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Abstract:

Many hard-to-separate aromatic mixtures can be separated by adduct formation with thiourea. Thiourea
adduction can be very selective even between aromatic isomers. In order to better understand the
selectivity mechanism and the forces which hold thiourea complexes together, an x-ray
crystallographic structure study was performed on two aromatic, thiourea adducts.

A diffractometer data set was collected on a 1,2,4 trichlorobenzene-thiourea adduct crystal and on a
1,2,4 trichlorobenzene—thiourea adduct crystal. Both adducts were solved in the space P21/c in a
monoclinic unit cell with parameters of a = 10.037(2), b= 15.155(1), ¢ = 12.255(1), &alpha =y =
90.0°, B =112.77°(3), and a=9.779(1), b= 15.355(1), ¢ = 12.293(2), a. = “gamma; = 90.0°, B =
111.85&degj(4) for the 1,2,4 trimethybenzene adduct and 1,2,4 trichlorobenzene adduct respectively. A
disorder model for each adduct was proposed and the resultant R values were 0.0951 and 0.1053 for the
1,2,4 trichlorobenzene adduct and 1,2,4 trimethylbenzene adduct, respectively.

The general characteristics of these two structures are consistent with other similar thiourea adduct
structures. The possibility of a hydrogen bond between the aromatic ring C-H group and the thiourea
sulfur was found in both structures. From the non-bonded distances between the thiourea sulfur atoms
and the disordered aromatic, evidence for a dipole-dipole interaction exists.
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ABSTRACT

Many hard-to-separate aromatic mixtures can be separated by
adduct formation with thiourea. Thiourea adduction can be very
selective even between aromatic isomers. In order to better
understand the selectivity mechanism and the forces which hold
thiourea complexes together, an x-ray crystallographic structure study
was performed on two aromatic, thiourea adducts.

A diffractometer data set was collected on a 1,2,4
trichlorobenzene—thiourea adduct crystal and on a 1,2,4
trichlorobenzene~thiourea adduct crystal. Both adducts were solved in
the space P21/c in a monoclinic unit cell with parameters of a =
10.037(2), b = 15.155(1), ¢ = 12.255(1), o =7v= 90.0° B =
112.77°(3), and a = 9.779(1), b = 15.355(1), ¢ = 12.293(2), a =y =
90.0°, 8= 111.85°(4) for the 1,2,4 trimethybenzene adduct and 1,2,4
trichlorobenzene adduct respectively. A disorder model for each
adduct was proposed and the resultant R values were 0.0951 and 0.1053
for the 1,2,4 trichlorobenzene adduct and 1,2,4 trimethylbenzene
adduct, respectively. :

The general characteristics of these two structures are
consistent with other similar thiourea adduct structures. The
possibility of a hydrogen bond between the aromatic ring C-H group and
the thiourea sulfur was found in both structures. From the non-bonded
distances between the thiourea sulfur ‘atoms and the disordered
aromatic, evidence for a dipole—-dipole interaction exists.




INTRODUCTION

Background

Frequently in industrial chemical processes mixtures of hard-to-—
separate aromatic compounds turnup. Since the compounds in these
mixtures have similar physical and chemical properties, separation is
often times difficult and economically poor. Although conventional
separation techniques for thesé systems are diverse, they t&pically
require large amounts of energy to effect a minimal degree of
separation.

Distillation has been the standard technique for making such
aromatic hydrocarbon separations, but in some cases it is impractical
since the mixtures may pyrolize, may have close boiling isomers and/or
form azeotropes. An.alternative séparétionftechnique useful for
. aromatic, isomeric hyocarbon mixtures is extractive crystallization.
Extractive crystallization, by its analogy to the nénideal

extractive distillation, is a selective process wherein a given

compound preferentially forms an adduct crystal with another component

thus effecting a separation (1). Adduct‘complexes are a class of non-—
stoichiometric compounds in which "guest" molecules are entrapped in
channels or cageliﬁe structures formed by "host" molecules. Adduct
crystals will form only with suitable "guest" molecules since the
spatial characterisfiés of the channel places structural constraints

on the guest molecules which can be accommodated. When an adduct is
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decomposed, the "host"™ and thg "suest" molecules are returned
unchanged,

The most prevalent of "host" molecules are urea and thiourea. It
is hypothesized that urea and thiourea form complexes easily because
of their large dipole moment and zwitterion characteristics (1). TUrea
forms crystalline adducts with normal hydrocarbons, but usually not
with branched or cyclic compounds unless the straight chain portion is
sufficiently long enough. Thiourea forms channel adducts similar to
the urea adducts, however, due to the larger sulfur atom the channel
which entraps the "guest" is larger and thus can accommodate a larger
"ouest”". On the other hand, a straight chain alkane would leave too
much of the channel unfilled producing an unstable structure,

The hydrocarbons which can be adducted with thiourea include the
branched paraffins, cyclohexyl-paraffins, certain chlorocompounds and
some branched cyclic aldehydes, alcohols, napthalenes, and ketones
(2). ﬁecent research has shown that substituted aromatics can be
complexed with thiourea. Substituted aromatics known to adduct are o-
xlene, 1,2,4 trimethylbenzene, and the isomers of trichlérobenzene.
Certain aromatics can be induced to adduct if an additional compound,
referred to as an inductor, is present. ihe inductors' contribution
to the complexing is not well understood, yet Fhe_inductor appears to
be selective with regard to certain aromatics.

Numerous organic compounds have been separated by adduct
formation with urea and thiourea by batch or continuous methods. The
continuous method uses a fluidized, fixed or moving bed of urea or

thiourea with which the organic components are brought into contact.
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The adduct crystals are filtered or decanted, then decomposed usually

by steam distillation or by heat.

Historical Review

The words complex and adduct came into common use during the
formative years of synthetic organic chemistry to designate substances
thch do not appear to be heid together by classical chemical bonds.
Ihese substances were designafed by early German‘investigators as
"Einschlussuerbindungen" or inclusion compounds. The discovery of
urea adducts was.made accidently in 1940 by Bengen while studying the
action of urea on proteins in pasteurized milk. In these studies
frothing and formation of an emulsion were causing difficulties, so
Bengen added a small amount of n—octyl algohol as a defrothing agent.
Bengen observed the formation of long crystals at the interface of the
liquid layers. On attempting to reproduce these crystals, Bengen
discovered that they also form when a'satuféted aqueous urea solution
was mixed with n—octanol. Further investigation extended the urea

adduct formation to include higher alcohols, acids, n—paraffins, and

other straight chained compounds (2).

Bengen's work came to Lloyd Fetterly;s attention in the Technical
0il Mission publications of 1946, Fetterly was attempting to improve
the octane ratings of gasoline by using a complexing agent which would
readily react with the low octane branched paraffims. Although urea
would not complex with these hydrocarbons, he discovered that thiourea
would complex with the branched-chained paraffins as well as with

naphthenic compounds, some ketones, carbon tetrachloride, and some
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other chloro coﬁpounds. His studies also showed complex formation
with selenourea and tellurourea. Concurrently in 1947 Angla, in
France, independently reported similar complexes between thiourea and
organic compounds of the terpene, camphene, cyclohexane, and
chloroparaffin classes (3).

In 1950 Redlick contributed to the current knowledge of thiourea
channel adducts by conducting thermodynamic studies at equilibrium
conditions. Using Gibbs free energy relationships and a chemical
equilibrium equation, Redlich reported the composition and equilibrium
constants for the decomposition of thiourea complexes of>various
isoparaffins, naphthenes and carbon tetrachloride. He concluded that
eqﬁilibrium appeared to be that of a.normal chemical reaction (4).

The indeterminate structure of the channel adducts prompted Smith
(5) and Schlenk (6) to conduct x~ray analysis on urea and thiourea.
complexes in 1949, Smith examined a number of urea complexes of n-—
hyrdocarbons, alcohols, acids and esters of;various chain length 08—
Csg by the powder method. Results indicated essentially identical
powder patferns for all complexes. The extinctions and symmeéry of
the Weissenburg patterns established the space group as C6{2-Dg2 or
its enantiomorph C652—D63 (See Appendix A). The unit cell for the
complexes is hexagonal with iattice parametefs a = 8.230 A and ¢ =
11,005 A.

The urea molecules were shown to form three interpenetrating-
helical spirals with the hydrocarbon situated in the center. The urea
molecules are held together by spirals of hydrogen bonds between an

oxygen atom and a nitrogen atom of adjacent molecules turned 120° with
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respect to one another. Each oxygen is hydrogen bonded to four nitro-—
gen atoms and each nitrogen to two oxygen atoms. The hydrogen bonds,
which are essentially coplanar with the urea molecules to which the
nitrogens are attached, are of two types. The N....0 distances are
2.93 A for the shorter and 3.03 A in length for the longer. Thé C-N-
. H...0 bond angles are 136° and 116° respectively for the strong and
weak bonds.

The hydrocarbons located inside the channel, are at the special -
positions (0,0,2) in a zigzag planar configuration with the long axis
of the molecule parallel to the c—axis. The hydrocarbon molecules
show a disorder parallel to the c-axis. Rotation of the hydrocarbon
about thé c—axis appears to cause this disorder.

Stability of channel adducts involves several physical and chemi-
cal phenomené. Pure urea forms tetragonal crystals, whereas urea
adducts are hexagonal. The bond distances between the two forms are

in Table 1.

Table 1. Bond distances (A) in urea.

Urea-Hydrocarbon Complexes -Pure Tetragonal Urea
cC-0 1.28 c-0 1,25
. C-N 1.33 C-N 1.37
N-H...0 2.93 A N-H...0 2.99 A
N-H...O0 3.03 A N-H...0 3.03 A

The shortening of the N-H...0 bond yields a lower energy value which
indicates more stability in the hexagonal vs tetragonal form (9). The

complexes are further stabilized by-the urea-hydrocarbon van der Waals
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bonds. Schlenk calculates a value of 2.8 kecal per CH, group in urea
complexes. Smith, however, refuted any unusually strong interactioﬁ
between the hydrocarbons and the urea such as that indicated by
Schlenk. Smith suggests that the closest possible approach between a
carbon atom of the hydrocarbon and an oxygen atom of the urea is
approximately 4.1 A which is as large as or larger than normal van der
Waals distances for these atoms.

Fetterly (2) points out a new concept that a stronger hydrogen
bond can exist only when it is supported by an otherwise inert surface
(i.e., the channel hydrocarbon) capable of exerting only weak
dispersion forces. Without the presence of a hydrocarbon, urea or
thiourea complexes cannot exist., Fetterly referred to these
additionally stabilized bonds as "supported hydrogen bonds." It was
this phenomenon that Fetterly claimed stabilized urea and thiourea
adducts.

Another factor that may contribute to the stability of the

" complexes is that the van der Waals forces in the tetragonal urea may

be less than normal because of the relatively open structure
(Figure 1), while those in the complex would appear to be normal (5).
This is also indicated by the smaller volume occupied by the complex
compared to the same number of urea m91ecules and guest hydrocarbon
molecules in their standard, pure crystalline.states.

The complexes of non—aromatic thiourea discovered by Fetterly and
Angla are similar to urea complexes in almost every respect.u The
arrangement of thiourea molecules in the adducts is rhombohedral,

forming a pseudohexagonal but similar cell to that of urea complexes.
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these values compare with 3.7 A, and 4.8 A respectively for the urea
adduct.

Figure 2 shows only the oxygen or sulfur atoms with arrows
pointing toward the carbons. The dotted lines in the urea hexagonal
prism connect oxygen atoms of the same elementary cell and iﬁdicate
the helical structure. The three shaded regions in the thiourea
adduct represent planes formed by three coplaner sulfur atoms pointing
directlf into the channel. Schlenk suggested that because of the
optimal positions of the three coplaner thiourea molecules and their
strong dipole moments that these planes were regions of maximum
attraction (6). Coplaner sulfur atoms occur every third sulfur along
an edge and since each atom is approximate 4.2 A apart, the distance
between planes is 12.5 A which is the c—axis unit cell dimensions;

A number of researchers conducted composition studies on urea and
thiourea complexes. In urea and thiorea complexes the ratio of urea
or thiourea molecules to guest hydrocarbon molecules increases
linearly with the length of the guest hydrocarbon (Table 2).
Exception to this relationship is with guest hydrocarbons which
exhibit what Schlenk referred to as compressibility. Table 2 uses w-
w'— methylene bridged dicyclohexyls as an éxample of compressible
guest hydrocarbons. | |

Schlenk (6) recognized that dicyclohexylmethane, 1, 2
dicyclohexylethane and 1, 3 dicyclohexylpropane showed an aimost con-
stant mole ra£io of 6:1. Their x-ray patterns shows a compression of
the slender paraffinic portion of the guest molecule in the channel.

In this way several w,w — dicyclohexyl derivatives can fit into the
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McLaughlin compiled a comparison list (Table 3) of organics, of
similar size and shape, that will or will not adduct with thiourea.
Although the dimension of the benzoid ring is very close to those
of the cyclohexyl ring, no adduction occurs. This suggests that
adduction.with thiourea requires the guest hydrocarbon to have other
_properties besides the appropriate cross;sectional dimensions.

Some compounds which are non adducting by themselves can be
induced to form a thiourea complex when mixed with certain adduct
formers called "inductors". Examples of induced compounds are
toluene, benzene, the xylenes, neptane, decane, dipentene, and 1, 3 -
dimethycyclohexane. Some examples of inductors are, cyclohexane,
dicyclohexyl, 2, 2, 4 trimethylpentane and decahydronaphtholene (2).

McCandless (16) reported the inductors which would adduct Cg and
Cq alkylbenzenes. His work exemplified the ability of extractive
crystallization with thiourea to be an effective separation technique
for aromatic isomers and aromatics of close boiling points. For
eﬁample CCl, as an inductor exhibited a selectivity of ethylbenzene >
o—xylene > p—#ylene > m-xylene while the use of 1,2,4 triéhlorobenzene
(inductor) resulted in a selectivity of o-xylene > p;xylene > m—xylene
> ethylbenzene. With the Gy alklybenzeneé, CCl, as an inductor was
selective for n—propylbenzene while 1,2,4 trichlorbenzene was selec-—
tive for 1,2,4 trimethybenzene. Similarly o~xylene and 1,2,4 tri-
methybenzepe exhibited the same selectivity as 1,2,4 trichlorobenzene
when used with mixtures of the Cg and Cg aromatics, respectively. All

of the inductors mentioned above also form complexes alone.
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Welling measured the unit cell dimensions of the binary 1,2,4
TCB/1,2,4 TMB thiourea adduct and found a=12.644A, b=15.3A, ¢=9.8A, o = Y
= 90.0° and B = 113.85°. Welling also enlisted the Molecular
Structure Corpofation to 6btain a structure for the 1,2,4 TMB thiourea
adduct. Unit cell dimensions obtained were a=12.3A, b=15.1A,
c=10.0A, o = Yy =90.0, and B =112.7° (12). Due to the disordered
arrangement from a translational view as well as through the inversion
center,'a conclusive structure was not obtained from the Molecular
Structure Corporation. However, Welling did postulate some ideas
about the thiourea lattice and 1,2,4 TMB interactions from inter—
molecular distances.

Initially Welling reasoned that benzene did not adduct because
the pi clouds, which lie both above and below the plane of the carbon
atoms, form a repulsive force with the lone pairs of electrons oﬁ the
nitrogen and sulfur of thiourea. With this idea Welling speculated
that 1,2,4 TMB adducted because of an- interaction between the methyl
groupse and the thiourea lattice. The isomers of 1,2,4 TMB (ie 1,3,5
TMB and 1,2,3 TMB) did not adduct indicating a steric hinderance

toward adduction. The methyl groups on 1,3,5 trimethylbenzene are

symmetrically dispersed about the benzene ring and the-methyl groups
on 1,2,3 trimethylbenzene are concentrated to one side of the ring.
Both isomers are larger in diameter than that permitted by the
thiourea lattice and hence no adduction occurs.

In 1,2,4 TMB the bénzene ring increases the electron density of
the carbon atom on the methyl group (13). The methyl groups become

slightly acidic, or partially positive, through this resonance effect
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and will induce weak hydrogen bonding with the sulfur atom in the
thiourea molecules. Welling reasoned that if a hydrogen bond were to
be possible, the dis£ance between the C-H group and sulfurs must be
closer than the non-bonded van der waal distance. Since the covalent
radii for a C-H group is 1.08 A,Ithe van der Waals radii for hydrogen
is 1.15 A, and the van der Waals radii for éulfur is 1.85 A, the non-
bonded distance is the sum of these radii, or 4,08 A, The Molecular
Structure Corporation repérfed the observed contacts between sulfur
and carbon. These distances are tabulated in Table 4. All of the
distances are less than the non—bénded distance (4.08 A) and thus
hydrogen bonding is ‘a possibility (12).

Table 4. Interatomic distances between sulfur and carbon in the 1,2,4
TMB—thiourea adduct:

Atom 1 : Atom 2 Distance A
s1 Cl1 3.90
s1 Cc12 e 7 3.65
s1 C13 3.81
S2 . (13 3.91

At Montana State University researchers Fait and Spinti, et al,
have conducted structural analysis on.non—aromatic isostructural
thiourea adducts. Fait reproduced Lennes' crystal structure for the
cyclohexane~thiourea adduct and independently determined the crystal
structure of the carbon tetrachloride-thiourea adduct and the bicyclo
(2.2.2) octane-thiourea adduct. Spinti obtained a crystal structufe
for the cis-paramenthane thiourea adduct. All three complexes

crystallize in the rhombohedral space group, R3bar, as is
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'charactéristic for non—-aromatic complexes. In addition, the honey-
comb shaped thiourea lattice formed with all three complexes. The
lattice parameters are tabulated in Table 5. The guest hydrocarbon
was disordered translationaly as well as around the axis of symmetry
in all three adducts. Figure 3 shows the thiourea lattice with the
guest hydrocarbon, cis-—paramenthane, (Fig. 4) disordered in the
channel. Fait reported sulfur atoms pointing into the channel and
hydrogen bpnded to other thiourea molecules. He concluded that
dipole-dipole interactions between the three coplaner thioufea sulfurs

and the CCl4 carbon and between the three coplaner thiourea sulfers

and cyclohexane hydrogens are responsible for binding of the substrate

hydrocarbon in these complexes. Fait recognized that the sulfur-

carbon double bond distance for thiourea in these non—aromatic com-—
plexes was lengthed in comparison with that of pure thiourea. fable 6
shows the magnitude of these bond distances. If a linear relationship
between bond strength and the ¢ = s bond distance is assumed then the
conclusion which can be.drawn is that the dipole interaction between
the coplaner sulfurs and the guest hydrocarbon is stronger than the

hydrogen bonding interaction in pure. thiourea.




Table 5. Unit cell parameteérs for cis-paramenthane, cyclohexane and carbon tetrachloride
adducts. All distances and angstroms.

Hydrocarbon A - Space
Adducted with A B C o Y B Group
Cyclohexane ' 15.708(1)  15.708(1)  12.431(2) 0.0 90.0 120.0  R3bar
‘CC14 ) 15.539(1) 15.539(1) 12.529(2) 90.0 90.0 120.0 R3bar
Cis-paramenthane 15.935(1)  15.935(1)  12.489(2) 90.0 90.0 120.0 R3bar

91
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Table 6. Sulfur—carbon double bond distances in the thiourea for
various non—aromatic adducts.

Thiourea Sulfer = Carbon

Crystal . Bond Distance
Cydohexane-Thiourea Adduct i 1.725 (9)
CCl4—Thiourea Adduct 1.744 (8)
Bicyclo [2.2.2] Octane Thiourea Urea Adduct 1.731 (5)

Pure Thiourea 1.708 (5)

Research Objectives

The purpose of this research was to continue the investigation of
the selectivity mechanism of aromatic thiourea adducts begun at
Montana State University. This objective would be facilitated by:

1. Obtaining a crystal structure of a 1,2,4 TMB-thiourea complex
using a more correct'model than that employed by Welling and
the Molecular Structure Corporation.

2. Obtaining a crystal structure of a 1,2,4, Trichlorobenzene-
thiourea adduct in order tha; the heavier chlorine atoms
might resolve the disorder problem associated with the guest
hydrocarbons in thiourea complexes.

3. From the intermolecular distances and positions yielded from
these structures, ascertain the interactive forces betweeh

the thiourea honeycomb lattice and an aromatic guest

hydrocarbon.
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EXPERTIMENTAL

Crystal Preparation

The preparation of 1,2,4 trimethlybenzene-thiourea adducts and
1,2,4 trichlorobenzene~thiourea adducts has élready been reported
(16,11,12)3 However, an alternative technique was employed to avoid
twinning and enhance slow crystal growth. A 20 ml saturated solution
of pure reagent £hiourea and methanol was heated in a constant
temperature bath of 40°C. Approximately three to four milliliters of
1,2,4 TMB or 1,2,4 TCB was added to this solution and the mixture was

sealed to avoid evaporation. After one—half hour the mixture was

taken from the 4006 bath and placed in a 17°C\cgnstant'tempefature
bath; Crystals from each aromatic system formed within 24 hours.- The
adduct crystals formed were long, cléar, ﬁéxagonal,‘and needle-like.
Any white, flat or plate-like crystals were known to be pufe thiourea
crystals and were avoided when crystals were selected for X—-ray

analysis.

Crystal Analysis

To ensure the reagent 1,2,4 TCB was not contaminated with its
isomers, a distillation was performed. At the time of distillation
the barometric pressure was 638 mm Hg and the reflux ratio was 20:1.
In addtion, both adduct systems were analyzed by an elemental analysis

and by -using a Varion Aerograph Series 1400 Gas Chromatograph.




20
Elemental analysis was conducted on the 1,2,4 TCB adduct 1,2,4 TMB
adduct and pure reagent thiourea. The instrument employed was a Carlo
Erba Strumentazione Elemental Analyzer.

Crygtals were prepared for both analyses b? vacuum filtering
crystals, then placing them on filter paper to air dry for one hour.
If cryétals are exposed to air for any éxtended length of time. the
guest hydrocarbon will evaporate and the addﬁct will decompose.
Crystals to be analyzed with the gas chromatograph were then placed in
a minimum amount of boiling, distilled water. The thiourea dissolved
in the water layer and the 1,2,4 TMB or 1,2,4 TCB formed a separate,
immiscible layer. The organic layer and the aqueous layer were
separated with a separatory funnel. The organic cut was analyzed with
the Varion Gas Chrématograph-using a 5% diisodecyphthalate and 57
bentone 34 on Chrémosorb W column at 150° C. The carrier gas used was
helium. Pure‘reagent 1,2,4 TMB and 1,2,4 TCB were analyzed with the
gas chromatograph to compare as standards.

The dried crystals to be anélyzed with the elemental analyzer
were placed in small silver capsules and sealed with pliers. Each
capsule was placed in a electrobalance which measured to the nearest
10_4mg. To ensure that the capsule was sealed and not l;sing weight,
due go evaporation of the 1,2,4 TMB or 1,2,4 TCB, the weight was
monitored for 5 minutes, If in that time no change in weight was
recorded, the capsule was removed from the balance and placed in the
analyzer. Cicloesanone and Sulfanamide were used as the standards.
Weight percentages of-carbon, nitrogen and hydrogen were measured for

each sample,
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Adduct Density

The density of an adduct was determined by suspending the adduct
in a mixture of miscible liquids, one more dense than.the adduct and
one less dense. The density of the solution which is in gravity
equilibrium with the adduct is also the density of the adduct (21).

In the case of 1,2,4 TCB a medium of carbon tetrachloride and methanol
was used to suspend the adducts and for the 1,2,4 TMB system.the
medium used composed of heptane and 1,2,4 trichlorobenzene. Once the
crystals would neither sink nor float in the medium, a known volume
was weighed and ;he density calculated. The densities were 1.49 g/ml
and 1.19 g/mi for the 1,2,4, TCB adduct and 1,2,4 TMB adduct

respectively.

Crystal Mounting

Selecting an appropfiate crysta%'fo; x-ray analysis required
placing crystals on a microscope sliée and positioning the slide under
a dissecting microscope. Ample room was allowed for the crystals to
be cut or fragmented along their lengfh. ‘Crystals were cut or

fragmented to the appropriate size using a sharp razor blade or

dissecting scalpel. Once a crystal fragment of suitable size and
shape was selected, a glass fiber dipped in adhesive Paratone-N was
used to transport the crystal from the microscope slide to a low lead
glass capillary tube of approximately 0.8 mm in diameter. Care was
taken not to choose pure thiourea crystals which might have

crystalized out of the mother liquor.
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The capillafies were sealed by‘heat or glue to prevent air expo-—
sure from decomposing the crystal. To check for twinning (multiple
crystal growth), fhé crystals were examined under-polarized light.
Crystals which extinguished upon rotation between crossed nickle
prisms were used for x-ray analysis. The i,2,4 TMB adduct crystal
used for data collection was cylindrical in shape measuring 0.6 mm in
~diameter and 0.8 mm in length. The 1,2,4 fCB.adduct érystal was aléo
cylindfical in shape and had dimensions 0.7 mm in diaﬁeter and length

of 0.9 mm.

Photographic Film Studies

A Weissenburg camera was emploféd to check crystal‘quality and
estimate unit céll dimensions. The radiatibn source used was copper
with a nickel filter. Weissenburg photographs taken for a déte— .
riorated adduct would show few, if any, layer lines and those lines
which were present would contain indéfinite spots. Once a suitable
crystal was obtained, oscillation, zero level, first level, and second
level photographs were collected to determine approximate ﬁnit cell
dimensions.

Numerous Buerger Precession photographs were taken for the 1,2,4

TCB complex. These photographs were expected to provide support for,

as well as clarification of, the unit cell dimensions. Problems were

encountered which involved the alignment of the crystal for precession
photographs and this method was abandoned since the photographs were

not necessary to proceed with the diffractometer data collection.
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Diffractometer Data Collection

Intensity data for both adduct systems were collected on a
Nicolet R3mE automatic four circle diffractometer using the omega scan
techniqué with the 1,2,4 TCB complex and the theta-two-theta scanning
technique with the 1,2,4 TMB complex. The x-ray source used was MoK,
radiation of A = 0.71069 A, and monochromated with a graphite crystal
monochromator. Both data sets were collected at room temperature.
Throughout the course of the data collection three standard reflec—
tions were measured every one hundred reflections. There was no
decrease in the intensity of these standards over the course of the
data collection. For instance, the decrease in the average value of
these standards was about 7% by the end of the.data collection for the
1,2,4 TMB complex. Al intensities were corrected for the changes in
the standards. Lattice parameters for the 1,2,4 TCB complex were

obtained from the least squares fit of 20 centered reflections for

which 259¢268¢35°, For the 1,2,4 triméihylﬁenzene thiourea complex the
same procedure was followed using 25 centered reflections with
289¢20¢31°, The data collected on each complex ranged from 3° to 50°
on 20, Asmuithal adsorption correction data was taken for both com-—
plexes. | .

For the 1,2,4 TMB cémplex the linéar absorption coefficient,

1 and no correction was made for absorption. For

u (MoKz) was 4.01 cm™
the 1,2,4 TCB complex, u (MoK,) = 8.89 cm land an empirical absorption
correction was made to the intensity data. The two data sets were

reduced in the usual manner with appropriate Lorentz and polarization

corrections. Scattering factors for C1,S,0,N,C and H and anomolous
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scattering terms for all types except H were taken from the

International Tables for X—ray Crystallography (18); all atoms were

assumed to be in the zero ionization state.

For the 1,2,4 TCB-Thiourea complex, 3397'intensities collected
yielded 1610 observed ref;ections. The data set fo£ the 1,2,4 TMB-
Thiourea complex had 3161 intensities collected of which 1536 were
observed reflections. Criterion for observed reflections was I > 3o.
The data sets for both complexes reveal the monoclinic primitive
lattice. In addition, both sets showed the following extinctions in
Table 7.

Table 7. Extinctions and associated symmetries of the 1,2,4 TMB-
thiourea complex and the 1,2,4 TCB-thiourea complex.

Reflections Absent Symmetry Indicated
uoo
uoG n glide perpendicular
uou +to b-
ouo 2 fold screw axis on b

From these extinctions the space group P21l/c was determined for
both structures.

A least squares fit of 25 centered reflections produced the unit
cell dimension of a = 10.037 A, b = 15.155 A, ¢ = 12.255
A, B = 112.?70, and a = 9.779 A, b = 15,355 A, ¢ = 12.293 A, B =
111.85° for the 1,2,4 TMB-thiourea complex and the 1,2,4 TCﬁ—thiourea

complex respectively.
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Solution of Structure and Refinement

The 1,2,4 TCB complex was solved initially by direct methods.
Since the two complexes are isostructural with respect to the thiourea
honeycomb lattice, sulfur positions from the 1,2,4 TCB complex were
used for the initial éhasing of the 1,2,4 TMB-thiourea complex. Once
the sulfur positions were found, the thiourea nitrogens and carbon
appeared on the difference maps. These atoms, along with any other
strong peaks, were added to a model and the model's structure factors
were compared to the observed structure factors. A resultant R value
was obtained and-if the R value decreased, the peaks were left in the
model. At this point the thiourea positions were wgll—defined, yet
the channel atoms were disordered.

Refinement for both complexes was done using a block cascade

least—squares refinement program where the minimization functiong

M= zg:jweight (|beé|—|Fcalc|)2
!

used to refine 101 parameters in each full matrix block. Fobs was the
observed structure factor and Fcalc was the calculated structure
factor (22).

The thiourea molecules were well-behaved and thus a model was
easily fit to the thiourea lattice. Once the carbon, sulfur and
nitrogen atoms of the thiourea were well defined, hydrogen atoms of
the thiourea began to appear on the difference maps and the thiourea

molecules were refined anistropically.
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The 1,2,4 TMB or 1,2,4 TCB remained disordered in the channel and
were refined isotropically. In the final refinement the weighting

factor used was
Weight 1/[sigma**2(F) + (.0004F*F)].

The 1,2,4 TMB-thiourea structure refined to R = .1053,
Rw = .0911, Rg = .0990, Rm = .0990, and goodness of fit = 2.399. The
1,2,4 TCB-thiourea structure with the two ring disordered model
refined to R = .0951, Rw = .0927, Rg = .1061, Rm = .1061, and goodness
of . fit = 2.650. Without the models, both structures refined to about

R = 0.15.
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RESULTS AND DISCUSSION

Discussion of X-ray Crystallography

An ideal crystalline substance is a homogeneous solid in which
the atomic or molecular arrangement repeats by translation in three
dimensions; the repeat distance and direction can be described by a

-three dimensional coordinate system. A crystal is composed of atoms
oscillating about regular positioning of é lattice, repeating in
accordance with the crystal system and symmetry (26). If x-rays are
passed through a crystal the incident beam is diffracted by the

electrons of the atoms according to Bragg's law of diffractiong
nA = 2dsin@

(1’2’3949 . o -)

wavelength of incident radiation

distance between reflecting planes

angle between the incident or reflecting surface

@© >3
nonou

The intensity and coordinates of the reflecting or diffracted
radiation are collected by the diffractometer using a radiation
counter. The intensity of a diffracted wave is dependent upon the
atomic péSition and the atomic scattefing factor, which is a function
of the number of electrons in the atom. Furthermore, since changes in
temperature of crystals affects the thermal vibrations of the atoms,

the intensities must be corrected for this temperature effect. In
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general éhe greater the vibrations the mére the intensities will be
lowéred.

The intensities of fhe reflections-f%om‘the diffracted x-rays are
directly obtainable from a radiation counter; however, the phases of
the reflections are not directly obtainable, yet they are essential
for crystal structure determination. Crystollographers have shown
fhat the wave scattered by a crystai can be characterized by a

quantity, Fyy ;. referred to as the structure factor (23). More

-generally, the structure factor for any given configuration of matter

. is the ratio of the amplitude of the wave scattered by all the matter

in that configuration in any direction to that scattered by a single
electron under corresponding conditions. Thds, following this
definition, the étructure factor of an electron islalways uniti 24).
The amplitude of a scattered wave is proportional to the intensity,

only after scaling, Lorentz—Polarization‘corrections, absorbtion and

other comperical corrections are applied to the intensity.

Mathematically:

Ihii cal = Fhia cal)

- 2mi(hx, +17.
Fpq = \L} fie m(hXJV-I—kijL.IzJ)

or,

Fpi = 2fje'?)
j
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where I, = intensity of nkl reflection

y% = fractional coordinators

Z .

J

fj = scattering power of an atom at angle O

The scattering power of an atom is tabulated in the literature for all
élements. The term O, is referred to as the phase of the reflected
wave. Each Fhkl is complex; that is, it is characterized by both a
magnitude, 1Fy; 11, and a phase €1+ The magnitude can be
experimentally observed but, as mentioned previously, the phase cannot
(25).

If, in studying the arrangement of atoms in a given crystal a
particular model is~proposed, the set of Fyq's of the model can be
computed. The test for correctness of a cryétal—structure model to be
correct is that the set of structure féctorgxcomputed, Fhkl cale?
match the observed structure factors, Fhkl obs* It is, however,
possible to obtain a good agreement with an incorrect strucfure. This
calculation is greatly simplified by fast computers.

The ultimate goal in the determination of a crystal's structure
is finding the positions of all the atoms in the unit cell. These
atomic positions are not found directly but are deduced from the
electron density. Atomic positions are found where the electron
density is at a maximum. The electron density, p (x,y,2), is computed

using the equation:
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- : il :
,D(X,Y,Z) — 1/V*ZZZFhk1e .Z:u\hk'i‘ ky + ].Z)

where V = volume
hkl = structure factor of hkl reflection

F
b4
y = fractional coordinates
z

Thus, once structure factors are determined, the electron density can
be computed using Fourier synthesis. The Fpr1 calc and Fik1 obs
determined are refined using least squares calculations. The measure
used to quantify the agreement between the model and the actual data

" is the R value. The R value equation used for the 1,2,4 TMB complex

and the 1,2,4 TCﬁ complex was:

R= ZIIF_I-IF Il , )
! ZIF_|
i (o] ’
'R =SL||F |-|F ||*(weight)’?]
P W 0~ C
ZLF _*(weight) /%3

1/2

2
~ Rg= EZ(weiqht*[LLEul-chlI] )1

ZCweightAF_*1

R, = Rg (calculated for the scale
factor which minimizes Rg) (22).
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Conventionally, R values less than about 0.07 reveal that the

‘'model has "solved" the crystal structure, although technically it only

means that the model fits the data within reasonable agreement. To
claim the model represents the true crystal structure, the agreement
(R value) between Fobg @and F.,q. must be acceptable and the model

must adhere to chemical and physical laws.

Aromatic-Thiourea Complexes

The Molecular Structure Corporation's x-ray analysis of 1,2,4
TMB-thiourea complex was unable to resolve the disorder of the 1,2,4
IMB in the channel. This motivated a new structure determination
using a different model solution. Furthermore, it was hypothesized
that if the methyl groups in 1,2,4 trimethylbenzene were replaced
with chlorines, forming 1,2,4 trichlorobenzene, that these heavier
chlorine atoms would appear more defined in an x-ray analysis. If tﬁe
chlorine atoms Qere more defined in anlx—rafndata set, a correct model
would be assembled easier.

From floatability the densities of 1,2,4 TMB-thiourea and 1,2,4

TCB-thiourea were 1.19 &/ml and 1.49 8/ml respectively. The elemental

analysis listed in Appendix B proved the thiourea to be_of pure
reagent grade and a balance oﬁ nitrogen showed the mole ratio of
thiourea to aromatic to be 4.38 and 3.55 for 1,2,4 TMB-Thiourea and
1,2,4 TCB-Thiourea respectively. These mole ratios were confirmed by
the density measurements which yielded mole ratios of 4.40 and 3.55
for the 1,2,4 TMB-Thiourea and 1,2,4 TCB—Thioqrea respectively. The

distillation of 1,2,4 TCB and the gas chromotography analysis proved
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the adducts to contéin only the pure reagents (i.e. no isomeriec
impurities). |

Additional structures studied for comparison in this work are
listed in Table 8. As can be seen, the non—aromatics crystallize in
the same space group R3bar and have similar cell dimensions. The
adduct containing a 50 molé percent of Eoth 1,2,4 TCB and 1,2,4 TMB
crystallizes in thg same space:group as the 1,2,4 TMB—thiouréa-and
1,2,4 TCB-thiourea complexes and has approximately the same cell
dimensions. This change'in space group between aromatic and non—
aromatic adducts ‘suggests ;hét there is a fundamental change in the
thiourea channel ;hape. This change indicates a possible different

kind of interaction between the aromatic and the thiourea lattice than

that between non—aromatics and thiourea.
The two adduct systems were proved to be isostructural when the
thiourea positions from the 1,2,4 TCB-thiourea were successfully used

for the initial phasing for the thiourea poéitions in the 1,2,4

. trimethylbenzene~thiourea adduct. Figures 4 and 5 exhibit the

similarities between both complexes' thiourea lattice. The structures
show a pseudo hexagonal lattice with distorted channel walls. The
view is down the a—c diagonal. Both structures have very similar

atomic positions for the thiourea molecules. The graphics software in

the SHELXTL package allowed for interatomic distances between bonded

and non-bonded atoms to be found (22).
The graphics program shpwéd'each sulfur atom to be hydrogen
bonded to NHZ groups on four adjacent thiourea molecules. This is

illustrated in Figures 6, .7, and 8 where the hydrogen bonding scheme in

N e e -




Table 8. Structural data for related thiourea complexes. All distances and angstroms.

DENSITY

ydrobarbon [ | ) i A |7 | | Space |
Adducted with A | B | C | o | B | Yy | Group | (q/cw)
Cyclohexane {15.708(1)|15.708(1)|12.431(2)| 90.0 | 90.0 | 120.0 | R3bar | 1.138
L | l ! I | | I
cC1, 115.539(1)|15.539(1) [12,529(2)| 90.0 | 90.0 | 120.0 | R3bar | .1.415
: ] l | | | I ' | |
cis para-menthane [15.935(2)[15.935(2)|12.489(2)| 90.0 | 90.0 | 120.0 | R3bar |
l | | | { I | [ 1.16
1,2,3 TCB and = | 12.64 | 15.3 | 9.8 | 90.0 | 113.8 | 90.0 | P2 /c |
1,2,4 TMB [ - I | I I L [ 1.27
1,2,4 TCB and | | | | | | | P2y/c |
1,2,3 TMB 1 L | l | | | | 1.3
1,2,4 TCB | . 9.779(1)|15.355(1) 12.293(2)] 90.0 | 1I1.85 | 90.0 | P2;/c | .1.49
l | I | [ l | |
1,2,4 TMB 112.3 (1)]15.1 .(1)[10.0 (2)| 90.0 | 112.7 | 90.0 | P2\/c | 1.19
l | - l ! | | |
1,2;4 TCB and | 9.886(7)[15.245(8)[12.313(6)| 90.0 [112.48(4)| 90.0 | Pz, /c |
|1,2,4 TMB { I | l | | I | 1.28

ee
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the thiourea network of the 1,2,4 TMB-thiourea adduct is shown. The
four hydrogen bonds, denoted as dotted or dashed lines, are of lengths
3.314 A, 3.402 A, 3.454 A, and 3.452 A. The corresponding lengths for
the 1,2,4 TCB-thiourea adduct are 3.433 A, 3.348 A, 3.446 A, and 3.408
A. At room temperature pure crystalline thiourea has three sulfur-
nitrogen hydrogen bonds of 3.526 A, 3.394 A, and 3.696 A in length
© (15). The‘shortening of these hydrogen bonds in the complexes indi-
cates a lower energy state and correspondingly a greater stability.
Although Smith contends that compacting of the adduct structures is
solely responsible for hblding the adduct together,la review of Table
" 2 suggests other factors seem at work. For example, evidence 6f this
is the fact that cyclohexane adducts, but benzene does not.

Schlenk suggests a zone of maximum attraction in each unit
cell, corresponding to three coplaner sulfur atoms (see Figure 2).
These zones are evident in both the 1,2,4 Tgﬁ—thiourea adduct and the
1,2,4 TMB-thiourea adduct. Figure 9 shows three coplaner sulfur in
the 1,2,4 TMB~thiourea adduct, pointing directly into the channel
exhibiting a zone of maximum attraction. The threg thioureas do not
form an equilateral triangle, but instead are slightly digtorted about
the a-c diagonal.

The thiourea lattice in each complex is by and large responsible
for the space group symmetry and therefore the positioms and-
intermolecular distances and angles are neariy identical for bo;h
structures. Figure 10 shows the three céplaner sulfur atoms for the

1,2,4 TCB~thiourea adduct with open lines forming a triangle. The
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center—to-center intermolecular distances and angles represented by
this triangle are given in Table 9 for both complexes.

In order to obtain an idea of how the afomatic in the channel was
situated a series of electron density difference maps were generated
for the 1,2,4 TCB-thiourea adduct. The electron density difference
map shown in Figure 11 was generated using only the refined thiourea.
The view is 1poking down on the plane .of the 1,2,4 trichlorobenzene.
The contours range from —-0.1 to 2.3 electr§ns per cubic angstrom.
Table 9. Center-to—center intermolecular bond distances and angles

for the three coplaner sulfur atoms in the 1,2,4 TMB and
1,2,4 TCB adducts.

1,2,4 TMB-Thiourea : 1,2,4 TCB-Thiourea

Distances A’

S1-82 9,043 | 9.067
g2-s3 7.053 7.073
$3-s1 8.165 ' 7.944

Angles in Degrees

<S1 48.1 . 48.6

<52 59.4 57.4
<83 72.5 ] 74.0

The dotted lines are levels 0 and -0.1, the dashed lines are levels
0.1 to 1.1 and the solid lines are levels 1.1 fo 2.3 electrons per
cubic angstroms. The plot clearly shows the repeat down the channel
of four peaks.

Upon superimposiﬁg an idealiged 1,2,4 trichlorobenzene moiecule
in the channel it was evident that there are at least four different

arrangements for which the molecule can satisfy the electron density
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scheme. The combination of these arrangements yielded aromatic ring
carbons overlapping chlorines and adjacent ring carbons. This gave an
indication of thg disorder which arose when constructing a model td
describe the aromatic positioning in the channel. Figure 12 exhibits
the electron density difference map with an idealized 1,2,4
trichlorobenze molecule superimposed in one of at least four possible.
arrangements.

Models for the aromatics in both complexes were constructed by
constraining atoms in the‘channe1 which resembled a benzene ring and
refining them using least squares. For the 1,2,4 TMB-thiourea complex
this resulted in four benzene rings seen in Figure 13. The benzene
rings are in pairs-which'are planer. The two planer pairs of rings
are nearly in the same plane. The 1,2,4 TCB—thiourea complex yielded
two benzene rings in the same plane. This model is shown in
Figure 14. The open lines indicate that it is not known to which
aromatic carbon the substituent is bond: In both models, atoms'were
added where peaks on the difference maps indicated a possible chlorine
or methyl group.

Explanation of the disorder of the aromatics requires examination
of the size and orientation of the guest and thiourea lattice. Wiphin
the thiourea lattice, coplaner sulfurs occur every third sulfur on the
c-axis and this interplaner distance for both complexes is 12.54 A
(Figure 2). The maximum iengths of a 1,2,4 trichlorobenzene molecule
and of a 1,2,4 trimethybenzene”molecule are 9.77 A and 9.25 A,
respectively, including their van der Waal radii. Since the aromatics

are found only within the region of the three coplaner sulfurs and
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their lengths are shorter thaﬁ 12.54 A, disorder translati&nally seems
to arise from site disorder and or orientation disorder and not
adjacent aromatics overlapping into the next unit cell.

When the adducts are formed, the aromatics are equivalently
positioned in the same channel unless there is a zoné of maximum
attraction unoccupied, then the preceeding aromatics may initiate
another positioning along the channel which is different than that
before the empty zone. Site disorder arises when the aromatics in a
channel are positioned differently than aromatics in another channel.
The disorder arises because the crystollographic data is an average of
all the fositions. If diffraction data could be obtained for each
unit cell, the disorder could be resolved. The empty or unoccupied
zones of maximum attraction are respomsible for the non—
stoichiometry of these complexes.

In the 1,2,4 TCB-thiourea complex and phe 1,2,4 TMB—-thiourea
complex the aromatic ring might be positioné& equally in any of two or
more unit cells, however, the chlorines or methyl groups on the rings
might be oriented diffe?ently. This is referred to as orientation
disorder. This occurs since the aromatic ring can remain constant
while the chlorines or methly gréups are moved by rotating the
aromatic 180° It is site and or orientation disorder which are
responsible for the 1,2,4 TCB and 1,2,4 TMB models having overlap of
atoms.,

Thé disordered aromatics prevent the precise location of the
thiourea and aromatic interactions. Generally it can be said that the

aromatic interacts with one or all of the three coplaner sulfurs. The




*|-'&H#
"1%&+-%& * (& (

*3-'& E; 1&% 1 (& !

- , #..-+(;



*38 o L&YW 11 (& ;  #.+( M (& ;  (H-&#
B4 & 108 %*I&S * *+H#H(& (#( *(*$ I'( 1A/ (
A*t 3+ 1 (& $- S((-&I(*$ 1.8



49
néture of the strength of this interaction can be understood by
studying the sulfur-carbon double bond length in the three coplaner
sulfurs,

The sulfur—carbon double bond 1eng£hs in the three coplaner.
thiourea are 1.698(9) A, 1.706(10) A, 1.707(8) A, and 1.707(8) A,
1.698(9) A, 1.706(10) A for the 1,2,4, TCB adduct and the 1,2,4 TMB
adduct respectively. These bond distances are about the same as the
sul fur~carbon double bond distance found in pure thiourea. It can be
concluded that the interaction between thiouréa and the aromatic in an
adduct is of the same magnitude as that of the hydrogen bonding in
pure thiourea. - Table 9 shows non-aromatic adducts having a stronger
interaction due to the increased sulfur—carbon double band distances.
This could account for fhe'greater stability of non—aromatic adducts
versus aromatic adducts.

A view of the 1,2,4, TCB model in the p}ane of the three coplaner
sulfurs can be seen in Figure 15. The two non-solid bonds in the
aromatic médel indicate that it is not known which of the two aromatic
carbons are bonded to the chlorine. Figure 15 and 16 show the
relationship between the sulfur atoms and the aromatic. The three
planer sulfur atoms can be seen pointing in at the 1,2,4 TCB model.
Figu;e 16 is a view looking déwn the third thiourea's carbon-sulfur
double bond. The angle of this figure shows that one sulfur is
pointing directly'into the.middle of the planer rings while the other
two are pointing int6 the sides of the rings. The non-bonded
distances from each of these sulfur atoms to ;he rings are in

Table 10.
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The relationship between the coplaner sulfurs and the 1,2,4 TMB
can be seen in Figures 17 through 20. Each of these figures exhibits
only one of the four rings used in the model. If Figures 17 through
20 were superimposed, the result would be the four ring model
positioned in the zone of the coplaner sulfurs. As in the 1,2,4, TCB-
thiourea adduct, there is one sulfur pointing in at the plane of the
1,2,4 TMB model and the remeining two are pointing in at the sides.
‘The non—bonded distances froﬁ each sulfur atom to the rings are listed
in Table 11.

In both adducts, the distances from the sulfur pointing directly
into the plane of the rings, and the aromatic carbons are all too long
for a strong interaction to occur. The remaining two sulfurs oriented
to the sides of the aromatic, are closer to some of the ring carbons.
For a hydrogen bond to be possible, the atoms must be closer than the
sum of their van der Waal radii and the carbon, hydrogen and sulfur
must be linear. The van der Waal radius of sulfur is 1.76 and that
for hyrogen is 1.20 A. The radius for a carbon-hydrogen covalent bond
is 1.08 A. Thus, the shortest non-bonded distance between a linear
carbon, hydrogen and sulfur is the sum of these radii, or 4.04 A.
From Tables 10 and 11 only one sulfur-carbon nonbonded distance, S1A
to Bl4 for the 1,2,4 TCB adduct and S1A to F4 for the 1,2,4 TMB
adduct, are of the appropriate distance and angles necessary to be
considered a hydrogen bond. Both these bonds are linear with a
hydrogen in the middle and their distances are 4.001 A and 3.761 A for
the 1,2,4 TCB adduct and 1,2,4 TMB adduct respectively. This indi-

cates that a hydrogen bond is a possibility.
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Table 10. Interatomic distances between sulfur and carbon in the
1,2,4 TCB-thiourea adduct structure. Only distances less
than about 4.5 A are tabulated. -

Atom 1 Atom 2 . Distance in A
S1A B1 3.991
S1A B2 - 4.485
S1A Bl4 4,001
S2A Bi1 4,111
S2A B12 3.709
S2A _ B13 4.026
S2A B1 4.439
S2A B4 4,108
S2A B5 s 3.713
S2A B6 3.899
S3A B11 4,355
S3A B12 4,243
S3A : B4 . 4.550
S3A B5 4,078

The other most likely form of interaction is a dipole-dipole
attraction between the sulfurs and the aromatic carbons. This would
. require the two unshaired pairs of electrons on the sulfurs inducing
an added dipole in the a?omatic C-H group. Whether the interaction
between the thiourea and the aromatic is of a hydrogen bonding type
and, or a dipole—dipole.type the interaction does contribute to
lowering the energy staté of the complex.

The possibility of hydrogen bonding and the evidence of dipole-
dipole interations migh£ contribute to the predicting of which hydro-

'

carbon will or will not adduct.
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Table 11. Interatomic distances between sulfur and carbon in the
1,2,4 TMB-thiourea adduct structure. Only distances less
than about 4.5A are tabulated.

Atom 1 Atom 2 Distance in A
S1A i B4 4,234
S1A F3 4,539
S1A T4 3.761
S1A B25 4,424
S1A - B26 4,483
S2A - B1 3.925
S2A B6 3.784
S2A , T3 3.724
S2A T1 3.965
S2A T2 3.744
S2A F1 3.569
S2A ' F2 4,066
S2A F6 3.825
S2A B21 : 3.763
S2A ' B22- 3.735
S3A B1 ' 3.875
S3A B6 4,116
S3A T3 4,127
S3A T1 3.894
S3A T2 3.410
S3A F1 3.950
S3A F2 ) 4,440
S3A F6 i 4.584
S3A B21 4,396

S3A B22 3.823
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CONCLUSIONS

Extractive crystallization with thiourea is a novel separétions
technique which separates hydrocarbons and notably aromatic systems.
In the extractive crystallization process, a unique crystalline -
complex is formed when thiourea spirals around a selected hydrocarbon
and forms a cage-like entrapment. Thiourea is selective for classes
of hydrocarbons and is even selective between isomers of the same
emperical formulé. The entrapped hydrocarbon can be recovered from
the complex by steam stripping, followed by phase separation of the
products.

Knowledge of the atomic positions, intermolecular distances and
the intermolecular forces of interaction in these thiourea complexes
might allow an understanding of their=§elec%ivity and stability. From
x-ray crystallographic data the thiourea lattice is well defined in
these complexes. Schlenk discovered the éones of maximum attraction
occurring in each unit cell where three coplaner sulfur atoms are
pointing directly into the channel. The thiourea molecules are bonded
to one another via hydrogen bonds. This accounts for a part of the
stability, but not the selectivity of these thiourea adducts. The key
to the selectivity of these complexes is thought to lie in the
thiourea/hydrocarbon interaction.

Sﬁpporting evidence for an interaction lies in the fact that

thiourea will form adducts with some compounds yet not with other
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compounds of similar size and shape. 'in addition, the carbon-sulfur
double bond distance in thiourea varies between aromatic and non-
aromatic complexes. This is an indication that there is an
interaction and that it is flexible in nature. Finally, the nonbonded
distances between the coplaner sulfurs and the aromatic are almost at
the distance equal to.the sum of the van der Waal radii and, in each
adduct one nonbonded distance is within the appropriate length and
geometry to indicate a possible hydrogen bond. The nonbonded
distances close to the van der Waal radii of the aromatic indicate a
dipole—dipole interaction.

If in fact a hydrogen bon& does exist some credibility might be
added to Fetterly's notion of a "supported hydrogen bond". However,
the probability of dipole~dipole attractions occurring should not be
ruled out. Fetterly's idea does not explain explain adducts which
have no possibilitiés of hydrogen bonding, i.e. carbon tetrachloride
adduct. No evidence was found to support Welling's suggestion of a
chlorine/NHz group hydrogen bond in the 1,2,4 TCB thiourea adduct.
Furthermore, no hydrogen bonding was seen between a methyl group and a
sulfur in the 1,2,4 TMB-thiourea adduct.

Diffractometer data sets collected on both the 1,2,4 TMB-thiourea
and 1,2,4 TCB-thiourea adducts showed both adducts ecrystallizing in
the space group P21/c, which is characteristic of aromatic complexes.
The most difficult problem associated with both complexes was the-
disorder of the aromatic in the channel. The disorder~arosé from site
and or orientation disorder and not adjacent.aromatics overlapping

each other. A model which take into account the disorder was found
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for each complex. Refinement of these models resulted in an R value
of .1053 for the 1,2,4 TBM adduct and .0951 for the 1,2,4 TCB adduct.
Both aromatic models where found to lie in the zone of maximum
attraction created by the three coplaner sulfur atoms in the thiourea
lattice. It is hoped that the information concerning the structures
of these adduct can be used in future research to determine the

overall selectivity mechanism of these thiourea adducts.

Recommendations

Many aromatic and non—aromatic hydrocarbons form adducts with

thiourea. The wide range of stability and selectivity of these
adducts pose many questions regarding their structures and chemical
interactions. The knowledge of the exact nature of the thiourea aﬁd
hydrocarbon interaction appears to be vital if the selectivity
mechanism and chemical structures are to be known. The primari
obstacle is resolving the disorder assbciated wifh the channel
hydrocarbon,

Steps taken to reduce the disorder might entail utilizing a
guest hydrocarbon, such as carbon tetrabromide, which possesses heavy
atoms that could appear less disordered in the difference maps.
Alternatively, é better 1,2,4 TCB model refined using a full matrix
least squares in the XTAL system might enhance locating the chlorine
atoms in the 1,2,4 TCB adduct. Another approach might be té find a
guest hydrocarbon which is geometrically large enough so ihat the
number of orientations possible in the channel are minimized, thus

reducing the orientation disorder. Furthurmore, if a larger guest
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hydrocarbon could be found that occupied two or more zones of maximum
attraction the site disdrder might be reduced. The quality of the
x-ray diffraction data could be enhanced if data éet were obtained using
low temperatures.

| Although 1,2,4 trichlorobenzene is considered to be an inductor,
the.role of inductors in thiourea complexes was not fully investigated
in the two aromatic adducts studied. Tt appears that the role of an
inductor must be studied in adducts which contain the inductor and
selected hydrocarbon. For instance, CCl, is selective for
ethylbenzene in the aromatic mixture of ethylbenzene and oxylene. In
the same mixture, 1,2,4 trichlorobenzene is selective for the o-
xylene. Since CCl, adducts in space group R3bar and 1,2,4, TCB
adducts in P21/c it would be interesting to see which spacé group
forms when CCl, inducts ethylbenzene and when 1,2,4 TCB inducts o-
xylene.

The same intermolecular forces which appear in the crystalline
adduct are also present in solution. Therefore, nuclear magnetic
resonance (nmr) speé?roscopy and infared spectroscopy may shed light
on the intermolecular interaction between the thiourea and the

hydfocarbon.
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CLASSIFICATION OF CRYSTALS
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APPENDIX A

There are séven three-dimentional coordinate systéms wﬁich are
used to classify crystals (18). In general, the unit cell is
characterized by a certain symmetry and six paramefers, three axial
lengths and three interaxial angles. The lengths of thenunip cell
edges are designated a, b, ¢ and the interaxial angies a,B,Y where
is the angle between b and c, B8 is the angle between a ana.c, and v is
between a and b.

The following table specifies the seven crystal{systemé along-

with the corresponding unit cell parameters:

Table 12. The seven possible crystal systems.

. No. Independent . Tattice
Crystal System Parameters Parameters , Symmetry
Triclinic 6 e, 1
. . a#bfc; q#BAY
Monoclinic 4 a#bic; q=y=90°; B#90° 2/m
Orthorhombic 3 . a#b%c;'a=BéY=90° . mmm
a=b#c; q=R=y=90°
Tetragonal : 2 #es a=fsy 4 /mmm
a=b=c; ¢ =R=Y#90°
Rhombohedral 2 a=bfcj; ¢ =R=90°; Yy=120° 3/m
Hexagonal 2 a=b=c; 0, ==y=90° . 6/mmm
Cubic ' ) 1 m3m

The essential symmetries of a structure can be catégoriied into
systems referred to as the Laue Space Groups. There are 230 space

groups, each unique in describing a particular crystal's internal
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(i.e. molecular) symmetry. A crystal's space‘group can be determiﬁed
by systematic x-ray reflection absences, and the space group is listed
in the "International Tables for X-Ray Crystallography. All symmetry

elements are represented by symbols, figures and letters which are

arranged together to indicate a space group.
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Table 13. Symbols for symmetry elements and for the corresponding
Symmetry operations in one~, two—, and three—dimensions

[reproduced from (8)].

. . . ‘ne 1 3 - e 1 ide
Printed symbel Symmetry clement and its orientation Generating symmctry operatinn with glide or

screw vector

Reflection plane, mirror plane
Reflection line, mirror line

m . "two dimensions)
Reflection point, mirror point
{one dimension)

ab,orc *Axial’ glide plane
a L{010] or L[001}
b L[001]or L[100]

L[100] or L[010]}

L{1T0Tor L[110]

1[100] or L[010] or L[TT0}

L1103 or L[120]or L[270]

n ‘Diagonal’ glide plane
L[001]: L[100]: L[010]
L[1T0Yor L{01T)or L[TON]

. L[110]: L[O11]: L[101]

ad *Dimmond’ glide planc
L0017z L[100]: L{010]
L{110]: L0117 L[101]
LI1107: L[011]: L{101]

g Glide line (two dimensions)
L{017; L[10]
1 None

n-fold rotation axis, n

. Reflection through a planc
Reflection through a line

Reflection through a point

Glide reflection through a planc, with glide vector
ia
ib
ic

e

ie .

Te hexagonal coordinate system
!

Glide reflection through a plane, with glide vector
Ma+b):ib+e):la+0o)
Matbto)
H—a+b+chla-b+ehia+b-0¢)
Glide reflection through a plane, with glide vector
M@ Ebyibteyi(ta+e)
a+brorl(ta+b+c):atb+o)
d—at+bteli(ta—-b+chiiazb-c)
Glide reflection through a line, with glide vector
ja:ib :

¢ . Identity

Counter-clock wise rotation of 36071 degrees
around an axis

2,3,4.6 n-fold rotation point. n Counter-clockwise rotation of 360/n degrees
(two dimensions) around a point

I Centre of symmetry, inversion centre Inversion through a point

I=m,3338 Rotoinversion axis, 7 Counter-clockwise rotation-of 360/n degrecs

2, ' ]
3!!32
4,.4,.4, l

n-fold screw axis, n,
6,,6,,63,6,,64 ’

around ar axis, followed by inversion through a
point on the axis -

Right-handed screw rotation of 360/n degrees
around an axis, with screw vector (pitéh) (p/n) t:
here tis the shortest lattice translation vector
parallel to the axis in the direction of the screw




. Number of : : ;
g;’é%? Centring type of cell lattice points Coordma\:gfhci)glgélt]lce points
per cell
One dimension -
7 Primitive | 0
Two dimensions
p : Primitive 1 0,0
c Centred 2 0,0;%,%
h Hexagonally centred 3 0,0;3,1:1.3
Three dimensions
P Primitive 1 0,0,0 ‘
C C-face centred - 2 0,0,0;%,3,0
A A-face centred 2 0,0,0;0,%,3
B B-face centred N 2 .0,0,0;3,0,3
I Body centred ‘ 2 0,0,0;3,3.3
F All-face centred 4 0,0,0:4,3,0;0,3,3;4,0,4
Rhombohedrally cenired 3 {0 0,0;3,1,3;3,%,% (obverse setting’) .
R -} (description with *hexagonal axes’) 0,0,0;3,3,3;%.3,% (reverse setting)
Primitive 1 0,0,0
- (description with ‘rhombohedral axes’)
H Hexagonally centred 3 0,0,0;3,1,0;1,4,0

‘%1 ®19BL

*[(8) woazy paonpoadaia]

STI®> JRUOTSUSWIP-333Y3} PUB ‘-0M] ‘—duo I0J sTOquUAS
1L
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APPENDIX B

ELEMENTAL ANALYSIS




" Table 15.
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APPENDIX B

Elemental analysis for the 1,2,4 TCB—thiourea adduct, the
1,2,4 TMB~thiourea adduct, and pure thiourea.

(I) 1,2,4 TCB~Thiourea Adduct
Sample Weight (mg) Nitrogen % Carbon % Hydrogen %
1.2829 22.00 24,68 3.83
1.1389 22.46 24,35 3.85
1.8014 21.61 24,66 3.84
(11) 1,2,4 TMB-Thiourea Adduct
Sample Weight (mg) Nitrogen % Carbon 3% Hydrogen %
1.4673 26.93 35.58 6.68
1.5272 27.07 35.40 6.68
1.4972 25.77 37.04 6.81
(ITI) * Pure Thiourea
% C Z H Z N %z S %z 0
15.83 5.29 37.18 41.65 0.06
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APPENDIX C

TABLES FOR PUBLICATION FOR THE
1,2,4 TCB-THIOUREA ADDUCT STRUCTURE
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APPENDIX C

Table 16. Atomic coordinates and isotropic thermal parameters for the
1,2,4 TCB~thiourea adduct structure.

- 4 . .
Atomic coordinates (=10 ) and isctraopic

R =
thermal parameters (A x1073

B(ZD
"R(OS)
B(1)
B2
R (3>
B(4)
B(lL1)
B(1Z)
BCLE)
B(14)
B(1Z)
B(1&)
S0
()
=)
€12
(2
(32
™M1l
MO1Z)
M{Z1)
M(ZZ)
M(ZE1)
MISE)
oL
CL 2D
cL{
CtL (=
Cl (o)
CL (7
I

D R )]

X

ITZ17(28)
Z143
Z138
427
4501
4548
1635 (21)

2507

1982 .
=84
-788
ZE7
IRTE (D)
~88 ()
T18Z ()
7SS (T
873 (8)
27197
IIT(S)
IZZR ()
2234 (F)
ZEEC11)
1774 (7)
TEFLOLM
4047 (65)

4813 (Z7)

48Z (57
4475014
2411 (20)
ZB48(27)

- e
23123

b4

10410013
2265
FIOG
P41 3
FFER
10457
104862 (1 1)
10258
587
2318
PoET
10024

&7 Z(1)
SEZF0 (1)
S0Z00C1)
&881 (%)

7081 (%)
40755

6331 (3
7157 (4
FEOE (&)
7485 (5)
432704
4437 (&)
110345 (40)
7341 (1)
FOIS(E?
10714 (8)
10740012)

A07S7 207

SIS (14

=
ol

258715
2311
2475
4518
S et

= e
T

667 (15)
1824
2461
1940
783
146
457 (2)
1410 (2)
2024 (2)

C4FF0O(T)

FIS (7)
2TEE (6)
4296 (5)
BOGT (5)
1570 (8)
-8R (&)
1Z87 (5)
IBS(7)
2154 (S4)
G008 (Z0)
1Z1Z(35)
105D
B&T (15)
1335 (25)

4B (1)

110100

67
IT4CLTY
184 ¢7)
TEE L)
131 ¢8)
186 (8)
S1E(4S)
SB7 (43
1Z9 (43
ZES (43D
746
FEO1)#
&7 (1) +
701y #®
&7 (4) %
&S (T =
&6 (F) #
BZ (T #
87 (3 ®
21 (4w
824 *
21 (E) %
[E (41
FE(E4)
1272 (8)
ZES (2O
E5{3)
85 (5)
11s6011)
24 ()

# Equivalent isctropic U defined as one third of the
trace of the arthnganatised‘uij_tensor




Table 17. Anisotropic thermal parameters for the 1,2,4 TCB-thiourea adduct structure.

S(1)
S(2)
(3]
IS
I
C3
MO11)
MN{12)
(221D
M{ZZ)
MNE1)

M (3Z)

The anisotropic temperature facter exponent takes the forms

oz 3
Anisotropic thermal parameters (ASx107)

Uil
&1(1)
Go(l)
81 1)
71 &)
&7 (2
a5 (4
55 (3)
78 (4
&5 (3
116(7)
F8 (R

120 (72

- 222
=Z="(h L +

11 '

.
27
F0(1) &d (1)
FEISR Gz (1)
& {1} 4 (1)
&2 (8) 63 ()
70{&8) &3 (8
a3 (S . &8 (4)

107 (5 83 (4

120(6) 70 (4)

11&(7) 5 87 (&)
87 (7) 70 (%)
72 (4 77 (4
&S (o) Bz (3

u

|
e

e+ Zhkaxbxl )

i

§

lal

...,
~1Z (1)
(1)
-2(1)
Z(5)
—4 (4)
—& (4)
T(4)
—24 (4)
7 (S
17 (4)
T(4)

=2 (3

'UIE
17 (1)
18(1)
18(1)
24 (3)
2604
24 (4)
24 (3)
AN Y]
ZE(5)
43 (3
4 (4
15(5)

il ]
e

CED
-Z (1}
121
~8(5)
EECY!
=d (1)
Z(4)

104

=21 03 -

-11(50

1Z3¢4 )

703

9L




structure.

H(12z)
H(1ZkD
H
H{Z)
H(z1)
H{22)
H(Z3Z
H(Z4)
H{Z1)
H{ZE2)
HCZ3)
H(Z4)

thermal parameters (ﬂ‘g10*)

g

2541
A BT
At

BES (H&)
600 (133
288781
2875 (104)
&15(6%)

S0 (1E2)

o sl 0|

Y
TIFP
7111
744 E (2
HZ3F (80)
714252
747 (65
7640 (43)
TEZI2ATH
4065 (48)
4727 (37)
5087 (85)
4214 (47)

4
BI75
&557
4574 (32)

2267 (109)
ZEBS (8T
1416 (8%)
~-Z58(58:
1218114
2801 (&
IZ272(ED
12481(81)
OZF(62)

Table 18. H-atom coordinates and isotropic thermal parameters for the 1,2,4 TCB-thiourea adduct

-H—Atom coordinates (x104) and isotraopinc

u

105
105
BI(19)
255 (50)
L (29)
115 (40)
51
o7 (SE)
84 (&)
TS (1F)
181 ¢38)
105 (24)

LL




Table 19.

Bond lengths for the 1,2,4 TCB-thiourea adduct structure.

Eond lengths (8)

S(1)-C(1)
S(2)-HZ)
(S ENTS RS
C(2Z)-pczL)
COE)-NIELDD
MC11)~-H(L)
MOz -HEZD

TNz —H(E4)

MCE1) ~H (34)
NCIZ)~H(E2)
L (1y—-B(4D
(N S B e 8 R D)
ClLCI-CL {7
CLCZY-R(Z)
ClL{2)-RB(4=x)
L (Z) =R {5)
CL(EY-RB(13D

TL(E)-B(1D)

Cl (3 -Rdisa)
CLI -B 4D
CL(sy—-BO11)
CLa) -2l
CL(7)—-RBC11)
ClL($r—-EB(e)
Cl (4)-R(2)

LS

1.706(10)
1. 7250124
1. 337 ()
132501
1.- ‘-...n'-(.) (.8.)

1. 188 (67)
0.736(113)
1.::6f1213

1.Z200054)
1. 20237
1.718(32)
0. 687 (E1)
1. 844 (47).
1. 08543
0. 758 (47
1.617(47)
0. 73024
Q. BZSET)
0,576 (2

2S00
1.898(Z0)
0. 231 (Z8)

S(R)Y-C(2)
S(RY-C (3D
F(lﬁ—N(l’
Iy = (2D
L(*)—N("“)
MNEZ1Y-H(Z1)
MCZZy-H(Z3)
MCELY-HOEDD
M{ZZ)-H (31
CLOLY -RIE
CLCLy-BO12)
"tfli—PL(ﬁ)
:L'—7—B(:R)
L2y -0l (5R)
CL(ZI-B(11)
CLEZ)-BU4)
CLC3)-RBO18)
L(q) B (%)
l(q)—ll(hﬂ)
l(L)—Btld)
CL{F)=R(S)
L7 BRI
ClLi4y~gOL)
CL (4 =B{13)

IR

0

xl"'lx

1,698 (7}

1.707(8)

1, 3220100
1.31801 1)
1. 3321
0. F7E(EF)
O, S32(77)
N.BeFI01)

0. 853 (50)
1.423Z(73)
i.8%1 (64)
1.841 (53
1. 824 (Z8)
1. 520 (32
1. 087 (24)
1.79Z(50)
0,275 (22)
4T (EZ)
AEZT(ESD
0&7(24)
. SOZLZE)
=31 (33
QPP (EB)
0. 585 (28)
1.818 =%

Pt ke b b bk e
.

8L




Ve

Bond angles (°)

B(&)~B{S)-Cl(1)
B(12)~B(S)-C( (1)
B(5)-B(5)—CL (S)
B(12)-B(S)-CL(S)
CL(D -B(H -CL (5)
B(4) =B (5) ~CL(N
B(13)-B(S)~CL (7)
CL(SI-B(S) -CL(7)
B(1)-B(&)~Cl(3)
B(13)-5 () ~Ct (3)
B(5)-B16) =Cl (4
B(12)-B(&)=Cl (4
B(14)~B (&) —CL (4)
B(6)-B(1)—Cl (4)
B(13)~B (1) ~CL (41
B(1)~B(2)-Cl(2)
B(1)-B(2)-Cl (4)

S CL@-B(2)-CL(4)
B(H)-B(3)-C1(2)
CL(2)~B(3)-Cl(22)
B(3)—B(4)=CL (1)
B(3)~B(4)-CL (5)
CL (1) -B(4$)~CL (2a)
B(12)~B(11)-CL (3)

CBU2)-B(11)-CL (&)
CLI-B(11)-CL (&)
B(16)-B(11)=CL (?)
CL(&-B(11)-CL(7)
ClL(6)~B(11)-B(15a)
CLY-B(111~B(loa)
CL(7)-B(11)-B(1&a)
B(&)~B(12)-CL (1)
B(13)~E(12)~CL (1)
B(6) ~E(12) -CL (&)
B(13)-B(12)~Cl (&)
B(S)-B(12) ~Cl (7)
BUD~E(12)~CL(7)
CLI-BUZ ~CL ()
B(S)~B(13)~CL (3)
B(1)-B(13)-CL(3)
B(14)~B(12)~CL (3)
B(&)—B (12) L1 (4)

T B(12Y-B(13)~Cl (4)
CL(Z)~B(13)~CL (4)
B(1)-B(14)—CL(3)
B(1S)-B(14)~CL(2)
B(16)~B(15)-CL (3)
CL(3)-B(15)-B(16a)
B(15)-B(16)~CL (3)
ClL(3)-B(16)-B(153)
CL(3)-B(16)-CL(32)
SU-CI-MN(11)
NI —C (1) =N(12)
S(2) ~C (2 —M(22)
S(3)-C(3)-M(31)
N(31)-C(3)-M(32)
C(2)-M(21)~H(Z1)
H(21) =M (21)~H(2Z2)
C(2)-N(22)-H(24)
C(3)-N(21)-H(3Z)
H(Z3) =M (31) -H (34)
C(3)-M(32) ~H(32)
B(S)-CL (1) -C{ (S)
B(12)-CL (1) —-CL(S)
B(#)-CL (1) =CL (&)
CL(S)-CL (1) ~CL (&)
B(4)~CL (1) -CL (7>
CLSH-CL (1 -CL(D)
B(S)~LL (S)-CL (1)
CLI-CL(S)~CL (2a)
B(12)-CL(&)-CL (1)
BU12)-CL (@) =CL(7)
B(S)-CL(7)~CL (1)
B(12)-CL(7)~CL (1)
BUD -CL(7)~CL (&)
CLUI=CL(7)-CL (&)

154, 0(23)
97.9(29)
151.3 12
151.1(3M
S4., 6252
137.7(14)
101,8(1e)
106,622
11,408
S5. 0 (+4)
110.8)
153..5(21)
88.9 (14
147.5GS
157.5¢47)
168.5(12)
16.3(21)
152, 2(28)
174,89
148,11
167.5(20)
173. 423
104,535
73.6(13)
70.5017)
144, 1 (23)
167.6UM
22,0(20)
123.227)
48.7(13)
170.8(2%)
127.3(29)
135.5(z0)
160.2(21)
154, 7(11)
F3.2(24)
S8.8U1%)
43, 8(24
120.8(22)
129.2(27)
335.3(20)
100.0(43)
139.1(9)
126. 0 (24)
129,54
31.3((32)
78.1 (44)
100, 0(S0)
30.8(21)
168, 4(34)
160.3(14)
119.9(7)
119, 2(9)
119.5(7)

"121,6(5)

118.2¢(7)
131.0(54)
97.3(8%)
1292.2(51)
131.6(48)
110.9(71)

114, 4(45).

50.3(28)»
82.5(37)
121,.9(325)
125,92 (46)
114.3¢45)
118, 3(S3)
73. 13D
151, 0 (34
68,7 (24)
S51.3(37)
S9.6(34)
100.5¢28)
32.5(3W)
154, 9(al)

79

B(4)-B(S)-CL (1)
B(13)=B(S)-Cl (1)
B(H—B(SH-CL(S)
BUZ-B(SH)-CLAS)
B(&)-B(S)-Cl (7)
B(12)~B(S)-CL (7)
CL1)Y=BLSI -1 (7)
B(5)-B(&)-CL ()
B(12)-Bt(&)=Cl (3)
B{(14)-B(&)~Cl (3)

* B(1)-B(&)~Ct (4)

B(13-B (& -CL(4)
CLI3)-B(&)~CL (4)
B(2)-B(1)-CL ()
BUl4)=R(1)=CL (¢4)
B(3)~B(2)~-CLl (2)

B(3)=-B@2)-CL (+)

B(Z)-B(3)-CL(2)
CL(2) =B 3) ~B(Za)
B3 -B)-CL (1)
B(O)-Bw4Y-CL(S)
CLID-BM{)-CL (5)
CL(S)-E(4)~Cl (2a)
B(1&8)-Bt11)-CL (3,
B(1&)-B(11)~Cl (&)
BU2Y-B(11)=-CL(7)
CL( -B{11)-L (7)
ClL(3)-B(11)-8(15a)
ClL(7)-B(11)-B(1Sa)
CL -B(I1)-R(163a)
B(S)-BR(12)~CL (1)
B(I1)-B12)-CtL (1)
B(S)-BH(12)~CL (&)
BUI1)-B(12)-CL (&)
CLD-BUD - ()
B(&)-B(12)-CL(7)
B(13)-BU2Y-CL(?)

- CLB-B(12)-CL(7)

B(&)-B(13)-€L ()
Bt12)-B(13)-CL ()
B(D-B(13)-CLH
B(-B(13Y-CL (&)
B(14) B (i3)»-Cl ($)
B(&)-R(1$H-CL (D)
B(13)-B(14)-C1 (D)
B(14)-B(15)-C1 (D)
CL(3)-B(1S)-B(11a)
B(11)-B(16)-CL(3)

CL(-BU&I-B(1ta)’

CL(3)-B(16)-B(1&a)
C(2)~S(2)-H2)

S -2 (1) =N(12)
S(2)=C(2) ~N(21)
N(21)~C (2) -N(22)
S(3)-C(3)-M(32)
C(-N(11)=-H(1)

C(2)—N(Z1y-H2)

C(2)-N(22)~H(23)
H(23) =M (22) ~H (24 )
C(3) ~N(31)~H (34)
C(3) —NGE-H(31)
H(S1)-N(32)-H(32)
B(4)=Ct (1) -CL(5)
B(S)-CL (1) -Ct (&)
B(12)-CL(1)~CL (&)
B(S)-C (1) -CL(7)
BU2Y-CL(H-CL(?)
Sl -Cl (- (7
BUH =CL(S) ~CL (1)
B -Ct(a)-ClL (1)
BUL-CL(&)~CL (7
CLID-ClL-CL(M
BUIY-CL () -CL (1)
B(S)~C (7 -2t (&)
BUD -CL(?)~CL (o)

Table 20. Bond angles for the 1,2,4 TMB-thiourea adduct structure.

86.0(22
154, 0 (25
Sl.4¢012)
151,11
102.1¢14)
+5.8U17
32, 2(29)
128, 4 (1)
83.8(21)
31.8¢18)
L2

70.8(4
120, 622)
27.52H)
156, (3N
Tlo4(1D)
136.3(20)
43, 001M
S2.523)
47,519
S4.1(20

6. 024
97.9(3T)
46.4(13)
169,218
48.741M
122.222

92.6(18)

145. 2 (289
167. 1 (27
+2. 4 (25
102, 4 (1'%
117,322
SH.8010)
67.3(22)
165,7 (28)
174,320
24,1015
116.348)
84.7 20
102,412
&.8C14)
100.7 ()
83.1(32)
88.8(32)

42,0 (44>

150, 7(53)
89.2(21)
92, 9(2H
8. 3 (48)
103. 7 (43)
120,86
121.8(7)
118.7(9
120. 1 (&)
117.3 (20
131. 7 (o3
117,462
85.88&)
114,43
111,04
130.2(57)
4.0015)
75.827)
43.3(19)
a8. 2(34)
35.7(23)
7.5018)
169.4(38)
142.7(3
125. 447
17.4(43)
171, 7 (48)
145, +(4
104,643




Table 21,

Trichl&rbbenzene Thiourea Adduct

F(obs) and sigma (F) for the 1,2,4 TCB-thiourea adduct structure.
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(Continued)

Table 21.

Trichlorchenzene Thicurea Adduct

uncbserved)

(—siama

F(abs) and sigma(F)
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Table 21.

Trichltorcbenzene Thiourea Adduct

unobserved)

(-siama

F(obs) and sigma(F}

Fo

Fo

86 |

11..1.11.1.27%111.?._./_,_m,bl__..__.,.~11111111_./_1511_.....2......

| 1 | 1 i

NEN—OE-g N T 11(7.3:305_ =N NNNSHNS

<+ O NG - ] MG D — -0 DD I N~ -+ — i -
-y —t

e R R B R T T N R A R
nhahaRalalh e Rt haakelhelblha Bt I N BT B IS T BRI B T BN BE I N I B SV [ o

7.u.w......101...,..345..h78911
et
[

098765432101_.4345678
4_l_ | E S T I B S

Y08 N D H YN
(! (I

)

27_..._D..‘_D.%_4__.»_D_.J111112111.\_52,_6_.,_11111
i

331367939.07.533538619744546383900317;
- - U O N - P st I3 04
i
NN NSRRI R IR O U OO S O R S R R R R e
00080 0FDMPNIMNNNNDS [oX ol ol ol o I o W . SNSRI I U P
v v vt v et v v v e Y e v e v g v
AR SR RREE ) SELE RS L b L

=10

-
-
i

-10

..._u12211.14__...b:2_ ._0111..._D11_./._...,._ bzz 7.‘__./‘._.,_ _..,._m...,.ﬁ..m,»uiz

<0 -0 L-0

-
(Y] -

943081.."37.._14._...._7:.“_L9~.._06=.u_u716513w538
- -~

— o N

VSRV AR U RL RV R RUE R N B R R SRR R UL R L N NN RN NG R

PN WEN BN PO MY o o R ok b e U D T T U0 DU 0
T v vt T vt T v v vt v vt v e v vt T vt v vt v vt v ot v ot v vd Y v v vt vl et e
43210123457&5‘432«.”..01_./:..‘_4_._.“_%_.-‘,__.-QQJ_..UI_ 3+

[ T [ T R B B

lll:w:qlﬁ.lllle36%6111@11111%%126%31
i [} t ] ] i

MOMOMNMNNDAN 0N 33313334617635)._.733&

- - ) - g ey ot N e P 143

MMMMNIMMEEMMMAQME NSRRI NKGNN NS

T et et ettt ettt = NN NNDNNNNNNNN N8N M

11111.‘.1111111111111111111111111111

7_:.¢_u_._W1,_+7u_ﬂ1_..01234567n“u7_1,ﬁ=_1..¢u_—.7_..ﬂq_101234560%:/ D___J
i

11:%.17.@211___-._2~._uﬂu1__/._b2=_u_./._127_@11.121___|._=_u1%2__/3%_
1

N

252647(138_:56338393956479233538373
- M ™N @~ G~ — - -
MMMMMMMRIOMMMMIMEAKMOMNENGON NGRS NN 8
PRI PIPIRIPPIDIRNOOSDOOODODOITIDDODODD -
11111111111111111111
FMN—O= NN ONIOPANTNFTNN D= NMIFNONO QD
[ b N T O M A I -1




(Continued)

Table 21,

Trichlorobenzene Thiourea Adduc{

unobserved) !

F(ebs) and siama(F)

(-sigma

[h]

Fa

87 |

.5511.3341”"21:-._1121.1217_.1312..ﬁ63242|.1|.3_u.._

[l | ..b:n.__._u,:q_.r_/_/qon_a??nvo_/n.667_7337 UJ..B s 0O
N - S - ——

e R L A R R R e i R R T e
FERFPFRRIOCOCT TS C T DT D OC D OO vt ot it vt ot
11.‘.11111111111]11111111111
=AM AN IR S PON G0N Dt N 130N QP 0T o NN
hauJ T T R TR R IO I N | | T O A R S T R

-

5

_D.-_*!Dlilrlilwﬂ.l../_llllc.u FY o0 Paort O DU v D vt [ e

_ ] I [ [ | i

Pl

0

el

3377\..7‘._2.0838613211

W UY M F 1 9 Q- a3
— + <+ £~ - N — 0

o IR WG N
12} ,._4 -— O

3

R A A R A A R R A T R R AR S S S S
I AN p e ee vl el s ol e ol e J e le Qs e e ol Qo o O R A NN S S S e N W

780\;_u..87654—:21.01234._‘_678(0.9.876543210
11_..___.___ a_..________,_

151111121111526ﬁ626251211L11125:1ﬂ
i AR T R S i

,h:....._ 4 542_:83733393?3..)87._7037963_.r7_6
- - 3.(_7_1 ™ Bo-N 9 -

-t

Q
i

b A R R B B R T R T e A R A
00008300000 F-03-B0-ONMDMNPMNMNMNNPMEPRNMNMNNMRRARNN

NARDFMNEACANMTONOSOPTGN DU G NN D N 0
[ A U T B 1.._1_______*_

1111‘..1.1.1‘.7_7_4121../_1111111111116 - s < e
. [

3487954777.440305 7”:8937”_537
g - - M N eaFallt0+ _._|_|._14 N -

20

444444444444444444444444444.4444444
444444444445::._55555::..5::._5,555555555666 .

1.\1123456781109B-/..D:A..i.vo:l.,.)1../._34:.._678098
i 1.1_...ﬂ [ [ . a_u._ i

C

.

2%2111___41___4111111,11«..1.%.1%q,_,_b,_m,ﬁu,_._wlq_._ll,l1l

83900730223518257._333333753
H-= o F-8 A_.v el I [ I

e i s B A i o TR R R R 2 S R R T S S S Sy
NNMMMMMMOMOMAONMBDMMNBEMNS NG G st
[ R

—

SO ANDNFM NSO« NIOFTNONOP == D@ O NN
1_..._1._________ . 1._1._1______‘__




Trichlorobenzene Thiourea Adduct
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(Continued)
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