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Abstract: From the topotactic relationships established between chemically identical, but crystallographically unique poly
morphs of l-methoxy-l,2-benziodoxolin-3-one (I) and their reaction products, o-iodosobenzoic acid (II) and o-iodobenzoic 
acid (III), we have been able to evaluate the significance of specific molecular and geometric lattice properties on the nuclea-
tion and directed crystallization of product molecules. Irradiation of the orthorhombic polymorph, I-a, leads to formation of 
four conservatively twinned crystalline phases of III which are ordered such that iodine-containing planes of the reactant and 
each of the four product lattices are mutually parallel and have the same ~4 A interplanar spacing. Irradiation of monoclinic 
1-/3 gives only a powdered phase of III. Hydrolysis of I-a gives twinned crystalline phases of II, with (100)n and (100)i.„ paral
lel and rotated relative to one another such that several lattice site coincidences occur. 1-0 orients II such that several different 
symmetry independent twin phases are formed. For one twin, the glide direction of I-/3 is parallel to the unique symmetry axis 
of product, two other twins have (001)1.3 aligned parallel to (100)n, and four of the twins have their (010) planes parallel to 
(OIO)!.̂ . Since none of the reactant and product lattices are isomorphous, these single-crystal transformations involve large-
scale molecular reorganization prior to product nucleation. The topotactic relationships established, nonetheless, are reproduc
ible and highly stereospecific. 

Introduction 

Chemical reactions in single crystals are fundamentally 
different from mobile phase reactions in two respects: (1) the 
ordering of reactant molecules into a lattice can result in to
pochemical control over reaction pathways,2 and (2) the 
reactant lattice can control the nucleation and preferential 
orientation of crystalline product phases. Topochemistry has 
been the subject of intensive research in recent years,3 but most 
often these solid-state reactions have not been topotactic; i.e., 
no crystalline product phases were formed, which had a unique 
orientation relative to the reactant lattice. Our studies have 

focused on the single-crystal reactions of organic polyvalent 
iodine compounds, which generally do give oriented crystalline 
product phases.4 Because of the wide variety of reactions ob
served and the facility with which these single-crystal trans
formations occur, we have been able to study the effects of 
molecular packing, intermolecular coordination interactions, 
geometrical lattice parameters, and space group symmetry on 
the nature of the interlattice relationships established during 
reaction. Some of the significant observations concerning to-
potaxy in polyvalent iodine transformations are summarized 
here as a basis for understanding the results of the current in
vestigation: 

Etter J Topotactic Reactions of1 -Methoxy-1,2-benziodoxolin-3 -one 



5332 

Table I. Crystallographic Data for Reactant and Product Lattices" 

S.G. 0 b* Ref 

l-« 
1-0 
Il 
111 

Pbca 
Pl1 /a 
Ply IC 
PIxIc 

15.44 
7.73 

12.89 
4.32 

8.10 
10.06 
4.10 

15.08 

13.53 
12.60 
14.05 
11.29 

90.0 
118.3 
96.73 
91.5 

1691.0 
862.7 
737.5 
734.8 

8 
4 
4 
4 

0.065 
0.147 
0.078 
0.232 

0.123 
0.100 
0.244 
0.066 

0.074 
0.090 
0.072 
0.089 

6 
6 

16 
13 

" S.G. = space group; a, b, c, fi = unit cell parameters; V = unit cell volume, A3; Z = number of molecules per unit cell; a*, b*, c* = reciprocal 
cell parameters. 

Figure 1. The x-ray diffraction patterns of (hk0)\.a from a single crystal 
of l-« before reaction (left) and after decomposition (right). The pseu-
domorphic crystal product pattern is (nkn)u\ twinned about (100)|.„. (In 
the photographs, reactant axes are labeled M, and product axes are labeled 
I.) 

(1) The topotaxy which is established is a reaction constant, 
unique to the chemistry and crystallography of the particular 
transformation. 

(2) Isomorphism between reactant and product lattices is 
not a necessary criterion for topotaxy. 

(3) Both bimolecular and unimolecular reactions can give 
oriented crystalline products. 

(4) Multiple reaction products can be simultaneously or
dered by the reactant lattice. 

(5) The symmetry directions in the reactant lattice are not 
necessarily parallel to symmetry directions of the product 
lattice. 

(6) When reactant and product lattice symmetry directions 
are not parallel, twinning of the product phase will occur such 
that the reactant point-group symmetry is conserved.5 

(7) When a 4 A axis is present in both the reactant and 
product lattices, the product will align such that these axes are 
parallel. The 4 A axes are not necessarily unique symmetry 
axes. 

The present study is concerned with the topotactic photolysis 
and hydrolysis of two polymorphs (I-a and I-/?) of 1-me-
thoxy-1,2-benziodoxolin-3-one (I). Their molecular and crystal 
structures and the chemistry of these single crystal transfor
mations were presented in the preceding paper in this series.6 

I-a and I-/? have the same molecular structures dnd confor
mations, the same intermolecular coordination interactions, 
and undergo identical chemical reactions. Differences in the 

topotactic relationships observed for the two polymorphs, 
therefore, result from differences in molecular packing modes, 
lattice parameters, and space-group symmetry. I-a is the first 
example of an orthorhombic reactant lattice in this series (the 
others being triclinic or monoclinic), providing an opportunity 
to test the generality of conservative twinning in a high sym
metry space group.5 In addition, neither I-a nor I-/? have 4 A 
axes (the shortest axis is >7 A) to direct alignment of the 
product molecules. The fact that topotaxy occurred, never
theless, has given us new insight into the factors controlling 
product crystallization. 

Results 

I-a to o-Iodobenzoic Acid (III). Photolytic decomposition 
by x-ray radiation of a single crystal of I-a leads to crystalline 
III (crystal data are given in Table I), which is oriented such 
that none of the zero-level reciprocal lattice planes of reactant 
and product are parallel. Figures 1 and 2 show the (hk0)\.a 

Weissenberg pattern of reactant before and after decomposi
tion to III, and the deconvoluted map of the product pattern.7 

From this map one can clearly see two identical product lat
tices, indicating the formation of at least two twin phases of 
product. From the measured spacings of these lattices and 
comparison of the relative intensities of the product reflections 
with those of a reference pattern of III,8 the presence of the 
(nkn) lattice of III in the (hkO) photograph of I-a was verified. 
These planes actually diverge by 0.8°, as determined by os
cillation photographs. Further verification of these lattice as
signments and evidence for two more twin phases9 was ob
tained by calculating the angles needed to rotate the decom
posed reactant crystal in order to observe zero-level patterns 
of III, and then turning the pseudomorphic crystal to these 
settings and comparing the patterns with reference films. 

The orientation of the reactant lattice relative to one of the 
twin lattices of product can best be represented by the trans
formation matrix10 (eq 1), where \a*}w and \a*\p are reactant 
and product reciprocal lattice basis sets, respectively. Evalu
ation of this matrix (and its inverse transform) are given in 
Table II (available in the microfilm edition), where r = angle 
between o{ 101) p and cr( 111) p, 0 = angle between a{ 100) p and 
(J-(10l)p, and 9 = experimentally determined angle of 0.8°. 

To test whether this product orientation was unique to the 
single-crystal transformation, we tried subliming III onto the 
surfaces of single crystals of I-a. Three large crystals of I-a, 
with distinctly different morphologies (one was a flat dia
mond-shaped crystal with a prominent (100) face, another had 
bipyramidal morphology, and the third was irregularly shaped) 

a* 

aRGt|>* cos 0 cos r 

h = I aRV sin T 

aRCp* cos (0 + /?,.*) cos T 

*.{a*i 

-bRaP* (cos 0 sin r cos 8 

— sin 0 sin 8) 

&R&P* COS T COS 8 

—6RcP* (cos (0 + 0V*) sin r cos 8 

- sin (0 + /?,,*) sin 8) 

—cRaP* (cos 0 sin T sin 8 

+ sin 0 c-js 8) 

cR6p* cos T sin 8 

- c R c P * (cos (0 + 0p*) sin r sin 8t 

+ sin (0 + /?P*) cos 8) 

(D 
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(hko) 

Figure 2. A graphical representation of the twinned product lattices of III in their observed orientations relative to the lattice of I -«, The reciprocal lat
tice-point numbers correspond to particular reflections seen in the (hkO)t.a Weissenberg photograph of a decomposed crystal of l-« shown in Figure 
1. (Axes labeled with subscripts ] are reactant axes; unlabeled axes are product axes.) 

were mounted on a glass slide. A sample of III was heated to 
140° in the presence of these seed crystals and tiny crystallites 
of III grew equally well on all the faces of the seed crystals (as 
well as on the glass slide) and no preferred orientations were 
observed. Crystallization of III can also be nucleated in solution 
by seed crystals of I-a, but the growth of III on the seed crystals 
is not preferentially ordered. 

I-/8 to III. The x-ray decomposition of single crystals of I-/3 
leads to a highly powdered product phase for which a three-
dimensional orientation could not be measured. Attempts were 
made to increase the product crystallinity by annealing the 
crystals, using different wavelength x-ray radiation, and using 
crystals of various sizes and histories, but no noticeable increase 
in product crystallinity was observed. 

I-a to o-Iodosobenzoic Acid (II). Four product twins of equal 
concentration were found with their (100)n twin planes parallel 
to the (100)i_a mirror plane. An (hQl) Weissenberg pattern 
of I-a was shown to contain the (hnln) plane of II both by 
comparison of the reflection intensities of II with those of a 
standard film, as well as by location of the (h0l)\\ plane within 
the pseudomorphic crystal (an oscillation photograph about 
[010]i.a in the range of [112]n showed that this reflection is 
precisely in the (h0l)\.a plane). The transformation matrix, 
1̂ 2. a s defined above for <j>i is: 

^2 = 

A R a P * 0 0 \ 

I 0 bRb?* cos 6 0 ] 

\aRaP* cos /3P* 6RCP* sin 9 sin /3p* eRcP* sin /3P* cos BI 
(2) 

where d = 60° (the angle between (rw2n)ii and (hQl)u). 
Evaluation of this matrix is given in Table II in the microfilm 
edition. 

I-/? to H. Single-crystal hydrolysis of I-/3 leads to several 
Lonsdale twin phases of II (L-I through L-5), which represent 
independent orientations of II (unrelated by the symmetry 
elements of reactant) and occur in unequal and variable con
centrations. When I-/3 is hydrolyzed very slowly (1-2 years) 
by ambient humidity, L-2 to L-5 are formed in about equal 
concentrations; when I-/3 is hydrolyzed overnight in a saturated 
aqueous atmosphere at ~50 0 C , L-I is formed almost exclu
sively (if these crystals are allowed to sit on the shelf for about 
6 months after being hydrolyzed, tiny brilliant crystallites of 
II can be seen growing out the ends of the pseudomorphic 
crystals, with their needle axes aligned parallel to that of the 
pseudomorph). L-I, which is conservatively twinned, can be 
formed in a very high crystalline yield in addition to being an 
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/ O (a P* sin 

fa - I -by*/(aR* sin /3R*) O 

\ O (cP* sin 

unusually well-ordered product lattice with discrete reflections 
up to T values of 160°. 

L-I is oriented relative to 1-/5, such that its (hOl) plane is 
parallel to (0kl)i.ff and [100]L., is 28° from [001]i.^. This 
orientation is represented by fa (where 6 = 28°): 

The Lonsdale twins L-2 to L-5 occur in very low yields and 
are not as highly crystalline as L-1. The mosaic spread of their 
diffraction spots is about 4°, and there are also distinct powder 
rings associated with the more intense reflections. L-2 and L-3 
are aligned such that their (100) planes are parallel to (OOl)^, 
and their (010) planes are parallel to (OIO)^ (necessarily 
aligning their glide directions, also). The (100)n planes are 
twin planes relating L-2 and L-3, which occur in equal con
centrations. L-2 and L-3 differ in their relationships to I-/3 by 
their respective parallel and antiparallel alignment of bn rel
ative to bi.fj. Their topotactic matrices, derived directly from 
these basis set relationships are given in Table II as fa and 

Twins L-4 and L-5 also have their (010) planes parallel to 
(010)i_,8. Their (100)n planes are not twin planes, and are, 
respectively, 81 and 63° from (IOO)^. Both twins are aligned 
such that their b axes are antiparallel to b\.$ and there is no 
evidence that the corresponding twins with parallel b axis 
alignments are formed. The topotactic matrices for L-4 and 
L-5 are given as fa and fa in Table II. 

Crystalline Yields. The crystalline yield of a single-crystal 
reaction is a measure of the percent of crystalline reactant 
which has been converted to crystalline product. The yield can 
be calculated by comparing the ratio of the observed intensities 
(Io) of a series of product reflections to their calculated abso
lute intensities (Fc

2) and comparing these ratios to Io/Fc
2 for 

a series of reactant reflections. If the crystalline yield is 
quantitative, the reactant ratios should be the same as the 
product ratios, after correction for unit cell volume differ
ences. 

The percent yield of crystalline III can be calculated by use 
of the following formula: 

/I^)m)/2k). %yidd O f 1 1 1 

where /o = corrected measured intensity of an hkl reflection, 
FQ = calculated structure factor of an hkl reflection, on an 
absolute scale, V = unit cell volume, and t = twinning factor 
(multiplicity of an hkl reflection, resulting from twinning). 

From the intensities of five reactant and four product re
flections, the calculated average crystalline yield of III was 23% 
(with specific yields ranging from 11 to 40%). 

Quantitative measurements of crystalline product yields of 
hydrolysis reactions were not successful, since exposure to x-ray 
radiation prior to hydrolysis resulted in very poorly ordered 
product. 

Discussion 
The most predictable mode of product orientation in the 

previously studied topotactic reactions ofenziodoxole com
pounds has been the alignment of parallel 4 A axes of reactant 
and product." The significance of this mode in directing 
product crystallization becomes important in the current in
vestigation, since neither the I-a nor I-/3 reactant lattice has 
a 4 A axis, but both product lattices do. If the alignment of 
short axes of similar lengths is requisite for ordering product 
nuclei, then II and III should grow such that their 4 A axes 
align parallel to vectors in I-a and I-/3 whose lengths are integer 

9)/bR* (Op* cos 9)/cR* \ 

(&P* cot /?R*)/cR* ] (3) 

(8 - (3p*))/bR* (cp* cos (6 - /3p*))/cR*y 

multiples of 4 A. However, if 4 A axes are parallel as a con
sequence of the parallel alignment of crystallographic planes 
with a 4 A interplanar spacing, then the 4 A unique axis of II 
should align parallel to a reciprocal space vector a (hkl) of I-a 
or I-/3 of length 0.25 A - 1 . In the former case, this lattice-
matching mode implies aligning direct-space vectors, and in 
the latter case, aligning reciprocal space vectors. In the 
transformations discussed here we have found that both modes 
of lattice matching occur with the important condition that the 
vectors of interest are either parallel to a stack of iodine atoms 
or normal to a layer of iodine atoms in both reactant and 
product. These vectors are usually 4 A long, corresponding to 
close-packing of the iodine atoms. 

There is no evidence from the current work that specific 
topotactic relationships are adopted as a result of minimum 
molecular motion pathways. The reactant and product lattices 
studied were not isomorphous, and some were even in different 
crystal classes, so large molecular motions were needed to form 
crystalline products. Indeed, there is sufficient molecular 
mobility that the product molecules crystallize in the same 
forms as those obtained from solution crystallization.12 

I-a —• III. There are four conservative twin phases of III 
formed in this transformation, each of which has (nnn) coin
cident with (ZJOO)I-Q.. None of the axial directions or symmetry 
planes of reactant are parallel to those of III, and the alignment 
of the 4.10 A a axes of the twins of III appear to have no sig
nificance relative to the reactant lattice. The crystal structure 
of III has been solved in projection only,13 from which the 
molecules are seen to pack as centrosymmetric dimers with 
their molecular planes approximately parallel to (100)m. In 
the reactant structure, four pairs of planar dimers occur per 
unit cell, but none of these planes are parallel to (lOO)ni- We 
were unable to find any molecular correspondences between 
reactant molecules and oriented product molecules which 
might have been important in directing the orientation of the 
product phases. In fact, extensive molecular reorganization 
would have had to occur during transformation of I-a into any 
orientation of III. 

From reinvestigation of the x-ray diffraction patterns of a 
decomposing crystal of I-a, we realized that one pair of over
lapping reflections occurred between an intense reflection of 
reactant, [400] |.„, and a similarly intense product reflection, 
[111] in, implying that their corresponding direct-space planes 
contained a large fraction of the scattering matter in each 
structure and also had the same interplanar spacing. Indeed, 
the family of planes parallel to (100)i.Q with an interplanar 
spacing of d(400) = 3.86 A (here referred to as the (400)\.a 
planes) do contain all the iodine atoms in the I-a structure. The 
(11 l)m planes not only pass through all the iodine atoms of 
III and have d(\ 11) = 3.86 A, but also the (111) planes of all 
four product twin phases are mutually parallel. In effect, the 
iodine atoms in the reactant crystal and multiply twinned 
product crystal are in the same set of ~4 A spaced planes! This 
phase transformation, shown schematically in Figure 3, 
suggests that the motion of the heavy atoms has been restricted 
to these two-dimensional close-packed planes, but that the 
molecules could freely move about the iodines in order to es
tablish the product crystal structure. 

This concept is also consistent with those transformations 
in which 4 A axes of reactant and product were aligned, since 
in most cases 4 A iodine-containing planes were normal to the 
short axes. When the 4 A axis was not the unique monoclinic 
axis, it was nearly perpendicular to its (100) plane (the largest 
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(400) 

d* 3.S6& d = 3.84& 

r-« m 
Figure 3. A schematic representation of the transformation of iodine-containing planes in l-a to those in III. The family of planes parallel to (I00)|.„ 
with interplanar spacings of d(400) = 3.86 A, containing all the iodine atoms of the reactant structure, are shown on the left. During transformation 
to III, the family of (100)|.„ planes are maintained parallel to the similarly spaced iodine-containing (I I T) planes {d(\ I T) = 3.84 A) of all four twin 
phases of 111, shown on the right (b\_„ are the unique symmetry axes of the four twins). 

deviation observed so far being 6.7°' '). For III, the short a axis 
is not precisely normal to (100)m (/? = 91.5°), but its a axis 
nevertheless had always been found parallel to a 4 A axis of 
reactant. In the transformation of l-a to III, an analogous 
alignment would have made am parallel to ai.a , with the io
dine-containing (lOO)iu and (400)i_a planes 1.5° apart. In this 
case, however, the interplanar spacings would have been mis
matched, since d(100)m = 4.31 and rf(400)i.„ = 3.86 A. The 
more closely matched set of planes, (111J111 and (400) i.a, were 
aligned instead, suggesting that a 4 A axis in the product 
lattice is important in determining the orientation of product 
only when it is normal to (or nearly normal to) a set of io
dine-containing planes14 with an interplanar spacing equal 
to that of a set of iodine-containing reactant planes. 

The alignment of (400)i_„ and (11 l )m also demonstrates 
that the reactant lattice influence on the reorganization of 
product molecules is highly stereospecific.15 The intensities 
of the (lA:l)m and (lA:l)m festoons are very similar due to the 
pseudo-orthorhombic structure of III, however, no Lonsdale 
twin with (11 l)ml|(400)_|.a is observed. The interplanar 
spacings of (111) and (111) are nearly identical as well (3.86 
and 3.84 A, respectively). Since aligning parallel planes is only 
a one-dimensional restriction on the product orientation, the 
subtle differences in structure between (111) and (111) may 
be significant in determining the final three-dimensional 
alignment. 

I-/3 —• III. Ill is not formed as a well-ordered preferentially 
oriented product phase from 1-/3, possibly due to the lack of 
similar iodine atom packing modes. The structure of I-/3 does 
have close-packed iodine-containing planes, but the 3.40 A 
spacing of these (100) planes does not match well with the 
spacing of iodine-containing planes of III. In addition, the 7.73 
A a axis of 1-0 is not a close multiple of the 4.32 A a axis of III, 
nor is ai_5 normal to (IOO)^ (/? = 118.3°). Inversion related 
dimers in I-/3 have very nearly the same intermolecular ge
ometry as inversion related hydrogen-bonded molecules of III, 
so one might expect that these carboxylic acid dimers could 
form individually with little reactant lattice destruction. The 
fact that this does not occur illustrates the danger of invoking 
specific molecular mechanism to justify product orientia-
tion. 

l-a — II. II is formed readily as an oriented single-crystal 

phase from hydrolysis of many benzoyloxy-substituted ben-
ziodoxole compounds and it has always been oriented such that 
its 4.32 A b axis was parallel to a 4 A axis of reactant even 
though the (010) planes of II do not contain all the iodines of 
the product structure (the iodine atoms are layered in planes 
parallel t(010) with an interplanar spacing of ^(020) = 2.16 
A16). The iodine atoms in II are also clustered about the (100)n 
planes, which have been shown to be important in determining 
the topotactic relations in these reactions as well as frequently 
being formed as a twin plane in the pseudomorphic product 
crystals. In the transformation of l-a —• II the(100)n planes 
are again significant, since they are formed as the twin plane 
for all four conservative twin phases of II, and are aligned 
parallel to (100)i.Q. In this case there is no one-dimensional 
correspondence between either the (100) lattice planes of l-a 
and II or the iodine-containing planes parallel to these (100) 
planes (rf(100) = 15.44 and 12.82 A for l-a and II, respec
tively, and the spacing between the iodine-containing planes 
is 3.86 and 12.82 A, respectively). Instead, it appears that these 
(100) planes are forming an interphase boundary, where 
(lOO)n has oriented on (100)|.„ to generate several low index 
direct-space lattice site coincidences (Figure 4): 

A: [±36 ± c],.o = [66+ c ] n 

E: [±2c],-„ = [-66 + c]„ 

[36 + c],_„ = 27H) A 

[2c],_„ = 27.06 A 

[±66 + c]u = 2850 A 

[26],_„ = 16.2 A 

[6 + c],.„ = 15.8 A 

[±26 + c]„ = 16.3 A 

[,36 + c],_„ = 2750 A 

[2c], i = 28.10 A 

This remarkable lattice match aligns pairs of symmetry-
equivalent product vectors parallel to pairs of non-symme
try-equivalent reactant vectors. The product lattice, in effect, 
has discovered that vectors A and E, and vectors B and D, in 
the reactant lattice are pseudotwin vectors which coincidentally 
have the same lengths. II has aligned itself such that its (010) 
mirror plane is parallel to C, the pseudotwin plane of reactant 

B: [±2b],_(, = [26 + c]„ 

D: [±6±c],_ ( ( = [-26 + c 

C: [±36±c],_ - [2c]„ 
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Figure 4. A possible interface between (100)j_„and (100)n consistent with the observed topotactic relationships. This interface creates multiple direct-space 
lattice site matches, as indicated by vectors A-E. The vector pairs B-D and A-E are symmetry-equivalent vector pairs of the product, but are only 
coincidentally equivalent vectors of the reactant. 

(this pseudotwinning is purely a geometrical effect; there is no 
structural equivalence between the vectors A and E, or B and 
D, of reactant). The product lattice has not, however, grown 
a second Lonsdale twin phase by actually twinning about C, 
even though such a twin would have preserved the pseu-
dosymmetry properties of the reactant.17 If one were able to 
design the reverse reaction II -» I-a, and if their (100) planes 
were similarly aligned, the conservative twinning imposed by 
II on the crystallization of I-a should generate this second 
Lonsdale twin relationship.18 

Formation of a good lattice fit at an interface during pseu-
domorphic transformation implies an epitaxial mechanism 
whereby two discrete chemical phases form a boundary, and 
at least one phase is mobile enough to establish a thermody-
namically favorable alignment at this boundary. This is quite 
different than the layering mechanisms proposed for I-a —* 
III, in which it was postulated that product molecules could 
be formed within layers of the reactant lattice and no discrete 
chemical interphase was necessarily ever formed. By the latter 
mechanism the parallel reactant and product planes must have 
the same interplanar spacings, while for the former mechanism 
the interplanar spacing of the parallel planes forming an in
terphase is irrelevant. In light of these differences, it should 
be noted that there are several sets of mutually parallel reactant 
and product planes of I-a and II which have ~4 A interplanar 
spacings and, in fact, one of these sets contains all the iodine 
atoms of reactant and product. (004) i.„ and (012)n are parallel 
with d(hkl) = 3.38 and 3.55 A, respectively. There are no 
isostructural features common to the molecular packing in 

these reactant and product planes other than the clustering of 
iodine atoms about (012)n and (002)j.Q. Figure 5 shows the 
geometric relationships between these planes and the iodine 
positions in both structures. It is also shown that there is some 
similarity in the iodine positions within these planes, as every 
other iodine is displaced 8.1 A along a vector parallel to 
b].„. 

I-/3 -* II. Even though photolytic decomposition of I-/3 gives 
powdered III, hydrolysis of I-/J gives well-ordered II in high 
crystalline yields. There are several distinct Lonsdale twin 
orientations of II formed from I-/5. The predominant twin 
phase (L-I) is aligned such that n\.0 is strictly parallel to bn-
Their vector lengths are different (a,^ = 7.73 A, bH = 4.10 A), 
but ai-a is the glide direction, so the intermolecular spacing in 
this direction is just 3.86 A. If one considers only the iodine 
positions in the crystal structures of 1-fS and II, some very in
teresting similarities are seen, as shown schematically in Figure 
6. The predominant pattern is stacking of close-packed iodine 
atoms pairwise into columns parallel to ai.^ and bn, suggesting 
that during the single-crystal transformation of I-/3 to L-I, 
where these directions are parallel, the iodine atoms remain 
stacked within these columns. Molecular reorganization about 
the iodine atoms of the reactant and subsequent rotation and 
translation of the stacks of iodine atoms lead to the observed 
orientation of II.19 (In addition the (012)u planes, which were 
important in the transformation of I-a to II, are parallel to the 
(212) planes of 1-0 which have the same interplanar spacing. 
In this case there is no obvious molecular correspondence be
tween these sets of planes.) 
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Figure 5. The observed parallel alignment of the (002) planes of \-a and the (012) planes of Il showing the similar spacing between planes of iodine 
atoms as well as between iodine atoms aligned along [0i0]|.a . 

n 

Figure 6. Stacks of close-packed iodine atoms directed along bn and a ^ a r e found parallel in the transformation of 1-0 to II in Lonsdale twin orientation 
L-I. The iodine stacking modes are shown herein the (001)n and (01O)1.^ planes, with the iodines represented by large circles (only half of the molecules 
in the unit cell of Il are shown, the other c glide related half also form iodine stacks parallel to t>n16). For each structure, one molecule is drawn in its 
correct configuration and orientation and the other molecules are represented by stick figures drawn parallel to the molecular planes. The (OOl)ji plane 
and (OlO)i.j planes drawn parallel here actually make an interplanar angle of 35° in the L-I orientation of 11 relative to \-ii. 

From Figure 6, one can see that translation of the iodine 
stacks of product and reactant along either Cu or bi.^, respec
tively, would generate layers of iodine atoms parallel to (10O)11 
and (001)i_g. It is these layers, with interplanar spacings of 
12.82 and 11.11 A, that are parallel for both Lonsdale twin 
phases L-2 and L-3, and in this orientation the (100)n planes 
are necessarily twin planes relating the product phases (in 
several other transformations in which multiple phases of II 
were formed, including the transformation of l-a -» II, the 
(100)11 planes were also twin planes). It is possible that only 
one of these Lonsdale twins represents a thermodynamically 
favorable orientation relative to I-/3, and that after formation 
it induces growth of its twin at a product-product interface. 
On the other hand, orientation of twinned product nuclei could 
be directed by the reactant lattice such that both twins had 

favorable alignments, neither of which would necessarily have 
occurred had the product nuclei not been twinned prior to 
orientation. It is interesting in this regard that the Lonsdale 
twin phases L-4 and L-5 are not twinned about (100)n and 
their specific topotactic relationships relative to I-/3 are dif
ferent than those of either L-2 or L-3. 

The c glide directions of L-2 and L-3 are parallel to the a 
glide of reactant, and the (010) planes of reactant and product 
phases are also parallel.21 Why these axial directions are 
aligned is not clear, since their glide axis lengths are different, 
and their respective (010) planes have no apparent iodine-
packing or molecular packing similarities. The (010) planes 
of L-4 and L-5 are also parallel to the (010) planes of I-/3, L-2, 
and L-3, but their a glide directions and their (100)n planes 
seem to have no special significance relative to the reactant 
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lattice. Further analysis of interlattice relationships in reactions 
leading to multiphase crystalline products is in progress. 

Experimental Section 

Single Crystal Reactions. The stoichiometry and reaction conditions 
for the photolysis and hydrolysis reactions of bulk crystalline samples 
of \-a and I-/3 were presented in the preceding paper.6 The photolysis 
of a single crystal was carried out by irradiating a crystal, mounted 
on a goniometer, with collimated x-ray radiation (Cu Ka, 45 kV, 14 
mA) in the standard set-up for diffraction photographs. The reactions 
were followed by taking successive Weissenberg (or precession) 
photographs until the reactant lattice diffraction pattern had disap
peared. In this manner the relative orientations of the reactant and 
product lattices can be readily assessed, since the crystal orientation 
is fixed. 

Hydrolysis of single crystals was usually carried out on a batch of 
crystals, from which one crystal was selected which still had some 
transparency, indicative of the unchanged reactant lattice. The dif
fraction patterns of both product and reactant lattice could then be 
seen, in their relative orientations, from a single Weissenberg photo
graph. In analyzing the topotactic diffraction patterns, many inde
pendent reactant crystals with various histories and in varying degrees 
of decomposition were photographed and in each case the topotactic 
relationships between reactant and product were precisely repro
ducible. 

The crystalline product phases were identified by comparison of 
their diffraction patterns with reference patterns from independently 
crystallized samples. 

Crystalline Yields. To measure the crystalline yield of III formed 
from I-a, an (OkI) pattern of a single crystal of l-a was recorded for 
24 h. The crystal was then exposed to xrays until decomposition to III 
was complete (~1 week) and the diffraction pattern of the pseudo-
morphic crystal was then recorded on the same film and for the same 
exposure time as the original reactant pattern. The intensities of 
several reactant and product reflections were visually estimated and 
corrected for Lorentz and polarization factors. To minimize relative 
errors due to absorption, the particular reflections chosen all fell within 
a limited a> range. The ratio of Io/Fc

2, where I0 is the corrected mea
sured intensity and F c is the calculated structure factor of an (hkl) 
reflection, was calculated for each reflection and used to determine 
the crystalline yield of 23% (as described under Results). 
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Appendix 
General Considerations in Analyzing Topotactic Relation

ships. Interlattice relationships which are physically significant 
in interpreting the observed topotaxy can readily be calculated 
from the transformation matrix, 0,y, relating the direct basis 
set vectors b, (product lattice) and a, (reactant lattice):5 

•>; = <t>ij *j 

A brief outline of the methods used to determine the rela
tionships discussed in this paper are given here.22 

(1) Transformation of reciprocal lattice basis vectors. 

b,* = (4>ji)-laj* = iij a}* 

b,*-ay = \pij 

(2) Determination of coincident lattice sites between direct-
space lattices. 

V, = Y.K,b, = ZHjOj = \j 

K, = (4>j,)-lHj 

When a particular set of integer Hj components of Vy gen
erates integer Kt components of V,, the lattice points defined 

by V1- and Vy may be coincident. If noninteger K1 components 
are generated, then V,- and Vy are still parallel, but V,- does not 
terminate at a lattice site. 
(3) Determination of which direct-space planes of the product 
lattice are parallel to particular reactant planes. 

This is equivalent to determining sets of parallel reciprocal 
lattice vectors: 

"i = EM><* = HhjOj* = aj 
i j 

ki = 4>tj hj 

When a set of hj components of 07 generates integer ki 
components of <r,, the direct-space planes with Miller indices 
\hj\ and {ki} are parallel and have the same interplanar spac-
ings.24 

(4) Determination of the angle, 6, between a set of planes in 
the reactant direct-space lattice and a set of planes in the 
product direct-space lattice. 

The angle between the plane normals, tr/ and er,, can be de
termined from the dot product relationship 

a\-a\ = (TiITi cos 8 = ZZ,k/ki(bi*-bi*) 
1 i 

where oy and <r,- are vectors expressed in the reciprocal basis 
set {bj*}. <r,- was originally defined as a vector in the reactant 
basis set and its components were transformed by ki = 
4>ij-hj. 

(5) Determination of the orientations of conservatively 
twinned lattices. 

Cki<Pij = <t>kj 

4>ij is the known topotactic matrix for one of the product 
lattice orientations. Q,- are matrix representations of the 
point-group symmetry elements of the reactant lattice, and 0*y 
are the matrices relating the twinned lattices to the reactant 
lattice. 

Supplementary Material Available: Table II, which contains all the 
topotactic matrices and their inverse transforms (2 pages). Ordering 
information is given on any current masthead page. 
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To begin to answer this question we have studied the physical 
properties of a series of donor ion radicals which form self-
stacked bromide salts, D-+Br~. The presence of only one type 
of organic ion radical (i.e., donor) should minimize the pres
ence of complicating interstack interactions. The ion-radical 
donors studied are a homologous series of aromatic diamines:8 

A'.A'.iV'./V'-tetramethyl-p-phenylenediamine (TMPD), 

R R 
\ / 

N 

N 
/ \ 

R' R' 
TMPD, R = R ' = CH3 

DMPD, R = H; R' = CH3 

PPD, R = R' = H 
7V,/V-dimethyl-/?-phenylenediamine (DMPD), and p-phe-
nylenediamine (PPD). We seek to understand why removal 
of two methyl groups from one side of the molecule in going 
from TMPD to DMPD results in a corresponding decrease in 
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Abstract: The ability of p-phenylenediamine cation radicals to self-associate and form sandwich dimers or higher aggregates 
was found to be a function of methyl substitution, TMPD-"1" (A^JV',iV'-tetramethyl-p-phenylenediarnine) < DMPD-+ 

(/V./V-dimethyl-p-phenylenediamine) » PPD-+ (p-phenylenediamine). The gas-phase ionization potentials or electrochemical 
disproportionation (2D+ *=• D0 + D2+) energies showed no correlation with the observed association properties. However, the 
enthalpy of dimerization (<iH) was found to be proportional to the experimental unpaired ^-electron spin density at the termi
nal ring carbons of the ion radicals. Steric considerations were shown to be relatively unimportant in the self-association pro
cesses. The relationship between these molecular data and the solid-state structure of salts formed by these cation radicals was 
discussed. 
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