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AbstractÐPotassium sulfate was crystallized from solutions containing mM quantities of a variety of sulfonated dye molecules that became
encapsulated within particular growth sectors. Linear dichroism measurements of the crystals coupled with a knowledge of the absorption
anisotropy of the dyes obtained from semi-empirical molecular orbital theory, enabled the determination of the orientation of at least one dye
molecule within each of the principal growth sectors ({010}, {021}, {110}, {001}, {111}) of K2SO4. The ensemble of orientations suggested
a general mechanism of mixed crystal formation in which the dye's sulfonate groups matched the separation between sulfate ions in the
lattice. The corresponding experiments with K2SO4 isomorphs as well as the habit modi®cation accompanying dye inclusion crystal (DIC)
formation are discussed. We further demonstrate how sector speci®c recognition enables growing crystals to separate molecules from
complex solutions. q 2000 Elsevier Science Ltd. All rights reserved.

Introduction

Recently, great effort has been directed toward the design of
molecular crystalline materials, especially by exploiting
hydrogen bonds,1 but the design of dilute solid solutions
has received little attention even though for some optical
applications molecules that are oriented and isolated from
one another are requisite.2 We have been seeking to identify
the prevailing intermolecular forces that determine the
formation of dye inclusion crystals (DICs), simple host
crystals containing chromophores oriented and isolated in
particular growth sectors. In this paper, we focus on placing
sulfonated dyes within otherwise single K2SO4 crystals in
predetermined orientations.

Previously, we demonstrated by polarization spectroscopy
that two trisulfonated dyes were oriented in K2SO4 crystals
in a manner that was consistent with a mixed crystal growth
mechanism involving the stereoregular substitution of dye
±SO3

2 groups for crystal SO4
22 ions.3 Because such a propo-

sition is an oversimpli®cation of complex interactions
between large molecules and growing salt surfaces we
were interested in determining whether we had struck on a
reliable directing mechanism with predictive power that
could be applied to dyes with more or fewer than three sul-
fonate substituents. We now have more than 100 sulfonated
dyes within K2SO4 crystalsÐsome included through each
of the principal growth surfaces ({010}, {021}, {110},
{001}, {111})4Ðand are therefore in a position to address
the generality and utility of the stereoregular ±SO3

2±SO4
22

substitution mechanism in mixed crystal formation. Do
the electrostatic forces that presumably drive the substi-
tution stand out among other interactions and can they be
invoked as a general engineering principle for dilute solid
solutions as hydrogen bonds are used for molecular crystal
engineering?

Historical

Natural dyes were ®rst used to color salt crystals in an
attempt to mimic pleochroism in minerals;5 coal-tar dyes
were subsequently introduced for this purpose.6 Retgers
®rst stained K2SO4 crystals with bismarck brown, the only
one of 26 dyes that did so.7,8 Wenk studied bismarck brown
and ponceau red among other dyes9 in K2SO4, while
Gaubert used ponceau red and safranin.10

Buckley ®rst used sulfonated dyes or acid dyes for coloring
K2SO4 crystals11 in the context of his pioneering studies of
crystal habit modi®cation. Following a series of papers on
the in¯uence of inorganic impurities on the habits of simple
salt crystals, Buckley shifted his focus by using dyes as the
habit modifying agents.12,13 From more than 16,000 crystal-
lizations, Buckley ranked dyes14 in terms of their power to
inhibit the growth rates of particular surfaces of crystals
such as KClO3, K2SO4, K2CrO4, NH4ClO4, and
KAl(SO4)2´12H2O.15

Having ®rst observed that simple tetrahedral oxy-anions
modi®ed the habits of other oxy-anion containing crystals,
Buckley surmised that the substitution of one XO4

n2 ion for
another resulted in the slower growth of the faces where
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substitution was preferable. These judgments were compli-
cated because some pairs of similarly shaped ions not only
in¯uenced the habits of the other's crystals but also formed
mixed crystals. His switch to water soluble sulfonated dyes
as habit modifying agents was predicated on the fact that
given the gross dissimilarity in size and shape between the
crystal ions and impurity ions, mixed crystal formation
would undoubtedly be excluded by the Principle of
Isomorphism16 even though the requisite tetrahedral anionic
functionality was present. Nevertheless, Buckley did
observe the formation of salt crystals containing oriented
dye molecules, a process that he viewed as both an annoy-
ance and an opportunity. Such objects confounded his
interpretation of habit modi®cation, yet provided, in
principle, a way to determine the orientation of the dye
molecules with respect to the surfaces through which they
adhered.

Buckley compiled tables of qualitative linear dichroism
observations associated with dyes in the {010} growth
sectors of K2SO4, among other crystals.17 Examples of
K2SO4 DICs are illustrated in Buckley's book Crystal
Growth and include the following: acid fuchsin (1, Colour
Index number8 (C.I. #) 42685), azo-orseille R (A, C.I. #
17160) and alizarin red (B, C.I. # 58005) in the {110}
growth sectors, croceine scarlet 3BX (C, C.I. # 16050)
and ponceau 3R (D, C.I. # 17110) in {021}, naphthol
green (12, C.I. # 10020) in {001}, brilliant congo R (E,
C.I. # 23570) in {111},18 as well as quinoline yellow (F,
C.I. # 47005) in indeterminate sectors.11 In his ®nal
review,14 Buckley presented the ®rst photometric data
from DICs, the optical absorption spectra for chromotrope
2B (10, C.I. # 16575) in K2SO4, collected with the electric
vector of the polarized light parallel to each of the principal

directions. He acknowledged that these polarized absorption
spectra would be useful in establishing a recognition
mechanism but the data was never interpreted or elaborated
upon. In the 1930s the conformational analysis and elec-
tronic structure of dyes were poorly understood; optical
spectroscopies were exotic rather than routine. Neverthe-
less, by extension of his work with oxy-anion impurities,
Buckley believed that the sulfonate groups were active in
both habit modi®cation and mixed crystal growth.

France, while studying the in¯uence of dyes on alum
crystals, adopted Buckley's ±SO3

2±SO4
22 substitution

mechanism.19 With Rigterink he described 11 specially
prepared and puri®ed isomeric azo dyes in K2SO4 some of
which produced well-de®ned, so-called hourglasses or bow
ties of color by adsorption and overgrowth on the {110}
planes.20 Like Buckley, they were not able to offer de®nite
structural or mechanistic conclusions. France was the ®rst to
carry out X-ray measurements on DICs but he could not
detect differences between the pure salts and those contain-
ing dyes in 1 part in 1000.21 Recently, Dudley and Vetter
determined by synchrotron white beam X-ray topography
that some dyed K2SO4 crystals are remarkably indis-
tinguishable from pure K2SO4 grown under similar condi-
tions, while others are highly mosaic.22

Whetstone, motivated to control the habits of NH4NO3

crystals for use in explosives, studied the habit modifying
effects of 120 dyes. Acid fuchsin (1) and its congeners were
especially effective.23 He developed structural models for
various sulfonated dyes included within NH4NO3 crystals
predicated on stereoregular substitutions of dye sulfonates
for crystal nitrates, a generalization of the ±SO3

2±SO4
22

substitution mechanism of Buckley and France.24,25 We
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Table 1. Crystal growth conditions, composition, absorption maxima, and solution absorptivities

Dye Dye:salt molar ratio
in growth solutions

lmax (nm) e (L M21 cm21)g Salt:dye molar ratio

Satd K2SO4 soln K2SO4 crystal

1 1.5£1024 508; 548 508; 563 2.2£104 5.4£104

2 2.9£1022 a 533; 568 537f; 571 1.3£105 1.9£105

3 8.4£1024 b 552; 589 553f; 585 7.6£104 9.8£104

4b 4.0£1024 c 458 464 2.2£104 8.0£103

5 5.8£1023 349 350 3.2£104 5.0£104

6 1.9£1023 340 368 7.6£104 6.0£105

7 2.5£1022 317 331 3.5£104 8.4£102

8 1.2£1025 517 519 2.6£104 1.7£105

9/{010} 9.1£1026 600 578 1.8£104 3.3£105

9/{111} 9.1£1026 600 592 1.8£104 4.2£104

10 6.1£1025 503 506 2.7£104 1.4£105

11/{110} 1.8£1024 d 568e 579 6.9£104 1.2£105

11/{111} 1.8£1024 d 568e 565 6.9£104 2.5£105

a 9.1£1023.
b 1.0£1022 M H2SO4.
c 1.0£1021.
d 7.8£1022 M KOH.
e Basic solution.
f Dimer absorption.
g K2SO4 solution.
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showed, however, that at least some of Whetstone's models
were incorrect because he did not have adequate knowledge
of the geometries of the dye molecules.26

It was against this background that Addadi, Lahav,
Leiserowitz and coworkers ®rst succeeded in explaining
the effects of additives on crystal form based on speci®c
non-covalent interactions.27 They emphasized amino acid
and other hydrogen-bound molecular crystals; however, it

remains to be shown how the sulfonated dyes interact with
growing sulfates. Despite the long-standing presumption of
simpli®ed electrostatic mechanisms for dye incorporation
into salt crystals, experimental evidence is lacking. Previous
structural judgements were based upon the indirect evidence
of habit modi®cation. Here, we test the -SO3

2±SO4
22 substi-

tution mechanism by measuring the linear dichroism in a
number of DICs, chemical systems in which the interactions
of dye with crystal surfaces are not ¯eeting but ®xed during

Figure 1. Representative habits of dyed K2SO4 crystals. The shaded portions represent dyed sectors. (a) 1, 2, 3, 8 or 11; (b) 4, 9 or 10; (c) 9 or 11; (d) 5±7; (e) 7
or 12 in K2SO4.

Table 2. C.I. numbers, dichroic ratios, experimental transition dipole moments from polarized absorption spectroscopy, and angles between calculated and
experimental transition dipole moments of dyes in K2SO4

Dye C.I. number8 Dichroic ratios Exp. transition momenta Angle (8)c,d

a/b b/c a/c x y z

1r 42685 1.46 ± 0.43 0.087 0.041 0.100 6
1b 42685 1.97 ± 0.84 0.106 0.043 0.089 18
2 45100 1.12 0.83 0.84 0.099 0.054 0.082 2
3 ± 0.96 ± 0.88 0.097 0.057 0.080 7
4b 59040 ± 0.00 0.00 0.130 0.000 0.000 1
5 ± 0.29b 4.40b 0.28b 0.038 0.087 0.056 9
8 16185 ± 1.02 1.61 0.115 0.053 0.070 6 (33)
9/{111} 23850 ± 0.75 0.86 0.099 0.053 0.083 18 (33)
9/{010} 23850 ± 0.71 0.64 0.090 0.055 0.087 16 (37)
10 16575 0.59 ± 0.49 0.080 0.059 0.088 16
11/{111} 23860 0.87 ± 0.80 0.094 0.058 0.081 10 (29)
11/{110} 23860 0.99 0.81 0.87 0.099 0.055 0.082 8 (28)

a This is one transition moment in a family of four symmetry related experimental transition moments (x,y,z), (2x,y,z), (x,2y,z), (x,y,2z).
b Values from polarized excitation spectroscopy.
c The numbers in parentheses are for models where all sulfonates were used in the least squares ®t.
d The respective ±SO3

2±SO4
22 distances in the re®ned models were as follows: 1, 0.229, 0.373, 0.587 AÊ , 2, 0.089, 0.089 AÊ ; 3, 0.145, 0.145 AÊ ; 4, 0.095, 0.203,

0.188 AÊ ; 8, 0.000, 0.000 AÊ ; 9, 0.105, 0.105 AÊ ; 10-model 1, 0.117, 0.117 AÊ ; 10-model 2, 0.149, 0.149 AÊ ; 11, 0.656, 0.535, 0.652, 0.538 AÊ .
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the process of mixed crystal formation. In conjunction with
knowledge of the electronic transition dipole moments
(ETDMs) of the molecules, we determined dye orientations.
From this set of orientations we established translations of
dye molecules with respect to the basis vectors of the host
that are consistent with chemically sensible recognition
mechanisms.

General procedure

Dye inclusion crystals were grown by room temperature
evaporation of aqueous K2SO4 solutions containing dye
(Table 1). Controlled crystallizations in constant tempera-
ture baths (308C) were carried out to similar effect. The
crystals displayed patterns of color corresponding to
recognition of particular families of growth sectors
(Fig. 1). The amount of dye incorporated in the crystals
was quanti®ed by measuring the absorbance of dissolved
crystals (Table 1).

Crystals were cut, shaped, and polished with a string saw,
sandpaper, and alumina grit, respectively. Linear dichroism
was measured with a polarizing microscope based spectro-
photometer (Table 2). The dye's ETDMs were calculated
using the INDO/S-CI method28 on MM229 or AM130 ground
state conformations. The ±SO3

2 sulfur atoms in the calcu-
lated dye structures were then least squares ®t to the SO4

22

sulfur atoms in the lattice. The angles between the
experimental and theoretical ETDM best ®ts were calcu-
lated (Table 2). If the angles between the ETDMs were
large (.308), or had mis®t distances (dS±S) between ±
SO3

2±SO4
22 positions greater than 0.5 AÊ the models were

evaluated using fewer sulfonates (see models for 5, 8, 9
and 11).

Dye/K2SO4 models

At room temperature K2SO4 crystallizes in the orthorhom-
bic space group Pnma with a�7.483 AÊ , b�5.772 AÊ ,
c�10.072 AÊ .4 In order to be consistent with earlier research-
ers, we used the non-standard setting Pmcn where b.c.a.31

The vibration directions of orthorhombic crystals are
parallel to the crystallographic axes. The birefringence
(Dn�0.0038: nx�1.4928, ny�1.4916, and nz�1.4954) is
small obviating the need for refractive index corrections32

to the polarized absorption spectra as these corrections
resulted in a difference of less than 0.1%, well within the
experimental error of the measurements.33

Of the approximately 100 dyes K2SO4 incorporated, 11 were
chosen for detailed investigation. Of these 11 dyes, we
chose 2 tetrasulfonated dyes, 3 trisulfonated dyes, 4 di-
sulfonated dyes, and 2 monosulfonated dyes. At least one
dye for each of the principal growth sectors of K2SO4 was
studied. Of these 11 dyes, 9 recognized the {110} surface, 3
the {010}, 2 the {111}, 3 the {021}, and 1 the {001}.34

Acid Fuchsin (1) was the ®rst dyed crystal that we reinvesti-
gated.3,15,26,35 It recognized the {110} growth sectors as ®rst
described by Buckley in 1934.11 Mauri and Moret recently
showed that 1 also recognized the {010} growth sectors of
K2SO4.

36 Compound 1 has two equienergetic diastereomeric
propeller conformations, one with approximately threefold
symmetry and the other asymmetric. In the symmetric
conformer, three sulfonates point to the same side of the
mean molecular plane while the asymmetric conformer
displays two sulfonates up and one down. The polarized
absorption spectra coupled with conformational and spec-
troscopic analyses using semi-empirical molecular orbital
calculations were consistent with the diastereospeci®c

Figure 2. Representation of a K2SO4 lattice containing 1, 2, 3, 4, 8 and 11/{110} which recognize {110}. K1 ions deleted for clarity. The black and gray bars
represent the calculated and experimental transition dipole moments, respectively. The dashed lines represent the {110} or (010) surface(s).
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incorporation of the asymmetric conformer where the sul-
fonate groups replaced sulfates in the lattice that are related
to one another as the a and c lattice translations (Fig. 2).

Sulforhodamine B (2) was chosen as a guest for K2SO4

because it has a large quantum ef®ciency for ¯uorescence;
the mixed crystals were used as laser gain media.2a It also
recognized the {110} growth sectors. The ¯uorescence
spectra showed one peak with maximum intensity at
602 nm. However, the absorption spectra of the dyed crystal
showed two peaks of equal intensity at 537 and 571 nm.
These two absorptions were assigned to monomers and
dimers, the ¯uorescence being quenched in the latter.37

The absolute orientation of 2, a disulfonate, is not de®ned by
±SO3

2±SO4
22 substitution. Rotation of the dye molecule

about the ±SO3
2±SO3

2 vector in the lattice leaves the
distances between S atoms unchanged. The molecule was
rotated about this vector until we obtained a best match
between experimental and theoretical moments (Fig. 2).

Sulforhodamine 101 (3), a congener of 2, also recognized
the {110} growth sectors and had similar photophysical
properties. Not surprisingly we obtained a comparable
model for 3 and 2 (Table 2 and Fig. 2).

Basic pyranine (4b), a rigid analog of 1, was also used as a
laser gain medium in K2SO4.

2a,3 It recognized {110} as did 1
in addition to {010}. The orientations of the dye in the two
growth sectors were indistinguishable with the ETDMs
oriented parallel to the c-axis (Figs. 2 and 3). The phenoxide
group was replaced with a variety of substituents varying in
size and electronic properties, none of which precluded the
incorporation in K2SO4; all the dyes in this family were
similarly oriented.

2-Aminonaphthalene-1,5-disulfonate (5) was recently the
object of extensive investigations in our laboratories
because of its long-lived room temperature phosphores-
cence.38 The orientation was determined by measuring the

¯uorescence intensity as a function of excitation polariza-
tion and by measuring the zero ®eld splitting tensor of the
triplet excited state by EPR spectroscopy. Together these
results suggested an orientation that did not easily conform
to a model in which ±SO3

2±SO4
22 mis®t distances were

small. This judgement is fully supported by the fact that
the 2-aminonaphthalenesulfonate (6) and 2-aminobenzene-
sulfonate (7) also recognized {021} faces with a similar
orientation. From this work we have surmised that not all
sulfonate groups are used in determining dye orientations.39

Amaranth (8) in the {110} growth sectors was discovered by
Buckley.12b Whetstone proposed a sulfonate-anion substitu-
tion model to explain the interaction of 8 with (NH4)2SO4,

40

KNO3,
41 and NH4NO3.

24 More recently, Lacmann and
coworkers also explained the adsorption of 8 onto the
{010} surface of KNO3 by invoking a Whetstone-like
model.42 We determined that the polarized absorption of 8
in K2SO4 was not consistent with a model that minimized
±SO3

2±SO4
22 distances of all three sulfonates (angle

between experimental and calculated ETDMs was 338).
However, the ii±iii ±SO3

2±SO3
2 distance (12.6 AÊ , see Fig.

2) matched a SO4
22±SO4

22 distance in the K2SO4 lattice.
Superimposing rotating about the ±SO3

2±SO3
2 vectors in

the standard way gave a minimum angle of 68.

Trypan blue (9) recognized the {111} and {010} growth
sectors (Fig. 1). Buckley noticed that similar large
molecules such as brilliant congo R (D, C.I. # 23570),
diamine sky blue A (G, C.I. # 24400), or diamine sky
blue FF (H, C.I. # 24410) also preferred {111}.11 The linear
dichroism indicated that 9 was similarly oriented in both
sectors, but these orientations were not consistent with a
model that minimized ±SO3

2±SO4
22 distances of three or

four of the sulfonates (angular deviations between
experimental and calculated ETDMs were 338 and 378 for
{111} and {010} cases, respectively). Minimizing the
±SO3

2±SO4
22 distances for sulfonates i and ii produced a

model with 188 and 168 angular deviations for {111} and
{010}, respectively (Figs. 3 and 4).

Figure 3. Representation of a K2SO4 lattice containing 4, 9/{010} and 10 which recognize {010}. K1 ions deleted for clarity. The black and gray lines
represent the calculated and experimental transition dipole moments, respectively.
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Chromotrope 2B (10) colored the {010} growth sectors.14

Two comparable models were found: Model 1 has an angle
of 168 between experimental and calculated ETDMs with a
mis®t distance of 0.12 AÊ while model 2 has a slightly larger
mis®t distance (0.15 AÊ ) and an angular deviation between
ETDMs of 58 (Fig. 3). In model 1, the orientation of the
molecule is similar to that of 9.

Evan's blue (11) colored the {110} growth sectors during
early, rapid growth (Fig. 1a). Since the dihedral angle
between the biaryl rings is highly variable, we allowed
this parameter to take on that value which resulted in a
best overlay of sulfonates and sulfates. This decision was
supported by a Cambridge Structural Database (CSD)43

search for biaryls without ortho-substituents. Of 381 hits,
149 had angles between 0 and 158, 69 were between 16 and
308, 146 structures were between 31 and 458, and 17 were
between 46 and 608.44

Superposition of sulfates and sulfonates gave a reasonable
agreement between the experimental and theoretical
ETDMs (88) as well as small average mis®t lengths
(0.60 AÊ ) (case 1, Fig. 2). However, there are three other
sets of sulfates (cases 2±4) with comparable mis®t lengths
(0.41, 0.40 and 0.51 AÊ for cases 2, 3, and 4, respectively).
Despite the geometrical similarities, these models were
easily distinguished by the linear dichroism which gave
angular mismatches between experimental and theoretical
moments of 88 (case 1), 368 (case 2), 288 (case 3), and 178
(case 4) for 11/K2SO4/{110}. During the later stages of
crystallization, 11 colored {111} rather than {110} produc-
ing an X-shaped pattern resembling Buckley's `Maltese
Cross' for brilliant congo R in K2SO4 (Fig. 1c).11 The

polarized absorption spectra demonstrated that the dye
was similarly oriented in the crystal despite different
mechanisms at work during growth (Fig. 4); however, the
absorption maxima of 11/{110} were red-shifted by 14 nm
relative to a basic aqueous solution of 11 and 11/{111}.

Habit modi®cation

Buckley speculated that grouping the dyes in manageable,
structurally coherent subsets would facilitate the discovery
of the mechanisms of crystal habit modi®cation. Toward
this end he summarized the habit modifying powers of
nine constitutionally isomeric dyes for six surfaces of ®ve
crystalline salts but apart from the tendency of the dyes to
`do something' their action was not easily correlated with
constitution.12b Buckley, therefore, was not able to provide a
molecular view of dyes interacting with crystal surfaces
even though he realized that his observations undoubtedly
contained structural information about the stereoselective
interactions of organic dyes with growing crystal surfaces.

We compared the habits of the ®rst K2SO4 crystals grown
by evaporation from aqueous solutions in Petri dishes
containing 5£1026 M of dye and 100 mL aqueous saturated
K2SO4. In the absence of dye the {021} faces were pre-
dominant. Small {010}, {110}, and {111} faces were also
evident. When any of the dyes that recognize the {110}
sectors, 1, 2, 3, 4, 8 or 11, were present in the growth
solutions, the relative area of the {110} sectors increased.
3 and 11 also increased {111} while 4 and 11 increased
{010}. The increase in the areas of {110} and {111} in
the case of 11 was consistent with the fact that the dye
recognized these two growth sectors. Similarly, 9 and 5

Figure 4. Representation of a K2SO4 lattice containing 9/{111} and 11/{111} which recognize {111}. K1 ions deleted for clarity. The black and gray lines
represent the calculated and experimental transition dipole moments, respectively. The dashed line represents the (111) surface. The symmetry related surfaces
were omitted for clarity.
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increased the areas of {111} and {021}, respectively. These
observations con®rm the intuitive, dyed faces are slowed in
their rate of growth.27

Buckley studied the habit modi®cation of K2SO4 in the
presence of 1, 8, 9 and 11. We obtained similar results as
Buckley with 1 and 8, but he needed higher concentrations
(0.0030 g dye/1 g salt for 1 and 0.0003 g dye/1 g salt for 8)
to obtain the same effect. For 9, Buckley saw an increase in
{010}, but we saw an increase in {111}. Given that 9
recognized both faces, both observations are sensible. The
factors that determine which face was modi®ed are
unknown at this time.

As concentrations of dyes in growth solutions were
increased, habit changes were progressive. A particularly
dramatic example is the effect of 4b on {010}. Crystals
from a 5£1026 M 4b solution have no {010} faces present.
As the concentration of 4b is increased (7£1026 M), the
{010} appear and become dominant (8£1026 M) in thin
tablets (compare habits in Fig. 1a, c, and d).

Crystal growth as chromatograpy

There are several examples in the literature of bi-colored
crystals grown in the presence of two or more dyes having
different speci®cities for crystallographic surfaces.45 We
grew K2SO4 crystals from muddy-brown aqueous solutions
containing 1 (6.5£1025 M) and 12 (4.4£1024 M), that had
alternately red {110} and green {001} growth sectors.
Visible absorption spectra of individual sectors as compared
with the growth solution showed that the {110} sectors
contained only 1 while the {001} sectors contained only
12 (Fig. 5). Thus, the growing crystals separated a complex
mixture. Similar results were obtained with 8 and 12, and
naturally can be extended to many of the dye pairs that
recognize different faces.

Isomorphous hosts

K2SO4 is one member of a family of isomorphous crystals
including K2SeO4, K2CrO4, (NH4)2SO4, Rb2SO4, and
Cs2SO4.

4 Crystals were grown from aqueous solutions of
dyes 1±12 and the latter three salts whose unit cell volumes

increase with the cation size: 435.0 AÊ 3 (K2SO4); 484.7 AÊ 3

(Rb2SO4); 495.8 AÊ 3 ((NH4)2SO4); 527.9 AÊ 3 (Cs2SO4).
K2SeO4 (481.2 AÊ 3) was excluded because it is highly toxic
and costly; however, we did demonstrate that it could serve
as host to 1.33 K2CrO4 (468.5 AÊ 3) was excluded because it is
an oxidant. All the dyes colored crystals of K2SO4 and
Rb2SO4 (except 11 which precipitated from Rb2SO4 solu-
tions). Cs2SO4 was rarely colored and (NH4)2SO4 was never
colored. The increase of volume from K2SO4 to Cs2SO4 is
accompanied by an increase in the SO4

22±SO4
22 distances.

Based upon our substitution mechanism, these increases in
SO4

22±SO4
22 distances preclude the incorporation of dyes

into Cs2SO4 in some cases, but should encourage it in others.
For example, 4b substitutes for two SO4

22 ions that are
related by an a translation in the lattice. This distance
becomes larger in the Cs2SO4 lattice increasing the mis®t
distance between ±SO3

2±SO4
22 from 0.172 AÊ in K2SO4 to

0.395 AÊ in Cs2SO4. In two cases, 2 and 3, the ±SO3
2±SO4

22

distance improves as the lattice is expanded; however, the
presumably requisite {110} faces are rarely present in
Cs2SO4.

31 The dependence of incorporation of dyes upon
the minimization of ±SO3

2±SO4
22 distances is supported

by the fact that 7 which only needs one ±SO3
2 group

for incorporation colors Cs2SO4. Polarized absorption
spectra of 4 and 9 in {010} of Rb2SO4 indicated a similar
orientation as in K2SO4. The inability of (NH4)2SO4 to
adsorb and overgrow dyes is inexplicable at this time;
however, we have observed that KH2PO4 is far superior as
a dye host to the isomorphous (NH4)H2PO4.

46 This
troublesome `ammonium effect' is the subject of ongoing
investigation.

Discussion

The average value of the angle between experimental and
theoretical ETDMs for dyes in K2SO4 obtained by the model
building procedure that emphasized, to the exclusion of all
else, the minimization of ±SO3

2±SO4
22 distances, was 18.38,

and ranged from 1 to 378. When the angle between experi-
mental and calculated ETDMs was greater than 308 (the
probability of one vector being randomly oriented within
308 of another vector or any of its three symmetry related
partners in an mmm space group can be as high as 54%), the

Figure 5. Visible absorption spectra of a mixed crystal of K2SO4 containing 1 and 12. The solid, dotted, and dashed lines represent spectra of the {110} sector,
{001} sector, and growth solution, respectively.



L. D. Bastin, B. Kahr / Tetrahedron 56 (2000) 6633±6643 6641

models were reevaluated by exclusion of one or more of the
sulfonates. This judgement was supported by the incorpora-
tion of congeners in similar orientations with fewer
sulfonates. In this way the average value between experi-
mental and theoretical ETDMs was reduced to 98, and
ranged from 1 to 188. Given the probability that two
randomly oriented vectors are aligned within some angle
u is proportional to

R
sin u du , the near parallelism does

indeed suggest that there is considerable merit in the
original suggestions of Buckley and France that ±SO3

2±
SO4

22 substitution during crystal growth represents a
dominant interfacial interaction. To place this judgement
on a quantitative footing we calculated the probability in
each case that a vector laid down in crystallographic space
at random would fall within the smallest angular deviation
(u) of any of the symmetry related experimental ETDMs.
This amounted to calculating the total area of four symmetry
related disks (4(2pr2(12cos u ))) within a hemisphere
whose sizes were determined by u and then subtracting
any overlapping area among the four which can be
calculated as the sum of appropriate spherical triangles.
The probability of a random vector falling within 98 of
one of the symmetry related ETDMs was always less than
5%.

It must be pointed out that we have weighted the odds in our
favor in several cases by choosing the biaryl angle in 9 and
11 as a parameter in the ®tting procedures. At the same time,
signi®cant error is introduced generally through the use of
gas phase dye structures for chromophores that may
undergo conformational changes in the crystal, and by
ignoring solvatochromism which must change the direction
of the experimental transition moments of the chromo-
phores. Moreover, ±SO3

2 and SO4
22 groups are not spheres

of negative charge; the best electrostatic superpositions of
±SO3

2 and SO4
22 may not require vanishingly small ±SO3

2±
SO4

22 distances. We did not account for the inevitable
relaxation of the molecules ®rst coordination sphere.
Finally, hydrogen bonding and cation-p47 interactions are
unavoidable in these mixed crystals.39

Nevertheless, Davey et al. have recently used contemporary
molecular modeling software to support Whetstone's
supposition that ±SO3

2 groups substitute for NO3
2 ions by

noting the close correspondence between these groups of
atoms for some superpositions of one calculated dye
structure onto the idealized NH4NO3 lattice.48 A similar
interpretation was applied to the manner in which diphos-
phonates slow the growth of BaSO4 crystals.49 Inhibition
proceeded when the length of the ¯exible spacer joining
the charged phosphonate groups enabled a two-point substi-
tution for SO4

22 ions on the crystal surface.

The aforementioned mechanism and the ®gures in this text
presume idealized, ¯at, growing crystal surfaces. Better
approximations would account for emergent secondary
surface structures. We have seen by differential interference
contrast microscopy that dyes can selectively recognize
particular emergent structures on the faces of K2SO4,
KH2PO4, and a-lactose monohydrate.39,50 Mauri and
Moret showed by in situ atomic force microscopy that 1
and 4 modify step morphologies on the {110} and {010}
surfaces of K2SO4.

36 Bennema and coworkers51 recently

used Hartman±Perdok theory to predict the habit and
classify the faces of K2SO4 as ¯at, stepped, or kinked.
They failed to predict the morphological importance of
the {021} faces, but this is reasonable given the gross topo-
graphy of these faces that we have characterized else-
where.39,50

Recently, Serra and coworkers adopted K2SO4 as a host for
several butanedione and pentanedione complexes of
trivalent lanthanide ions such as Eu31 and Tb31. They
obtained hourglass patterns of luminescence associated
with the {110} faces.52 Obviously, in these cases the recog-
nition mechanism is something other than sulfonate±sulfate
substitution. Serra et al. postulated that {110} was recog-
nized more often than any other face because it, unlike
{010}, {021}, and {001}, was composed of alternating
layers of cations and anions. While electrostatic forces
must be of paramount importance, we have identi®ed
groups of observations that support and refute a simple
electrostatic interpretation. For example, the {101} surface
of KH2PO4 may be said to recognize anionic dyes in prefer-
ence to {100} as it is a face terminated by K1 ions.37a,46,53

Similarly, the cube faces of alum, having larger local ®elds,
are dyed in preference to the octahedral faces.19a,b On the
other hand, Frondel and Reinders dyed those faces of alkali
halides that are composed of mixed cation and anion
layers.54

Conclusions

We have reinvestigated the orientation and overgrowth of
sulfonated dyes by growing K2SO4 crystals in order to
assess the generality of a tacitly assumed recognition
mechanism involving ±SO3

2±SO4
22 substitution. A simple

model where the ±SO3
2±SO4

22 distances were minimized for
all sulfonates was consistent with measured linear dichro-
ism in 5 of 9 cases. However, we have shown that some-
times all sulfonates are not necessary for incorporation.
Minimization of fewer ±SO3

2±SO4
22 distances in some

cases can dramatically improve the model with respect to
experiment. In one case the model does not seem to apply as
the orientation of 11/K2SO4 could not be explained by the
minimization of ±SO3

2±SO4
22 distances.

Can we make predictions? Yes. Can we expect to be
successful more than 50% of the time? No. Of course, as
there are many more ways of being wrong than right; we are
in a better position than a coin tosser. Our ability to predict
structure appears to be no better and no worse than that of
traditional molecular crystal engineers relying on H-bond
motifs.

Experimental

General methods

1, 6, 7, 9, 11, and 12 were purchased from Aldrich. 2 and 3
were purchased from either Aldrich or Kodak. 8 was
purchased from Fischer Scienti®c. 4b was formed by
dissolving 4a (Molecular Probes) in a KOH (Aldrich) solu-
tion. 5 was purchased from Matheson, Coleman & Bell. 10
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was purchased from Eastman Organic Chemicals. All dyes
were used as received.

Sample preparation and crystal indexing

In most cases, the spectra were obtained with light incident
on well-developed faces and polarized in two orthogonal
directions. In a few cases, the crystals were cut and shaped
with South Bay Technology's Model 750 Acid Saw and 320
grit sandpaper followed by polishing with 0.3 mm and/or
0.1 mm alumina powder from Baikalox International
Corporation. Crystals were indexed with a Stoe 2-circle
Model J optical goniometer and a Nonius KappaCCD
diffractometer.

Molecular orbital calculations

The calculated transition dipole moments of each molecule
were determined by applying an INDO/S-CI method28 to the
MM229 or AM130 optimized geometries.

Absorption spectroscopy

Molar absorptivities were determined with a Hitachi
U-2000 spectrophotometer controlled by Spectracalc soft-
ware (Galactic Industries). Solution and crystal (isotropic
and polarized) absorption spectra were obtained with
SpectraCode's Multipoint Absorbance Imaging (MAI-20)
Microscope. The instrument consists of an Olympus
BX-50 polarizing microscope attached to an Acton
Research Corporation Spectra Pro-300I triple grating mono-
chromator by a ®ber optic containing a linear array of 20
®bers. The monochromator is coupled to a Princeton
Instruments' CCD detector. The spectrometer is controlled
with KestrelSpec. The extinction directions of the biaxial
crystals were used to orient the sample relative to the input
polarization.
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