab13.pdf (k05178, Z’ =3, P2,/m)
A13. Crystallographic tables for hexaaquanickel(Il) nitrate (15-crown-5) dihydrate (phase
IT) at 250 K.

Tab14.pdf (k06335, Z’ =7, B2))

A14. Crystallographic tables for hexaaquanickel(Il) nitrate (15-crown-5) dihydrate (phase
I1T) at 90 K.
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Tab15.pdf (k05153, 2" =1, P2/c)
A15. Crystallographic tables for hexaaquanickel(II) nitrate (15-crown-5) dihydrate (phase
IV) at 90 K.

Tab16.pdf (k06117, Z’ =3, P2,/m)
Al6. Crystallographic tables for acetonitrilediaquadinitratonickel(Il) (15-crown-5)
acetonitrile solvate (phase I) at 243 K.

Tab17.pdf (k06077, Z" =5, B2,)
Al7. Crystallographic tables for acetonitrilediaquadinitratonickel(Il) (15-crown-5)
acetonitrile solvate (phase II) at 90 K.

Tab18.pdf (k06073, Z" =1, P2/c)
A18. Crystallographic tables for acetonitrilediaquadinitratonickel(Il) (15-crown-5)
acetonitrile solvate (phase III) at 150 K.

Tab19.pdf (k06078, Z’ = 2, P1)

A19. Crystallographic tables for acetonitrilediaquadinitratonickel(Il) (15-crown-5)
acetonitrile solvate (phase IV) at 90 K.
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Appendix B: Symbols

Lengths of the unit cell edges of the direct space.
Lengths of the reciprocal unit cell edges.

Unit cell vectors in direct space.

Reciprocal unit cell vectors.

Glide planes. ‘Axial’ glide planes are designated by a, b or
c. ‘Diagonal’ glide plane is designated by n. ‘Diamond’
glide plane is designated by d.

Crystal density.
Electron density unit (electrons per cubic angstroms).
Structure factor.

Miller Indices (integers).

Negative Miller Indices (negative integers).
Set of lattice planes.

Crystal form (i.e., set of lattice planes equivalent by the
symmetry of the crystal).

Intensities of the reflection Ak?.
Coordinates in the crystal lattice.
Direction in the crystal lattice.

Lattice centerings. Primitive (P), centered on one set of
faces (4, B, C), body-centered (/), face-centered (F) or
rhombohedral (R).

Number of reflections observed for a given structure.
Number of variables (or number of parameters).
Mirror planes.

(£ I-IF])

Residual index (R factor). R = ] .

Number of formula units in the unit cell.
Number of formula units in the asymmetric unit.

Angles between b and ¢ (@), between a and ¢ (f), between
aand b (»).
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a*, p* r* Angles between b* and c¢* (a*), between a* and ¢* (5*),
between a* and b* (*).

Ap Difference electron density.

0 Angle of the X-ray beam to the “reflection plane”.

A Wavelength of the radiation used in the X-ray diffraction
experiment.

U Linear absorption coefficient.

1 Identity.

1 o Inversion center.

2 4 Twofold axis.

2, #§ Twofold screw axis: ‘2 sub 1’

3 A Threefold axis.

34 )_ Threefold screw axis: ‘3 sub 1°.

3, _A Threefold screw axis: 3 sub 2.

4 @ Fourfold axis.

4, A Fourfold screw axis: ‘4 sub 1°.

4, § Fourfold screw axis: ‘4 sub 2’.

4; ¥ Fourfold screw axis: ‘4 sub 3°.

6 ® Sixfold axis.

6, 'i' Sixfold screw axis: ‘6 sub 1°.

6, MW Sixfold screw axis: ‘6 sub 2.

63 , Sixfold screw axis: ‘6 sub 3’.

6: @ Sixfold screw axis: ‘6 sub 4°.

65 * Sixfold screw axis: ‘6 sub 5°.
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Appendix C: Glossary

Absorption effect: the attenuation of the intensity of the X-ray beam by a crystal. The
intensity of the incident beam [ is related with the intensity / of the beam that passes
though the thickness 7 of the crystal. The relationship is given by: I = Ipe™* (u is defined

as the linear absorption coefficient).

Anisotropy: a property is said to be anisotropic when it is directionally dependent.

Body-centered lattice: a lattice having lattice points at the corners and at the body center

(i.e., x =y =z =1%) of the unit cell. Such lattices are symbolized by the letter /.

Cell dimensions (or cell constants): the cell dimensions are defined by the axes a, b and

c and the angles « (i.e., between b and c¢), f (i.e., between a and ¢) and y (i.e., between a

and b).

Centrosymmetric structure: a structure that crystallizes in a space group with inversion

centers.

Correlation of matrix elements: the interdependence among parameters (e.g., the
atomic coordinates and the displacement parameters) of the coefficient matrix used in the

least-squares refinement.

Crystal habit: the analysis aimed at determining the crystal shape and the Miller indices
of the faces bounding the crystal. Crystal habit may point out some characteristics of the

crystal packing.
Cubic unit cell: a unit cell with four threefold axes along the four body diagonals of the

unit cell and three fourfold axes parallel to the three cell axes a, b and c. There is one

independent parameter for the cell dimensions (i.e., a =b=c; a= = y=90°).
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DELU: a SHELXL instruction that applies a ‘rigid bond’ restraint to the named atoms.

DFIX and DANG: the SHELXL instructions that restraints bond distances between pairs
of atoms within an effective standard deviation (default: 0.02 for DFIX and 0.04 for
DANG). The DANG instruction is usually used for 1,3-distances (or ‘angle distances’).

Difference Fourier map (or Difference Fourier synthesis): a map for which the Fourier
coefficients are the differences between the observed and calculated amplitudes of the
structure factors, AF' = |F,| — |F.|. Difference Fourier map is generally very useful to

locate hydrogen atoms and residual electron densities.

Diffuse scattering: a non-Bragg scattering appearing near reflections with relatively high
intensities. The presence of diffuse scattering may indicate short range order in a given

structure (e.g., highly disordered structure).

Displacement Parameters: the measures of the mean-square amplitudes of the atomic
oscillations. The isotropic displacement parameter corresponds to the temperature factor
Uiso (or Ujp) with the amplitude of vibration equal in all directions. The anisotropic
displacement parameters are defined by the six parameters U, Uy, Uss, Ui, Uiz and U,

which describe the magnitudes and the orientations of the vibration ellipsoids.

EADP: a SHELXL instruction that aims at assigning the same isotropic or anisotropic

displacement parameters for the named atoms. The EADP instruction is a constraint.

EXTI: a SHELXL instruction (and also a parameter) that estimates extinction in the

crystal.

Face-centered lattice: a lattice having lattice points at the corners and at the centers of

all faces of the unit cell. Such lattices are symbolized by the letter F.

FLAT: a SHELXL instruction that restraints the named atoms to lie a common plane.
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Hexagonal unit cell: unit cell with a sixfold axis parallel to one cell axis (the ¢ axis by
convention) and with a twofold axis perpendicular to the ¢ axis. There are two

independent parameters for the cell dimensions (i.e.,a =b # c; a= =90° y=120°).

Isotropy: a property is said to be isotropic when it is directionally independent.

Least-squares refinement: an analytical method of refinement aimed at minimizing the
sum of the squares of the deviations of the experimentally observed values from the
corresponding calculated values. In X-ray structure determination, the values of interest
are the three positional parameters (x, y, z) and one displacement parameter (U,; in the
case of an isotropic refinement) or six displacement parameters (U;i, Uz, Uss, Uz, Uss

and U, in the case of an anisotropic refinement) for each atom.

Libration: a vibrational motion along an arc.

Monoclinic unit cell: a unit cell with a twofold axis parallel to one cell axis (the b axis
by convention). There are four independent parameters for the cell dimensions (i.e., a # b

#zc, a=y=90% F #90°).

Noncentrosymmetric structure: a structure that crystallizes in a space group with no

inversion center.

Occupancy factor: factor that defines the site occupancy of a given atom. In the case of
a non-disordered structure, the occupancy factor of a given atom is 1. In the case of a
disordered structure, the occupancy of a given atom is partial and the occupancy factor is
less than 1. The sum of the occupancy factors for the minor and major components of a

disordered atom is 1.

292



Orthorhombic unit cell: a unit cell with three perpendicular twofold axes parallel to the
cell axes a, b and c. There are three independent parameters for the cell dimensions (i.e.,

a#b#c,a=p=y=90°.

Primitive lattice: a lattice having lattice points at the corners of the unit cell. Such

lattices are symbolized by the letter P.

Reciprocal lattice slices: the 2-D slices of the diffraction pattern viewed down the a*
(i.e., 0kl , 1kl , 2kt , etc.), b* (i.e., hOL, h1 0, h2 1, etc.) or ¢* (i.e., hk0, hkl, hk2, etc.)

directions.

Residual index (R factor): an index that takes into account the differences between the
observed and calculated amplitudes of the structure factors. The residual index gives a
basic measure of the correctness of the model. If the R factor is low (< 0.06), the structure
is probably correct. Higher R factors may indicate that some significant changes in the

model might be needed.

RESI: a SHELXL instruction that groups the selected atoms in a specified ‘residue’. The
RESI instruction allows using the same atoms names in different residues, which is

particularly useful for high-Z’ structures.

Rhombohedral unit cell: a unit cell with a threefold axis along one body diagonal of the
unit cell. There are two independent parameters for the cell dimensions (i.e.,a=b=c; a

= = y# 90°). The rhombohedral lattice is symbolized by the letter R.
SAME: a SHELXL instruction that restraints the geometries (the 1,2- and 1,3-distances)

of chemically identical but crystallographically independent molecules (or ions) to be the

same within an effective standard deviation (0.02 by default).
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Separate Wilson plot: a plot of averaged intensities of some classes of reflections in
function of (sin®/A)>. Quantitative analyses about the intensity distribution between

different classes of reflections may be derived from such plots.

SHELXL: a program that computes the least-squares structure refinement of crystal

structures.

Side-centered lattice: a lattice having lattice points at the corners and at the centers of
two opposite faces of the unit cell. Such lattices are symbolized by the letters 4 (i.e., the
bc faces are centered), B (i.e., the ac faces are centered) or C (i.e., the ab faces are

centered).

Space group: a group of symmetry operations intrinsic to a given crystal structure. There

are 230 space groups (see Volume A of International Tables for Crystallography).

SUMP: a SHELXL instruction that restraints the sum of site occupancy factors to be a
constant (generally 1). The SUMP instruction is particularly useful to deal with threefold
or higher-fold disorder (i.e., when a given atom can have more than two orientations at a

site).

Systematically absent reflections: some reflections are systematically absent when there
is, at least, one translational symmetry element (i.e., translation, glide planes and screw

axes) inherent in the crystal structure.
Tetragonal unit cell: a unit cell with a fourfold axis parallel to one cell axis (the ¢ axis
by convention). There are two independent parameters for the cell dimensions (i.e., a = b

#c; a=f=y=90°.

Triclinic unit cell: a unit cell with no rotational symmetry. There are six independent

parameters for the cell dimensions (i.e., a # b # c; a# [+ ).
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