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ABSTRACT

4 brief outline of the hlatory of clathrate
compounds is presented, A study of the relationship be.
tween the size of the vacancy within the Werner complex
and the sirce of the guest molecule was carried cut for
first row transition elements. The sige of the guest mo-
lecule varied from bensene(molecular volume=88,3ce/mole)
to d-sthyltoluene({molecular volume»135,B8ce/mole). A de~
finite relationshiy was found between the sice of the host
vacancey and the size of the guest molecule. This relation-
ship was established through kinetic rate studies ., X-ray
powder diffraetion patterns, and gravimetric analyses.

A lattice change from complex to clathrate is con-
firmed by X-ray powder diffraction petterms. Also,evidence
in support of a charge-transfer type c¢omplex was obtailned
whern no c¢lathretes could be formed uslng eyelopentane and
oyclohezane as guest molecules. A model of the clathrate
was constructed in order to show the posslible "sandwleh”
type interaetion between the nitrogen base of the complex

and the guest molecule,
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HISTORICAL BACKGROUND

" vhe word "clathrate” was first introduced into
ﬁhemzatry'&y H. ﬁuuruwéll fellcﬁzng his x-ray studies on
& series of moieealnr compounds (31). Powell was able to
ghow that these‘eom@auﬁﬁs were capéblﬂ of "trapping” other
molecules within their crystalline lattices, &nd hence
'he proposed the tern elathrate {from the Latin "clathratus"
meaning enclosed or protected by the crogs-bars of & grat-
‘1ng);'vul&ﬂw;ng the X-ray work of Powell, other investi-
géﬁarﬁ began intensive studies on this new type of compound.
The aérly work wes concentrated in three areas:

1. gas hydrates

_Re quinol complexes

Sn‘ﬂi(cN)szB°m (M= orgenic adduct)
1. Gas Hydrates

» The first gas hydrate reported was that between

chlorine and weter. It was prepared by H. Davy in 1810 (T)
by coeling a saturated solution of shlorine in water to
below 9°C. M. Paraday proposed the formula Cl,'10H,0 (15)
and further work by M. von Stackelbery and others (51-64)
glarified the nature of these compounds. More recent work
by C. Lowing (23), M. Bronemen(3), M. Mannere(24), G.Chan-
081 and. F. Parmentier(), H.Z. Roozeboom(42), P. Villard
(ﬁ&»ktiﬁﬁﬁg meny others, showed thaet this type of hydrate



cin be formed with a large number of gases or volatile
liquids, sueh as Clp, Bry, H8, 00, 80,, CH3Cl, CHCl,,
CRy, Re, Kr, and Xe.

An x-ray struetural study of gas hydrates was
carried out by L. Pauling and R.E. Marsh. (30) According
te thelr x-ray analysis, all gas hydrates cerystallice in
cubic -structures and are believed to be solld solutions.
The guest molseules are situated in eavities formed by a
framework of water molecules (the host) linked together

by hydrogen;banﬁs,

2. Quinol cemplexes

‘More than a ecentury ago, the hydroquinone com-
plexes with H,8 and 30, were reported by K. Wohler(66)
and Clemm(&). However, most of the work in this area has
been done since Powell reported the structure of several
quinol complexes— based upoén x-ray analysis. (27-28; 31-
37) He proposed that hydroquinone moleeules were linked
by means of hydrogen bonds to form a palr of interlocking
three dimensional networks. The netwqus do r.0t, however,
completely £111 the available space. The cavities which
result are roughly esphericeal and about 4 g in diameter.

Rach cavity 1s bounded by two e¢ircles of six hydrogen

LAl



bonded hydrexyl groups-and by the bengene rings of six
quinol molédeules. The Suest nolecules lle trapped in these
cavities.

. Theymedynamie values for guinol ecomplexes, as
well as other properties, have been determined by D.F.
Evans and R.E. Riehards,(11-1%) T.S. Dryden,(8-10) Van
der Walls, (88-81) R.M. Hexter and Goldfard, (20)J.C.

Platteeuw, (38-40) and meny other workers.

3. Ni(CN)ZHﬂBFGnglexﬁ

Thﬁvélathraﬁe formed between this inorganilc
eomplex and bengene was first reported in 18¢7,(18) al-
though the exaet struature wag not known. In 1952, J.H.
Rayney and H. M. Pawell reported the crystal struoture of
the Ni(GN)ENﬁs’benzene clathrate by x-ray analysis.(39)
8ince that time a 1argajnumber of other Werner gdmplexes
have been shown to funaﬁian aﬁ'hosts.‘w.ﬁ. Sehaaffer and P,
Williams (42; 66) r&pérn@d a large number of these com-~
pounts and the one utillzing Ni(4-methylpyridine),(SCN) \
a§ host was studie& by M.I. Hart, M.,J. Minton and N.D.
Smith. (17,18,24,25) They have published thermodynamic
constants, kinetle rate data, infrared spectra and phase
diagrams for several clathrates. A single ecrystal study
on some clathrates of tetra-(d-methylpyridine)-nickel(1I)
and cobalt (II) dithioeyanates has been published by D.



Belitskus,et. al. (1)

It soon become obvious that not all of the sub-
stances under study were "glathrates" Ly the definition
of Powell. A elassification scheme thus became neceasary,
and the following scheme was proposed:

I. Complex meolecules
A. Coordination Compounds
B. Inorganic Polynmers
c. s e
D. Moleeular Compounds

1. Inclusion compounds

:Qéﬁéxe?of g@yity
8. Urea and Thiourea Adducts .. . channels
b. Zeolite Complexes " channels
d. Orgphite and S;liga;ecmplexea layers }
d¢ubéxtrinm1a&1né éype Camplexes‘ BolutionY
e, Clathrates cages
At the present time there is some indication that this

classificatlion scheme is not inclusive and will require

modification, (2)
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INTRODUCTION
In 1957, 3chaarrer and co-workers published &

paper ent&tlad "Separatian of Xylenes, Cymenes, Methyl-
naphbhalenea and Other Isomera by Clathration with Inor-
ganié‘Camplexes" (42). Since that time a large nuwber of
1norgmnia eomplexes (Werner cgmplex@s) have been prepared
and th&ir physieal and ahemical properties studied in-
eiuding unib cell dimensions rar the crystals. According
hu the papeyr by 3chaeffar(§?), more than 50 complexes
utiliaing firat raw tranaition metals sre capable of
forming elathrates. Fourt@en of these were uﬁilimed in
atudying the separation or 1aomars of pmxylena. The
olathr&tea were prepared by two different metnoda, the
usp@nslen proeeas and the aolution process. The wcrk by
Sahaaffer waa apparently or an analybieal nature only,
$1ne@ his paper deals excluaively with the enrlchnent of
petroleum fraction* Fraliminary atudies in thls labaratory
1nd1cate railurm of clathrahlan ror several or the com-
plaxes liateﬁ 1n his paper. Up to now the only on& of
these eomplexea whieh has béen atudieu in detail ig Ni-
(i meth?lpypfdine)a {SCN)Q. hart in hie thesia (18) pre-
sented infrared spectra, phase diagrams and ¢alorimetric

data for clathratea nf Ni(H—methylpyridine)u(SCh) Minton



in her thesis(25), presented the results of further ki-
netic, phase and calorimetrie studies. X-ray atudies by
Hart(18) also indicated a difference between the erystal
sturcture of the complex and e¢lathrate. The suspected
octahedral configuration of the complex was confirmed by
magnetic susceptibllity measursements and visible absorption
spectra. Later, x-ray single cerystal studies by Belitskus
(1) also indicated an cetahedral cenfiguration(space group
Ia}/ﬂ.).

The heat of clathration at 25°C was measured
and found to be 15-20 Keal melg*l for p-iylene,p-dichloro-
benzene, ethylbenzene, and tolﬁena with host molecule Ni-
(b-methylpyridine) )y (3CN),.(18,25) So far & limited theo-
retical interpretation has been presented, but no systenm-
atle experiments have been performed to supert the theory.

In this thesis, experiments were designed that
‘would test ecurrent theories. This Included kinetic rate
studles of elathration using first row transition elements
trom Mn?t to 0u2* with the same ligands, SCN- and hL-mepy,
and different sigzes of guest molecules; interpretation of
x-ray powder diffraction patterns and quantitative analysis.
One sestion 18 devoted to & study of "sandwich” type inter-~
action between guest molecule and nitrogen base of the host
molecule. In addition, & twin calorimeter simllar to Hart's

(18) was construeted.
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A eonstant btemperature bath sapable of regulation
to # 0.1%C was used for all the kinetle rate studies. Tem-
perature messurements vere made with a thermometsr cali~
brated and certifiasd by the Unlibed Btates Natlounal Bureau
of Standaprds.

X-ray Yessurements

The x-ray powder d4iffraetion patierns were ob-
tained en & Sienmens Eristalloflex &, X-ray Diffractometer,
using copper E-alpha redletion. 4 Slemens two radian oamers
was used and line measurements were mede with & colncildanee
seale having an sceuraey of iva.&i .

Spestral Messuvements

Vitraviolet spectra were obtained on a Peckman
PB-0 Grating Speetrophotometer, using Beckman silice cells.
A Sergent Model BR Re¢order was &awﬁ to record the speetyre.
Analytienl Meassurementes

An Adnsworth Type 21¥ single pan automatlie ba-
iange was used Por all waighinge. A Sergent-8lomin Zlectro-
iytic Analyser and platinum eleotrodes were used for the
guantitative analysizs of cobalt and copper.

Gas Chromstopraphy Heasurements
& Varian BSewiee 1700 Gas Chromatograph was used

for kinetic rate studise invelving syclopentane and cyelo-
heptane. A Saygent Model IR0 Recorder was used to record
the chromatograms.

16
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- EXPERIMENTAL

Preparation of Wermer Complexes
To 0.288 moles of each of the following hydrates

dissolved in 3 liters of water was édded 0.456 moles of
KSCN.

MnCl,* HH50

PeSOy * THp0

CoCly * 6Hy0

NiC1,

-

6H50
CuCla * 2H50

After complete solution of the metal salt and thioeyanate,
0.910 moles of L-methylpyridine was added slowly with con-
stant stirring. The mixture was then stirred for an addi-
tional half hour before filtering. The precipitate was air
dried for four hours and then transfered to a desiccator
and stored over solld potassium hydroxide. Remaval of all
moisture required approximately one week. Materials used
1n'th1$ preparation were of analytical reagent grade. The
large amount of water used in the prepuration was necessary
"to prevent excess SCN™ from co-precipitating.

A quantitative determination of the percent of
metal in each of the complexes was used as an indication

of purlty. The results are shown in Table I,page 21.

12



Purificatien of solvent

It was necessary to purily reagent grade heptane
before using it as a suspension medium in the kinetic rate
studies, Later speetral studies showed that the purified
heptane was of the same purity az commereiamlly avallable
"Spectroguallity” grade.

The procedure used in the purification wae as
follows. First, the heptane was extracted using sulfurie
seld. This was agecmplishbed in a large separatory funnel
with cecasional shaking over a twenty four lour periocd.
Next, the heptane layer waz neutralized by shaking with
a 10f sodium ecarbonatd sclution end a salting out proeceas
was followed by using saturated sodium chloride solution.
The heptane was dried by passing 1% through a eolumn of
anhydrous d¢aleium ehioride and then fractionally distilled,
The purity of the heptane was determined from ultraviolet

spestra.

Kinetic rate studles
| o The kihatic rate studies were carried out in a
gonatant ﬁemperéture bath eapahla‘of regulation to + n.1%.
4 500 nl reaction flask containing 300 ml of
purified hébﬁane‘was plaéed 1n-tha constant temperature
bath and a11aéed to come to equilibrium, Ten milliliters
of the guest component was then introduced and the solution
stirred by means of a magnetle stirrer located beneath the

bath. Onee thermal equllibrium had been established 1 ml.



of the sample solution was withdrawn by means of &8 filter
stiek. A microliter pipette was then used to aecurately
measure 0.1 ml of the withdrawn sample. This sample was
placed in a 25 ml volumetriec flask and diluted with pu-
rified heptane.

Following the withdrawal of the initial sample
the scolld Werner complex was Introduced into the reactlion
flask. An amount to yleld slightly less than a 1:1 mole
rabio of host: guenz was used. The initial time for a ki~
natie run was tayen 2% the time the complex was added to
the ﬁelutian

Using preselected time intervals, 1.0 ml aamplwa
or solution were withdrawn from the reaction flask by
means of the Pilter stiek. Exactly 0.1 ml of each of
these samples was then transfered to s 25 ml volumetrie
flask end diluted with purified heptane.

Rash 6of the kinetic rate ntuwilies was 2llowed
to proceed for no less than 48 hours. The deerease In
the amount of guest component present ag a funection of
time was determined spectrophotemetrically using a Beckman
DB-G Spectrophotometer operating in the ultraviolet re-
glen at pre-seleeted wavelengths. Following eaeh of the

kinetie runsg the sontents ef the reaction flask were

14



filtered and the solild material air-dried. The solid was
then used in gbtaining x-ray powder diffraction patterns

and a quantitative analysis.

X-ray Diffraetion Patterns

Samples of each of the complexzes and the ma-
terial obtained from the kinetic runs were used for powder
diffraction x-ray patterns. The samples were prepared by
mixing the pawdered sample with collodion {(or Vaseline
in the case of Co) and extruding the partially dried sample
from a 0.5 mm diameter capillary tube, Patterns were ob~
tained on a standard two radlsn camera using copper K-

alpha radiation and exposure times of 1/2 to 11/ hours.

Quantitative Analysis

The determinatlion of the percent metal in the
complexes and clathrates followed standard analytical
procedures. In the clathrafa cases dilute hydrochloric
acid was used'to break down the compounds with Mn, Fe,
and Ni while heat was used for those of Co and Cu.

The percent Mn*? was determined gravimetrically
by precipitatlion and consequent conversion to Mn2P207.
The percent of FPett was determined volumetrically by ti-

tration with a standardized solution of KMnOy. Ni** was

15



converted to nickel dimethylglyoxime and determined
gravinetrieally. Both cu*tt andc’:a""+ vere determined ele-
trolytically by plating of the metal onto a platinum

electrode.

16
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DISCUSBION

Kinetic studies

The first kinetic rate studlies on Werner-
complex clathrates were reported by G. Gawalek, et. al.
(16) As a result of their studies it was reported that
the time required for clathrate formation was less than
15 minutes and that the solubility of the complex in
the hydrocarbon greatly effects the rate of formation
of elathrate. Further kinetie studies have been done by
Minton and Smith (24, 25) who reported an initial in-
crease in guest concentration and attributed the inorease
to either adsorption or absorption by the complex. They
also reported that the reactian appeared $o follow firss
order, revemgible, kinetles. Aceording to ;he_work of
Hart and sﬁiﬂhfclfjvla}rt;1.33500"hﬂﬂ80'OQQN?ﬁtdarlnE
the slathration prosess. Using the symbol a for the com-
plex lattic$ and § for the lattlos ¢f the olathrate, the
fellowing equation representa the slathration precess:

‘caéﬁiex («f————e>c1hthrate(8)

In the work of Minten (24, 25) the olathration reaction
was reported to be oomplete An four to six houra, de-
pending upon the particular guest molecule. The process

18



was deseribed as follows: ' the clathration reaction
would not begin until the guest molecule could dis-
place solvent molecules, come in contact with the com-
plex, dissolve it to some extent and bring about the
lattiee echange by precipiltation. Then, when the lattice
change was at least partially accomplished, the guest
molecules could move into the host."

The results from initial studies in this
laboratory showed both agreement and disagreement with
previously published data. 48 a consequence bt was de~
¢ided that further, more exﬁehsive experiments should
be performed in an attempt to clarify the rabe process
of clathration. The first trials were made using Werner
‘complexes of the type M(Qumethylpyridine)xCIy { where
M was either NiZ% or 7n°* and x and y in general had the
values 4 and 2 respectively). These host struectures failed
to form clathrates with either p-xylene or benzene. This
was confirmed by comparison of x-ray powdér'patterns of
the hast before attempted clathration and of the solid
material remaining after the completion of the kinetic
run, In eaech case there was no shift of linme positions
or in line intensities. Further evidence against clath-

ration was provided by gravimetric analyses for the

19



percent of M in each sample both before snd after the
attempt to form a elathrate.

The same type of studies were garried out on
the eemplex‘Ni(nmm&py)a(aﬁﬁ)a with p-zyvlene and benzene
an pogsible guest mmlaaulea. Again no clathrates were
found as evideneed by the results of kinetie studies,
X-3ray powder gatuerha, ané gravimetric analyses,

& re-determination of the published data on
the rate of ¢lathrate formation between Ni(ﬁwmegy)g(ﬁﬁﬂ)g
and p~xylene was ther undertaken, The results from the
rate studles, x-ray powder patterns, and gravimetric me-
tal analyses were In total agreement with the earlier
work of Minton(24,25) and Belitskus(l) which supported
¢lathrate formation.

With repnewed confidence in the method, kinetle
rung were @arrieéﬂaub at several different temperatures
(21.02%°C, 30.04°C, and %1.60°C) on the Werner complex
Ni(ﬁwmapy)a(scw)g utilizing different guest molecules.
The results of the gravimetric analyses are shown in Table
I. The change in gueat congentration with time during the
elathration process is shown in Table IT, and Figure 1

presents graphically the results of ¢the kimetle rate studles.

20



Table I
GRAVIMETRIC ANALYSES ¥OR N1

IN THE COMPLEX Ki(ﬂ~m¢py)u(SCW)2 AND P-XYLENE CLATHRATES

PERCENT Ni
COMPLEX  CLATHRATE I¥ I8 III®
Trial 1 10.63 5.20 9.05% 9.02
2 10.66 5.18 9.24 G.16
3 10.47 9.19 .11 $.06
-Average 10.59 5.19 9.13 9,08
Theoretical 10.73
HMole ratio(puest/host) 0.861 0.899 0.93%

¥ Clathrate I, IX, 1II refers to the clathrate formed at
21°C, 309C, and 42°C respectively.

21



Table 1l
CHANGE OF QUEST CONCENTRATION WITH TIME
DURING THE CLATHRATION REACTION BETWEEN
H1(A-mepy)5(8CN)y and p-XYLENE

TIME(hour) ABSORBAMCE OF p-XYLENE AT 275my
SAMPLE I(21%C)  SAMPLE YI(309C)  SAMPLE III(420Q)
0 0.95 0.95 0.94
1/4 0.93 0.95% 0.93
1/2 0.86 0.525 0.925
3/4 6.72 0.87 0.915
1 0.66 0.80 0.905
11/2 0.56 0.6% 0.84
2 0.51 0.545 0.71
] 0.382 0.36 .38
6 0.335 0.302 0.29
8 0.309 0.272 0.26
10 - - 0.255
11 0.294 0.25 -
13 9.29 0.24 -
2% - - 0.23
27 - 0.225 -
52 0.26 0.205 0.238
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Ho initial increase 1ln guest concentration
was found in any of the kinetie runs. A plot of -~log
( Ay~ “e) ve, time was drawn and 1s shown in Figure 2.
From the curve obtained it ls evident that the reaction
is not reversible, firat order as proposed by HMinton
(zh), The results do support . the thermodynamiec studies
of Minton(24) and Hart(18) which showed that the elathra-
tion reaction is endothermic. In addition the x-ray
powder patterns of complex and clathrate are definitely
different as shown in Table III and thus support the
theory that the lattice of the host stpweture undergoes
& change during clathration ( o« 8 ), &4n additional
experinent was Derformed using unpurified heptane as
the suspension medium Iin an attempt to duplicate the work
of Minton on the initial rise in guest concentration.
However, the initial rise was again undetected,

The eXperlmental work was next extended to de-
termine whether or not & relétionshipj could be found
between the sige of the guest molecule and the ease of
alathration. For this study, divalent, first row tran-

gition metal 1ons from Mng+ to Gu2+ were used. The com-
mon anion was BCN™ and the basic nitrogen compound was

b.methylpyridine. Ouest molecules varied from benzene
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Table IIY

INTERPLANAR DISTANCES (A) FOR THE MORE PROMINENT

REFLRCTIONS FROM THE Ni(4-mepy)y(8CN)o COMPLEX AND THE
p~XYLENE CLATHRATE

COMPLBY
dobsa M1t Yonsd
8.64s 13.77
8.55 8.37vs 8.50
7.56 7.56m 7.30
6.80 7. 30w 6.01
5. 17w 5.49
5.08 5.03s8 5.25
4,98m
b, 82 b, 8%m
b5k §.508 h.61
h,32 4,368
4.27s
4,08 I, 68m
b, 05m
3.91 3.90m 3.99
3.88m
3,68 3. 65w 3.83
3,56 3.55w 3.£5

25

CLATHRATE
1 @
91¢

13.3Um

B.36vs
7.18s

5,418
5.238

§,86w
b,608

h.o2w
3.95m
3.80m
3.658

a ¥
caled

13.43

.38
7.12

5.483
5-23

4.80
h,66,4.56



3.27w 3.62m 3.5¢€

3.16 3.15% 3.61m 3.56
3.32w 3.32
3.19%w 3.22,3.16

# ¥.1I. Hart and ¥N.0. Smith, J. Am. Chem. Zoo, gﬂ, 1816(1962).
#% D, Belitskus, et. al., Inorg. Chem,,2, 873(1963),
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with a molecular volume of 88.8 ce/mole to p-ethyl~
toluene with a molecular volume of 139.8 eco/mole. In
addition to these, in the case of the N1t complex,
J-ethylpyridine was used &s the basic nitrogen com-
pound in combinatlon with various size guent molecules.
The most eonclusive result from all of these studies is
that there appears to be a very definite relationship be-
tween molecular slse and the formation of a elathrate.

Tablez IV through VII show the change in guest
concentration with time for the complexss under study.

The rates of formation are shown in Figures 3 through &
as plots of abaorbance against time.

Contrary to our previous results, an initial
risze in sbscrption was cobaerved for moat of the kinetic
runs., This rise was shown to be due to existence of free
Eomethylpyrlidine in solution. If the solution is extracted
with 6 N HC1l and drled by passing 4t through anhydrous
C&Clg, the initial ineresase in absorbence can be eliminated.
The excess was probably carvied aleng from the initial
preparation but could have been due to some decomposition

of the complex.
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Table IV
CHANGE OP GUEST CONCENTRATION WITH TIME
DURING CLATHRATION REACTION
BETWEEN Mn(4-mepy),(SCN), and BENZENE, TOLUENE AND; p-XYLENE

Time (hour) Absorbanee (A)

Benzene Toluene p-Xylene
(atA=255my) (ata=263mu) (atr=275my)

0 0.23 0.30 0.63
1/2 0.24 0.31 0.63
1 0.25 0.31 0.63
11/2 0.24 0.31 0.62
2 0.235 0.31 0.61
3 0.245 0.31 0.60
5 0.245 0.31 0.49
8 0.236 0.31

9 - - 0.33
10 0.235 - -
12 - 0.30 0.32
24 0.24 0.29 0.305
36 0.25 0.28 0.295
48 0.245 0.26 0.285
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Table V
CHANGE OF QUEST CONCENTRATION WITH TIME
DURING CLATHRATION REACTION
BETWEEN Ve(imepy),(SCK), and BENIZENE AND p-XYLENE

Time (hour) Absorbance(A)
Benzene(atie255my) p-Xylene (atA«275mu)

0 0.300 D.61%
i/2 0.298 0.600
1 0.280 -
11/2 0.270 0.480
2 - 0.%10
21/4 0.248 -

3 - 0.325
31/2 0.228 -

5 0.214 0.245
9 0.212 0.213
12 ©0.208 -
123/4 - 0.208
24 0.195 -
25 - 0.200
35 0.185%5 -
36 - 0.210
48 0.187 0.200
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Table VI
CHANGE OF GUEST CONCENTRATION WITH TIME
DURING CLATHRATION REACTION
BETWEEN Co(H4-mepy)y(SCN), and BENZENE, p-XYLENE

Time (hour) Absorbance(A)

Benzene(at \»=255m4) p-Xylene(at =275m.)

0 0.306 0.628
1/2 0.280 0.375
1 0.240 0.295
11/2 0.209 -

2 0.200 0.257
3 0.198 -
31/2 - 0.240
5 0.175 0.237
8 - 0.240

11 0.170 -

11l/2 - 0.240
24 0.170 0.235
36 0.170 0.235
48 0.180 0.235

31



Table VIT
CHANGE OP GUEST CONCENTRATION WITH TIME
DURING CLATHRATION REACTION
BETWEEN Ni(&»mepy)s(SGN)a and BENZENE, p-XYLENE

Time (hour) Absorbance (A)

Benzene{atA=255my ) p-Xylene(atA=2T75mu)

) 0.280 0.950
1/4 0.250 0.930
1/2 0.250 0.860
3/4 0.240 0.720

1 - 0.660
1i/4 0.230 -
1172 - 0.560

2 0.215 0.510

3 0.210 -

b - 0.382

5 0.187 -

6 - 0.335

8 0.165% 0.309
11 - 0.294
121/4 0.164 -
13 - 0.290
24 0.157 -
36 0.155 ~
48 8.155 0.265
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¥~-ray powder diffraction patterns agsin eon-
- firmed @ change in lattiee structure in going from com-
plex to clathrate ( «+8 ). The interplanar spacings are
listed in Tables VIII through XII. Only in the cases of
certaln benzene clathrates were the patterns identical
and this was probably due $0 2 highly reversible reac-

tion for this small guest molecule.
complex (a) 2 clathrate (§)

Gravimetric analysizs supported this conclusion. The re-
sults of the gravimetric analyses are shown in Table
XIIT.

In addition to molecular volume, the effects
of ionic radius of the metal ion and the ligand stabi-
lity energy were investigated. A plot of the effect of
ionic radius is shown in Figure 6. The graph shows that
the larger the ionic radius the larger must be the guest
molecule to form a clathrate. Mn2+, with a configuration
of tgg eg , has the largest ionic radius due to a spheri-
cal (uniform) dietribdbution of "d" eleetron density around
the metal ion. Going from Mn?% to N12* the additional

electron(s) 1s added to tgg, regions of space away from
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Table VIII
INTERFLANAR SPACINGS (R) POR THE COMPLEX Mn(i-mepy),(8CK),
AND ITS CLATHRATE WITH p-XYLENE

Complex Toluens  p-xylene Clathrate
13.809 13,808 14,078
10.21m 30,21m 10. 03w
8,218 8.21s 8.57ve
. 7.28m
6.008 6.94s
5.5 2m 5,52 :
5.29m 5.29m 5,388
4.9t 4.9%m 4. 9ty
4,628 b.628 8,650
1.20vs b, 20vs b, 27w
N B.03w
3.668
3.3
3.18s
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Tedle IX
INTERPLANAR SPACINGS (R) POR THE COMPLEX Pe(i-mepy),(8€N),
AND ITS GLARHRATE WITH P-XYLENE

Gomplex Bensens Qlathrate  p-iylene Clathrate
13,940 .A3.90s 33.928
10.07m
" 8.53vs . 8,53vs 8.16vs
© T+30a 7.308 6.96s
6.01w 8,01 5.66m
5.35e LBe-Y%s 5.27w
- 8. 95w 4, 95w 4,91w
5.65s “u 8,658 4,60m
h.ols 4.019 4,208
- 3.81w 8, 81w
-s.ﬂﬂm -3.64m
-3.39m 3. 39m
3.18m " R.18m
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Table X'
INTERPLANAR SPACINGS (A) POR THE COMPLEX Ce(imepy),(5CN)2
AND ITB CLATHRATES WITR BENZENE AND p-XYLENE

Complex Benzene @lathrate  p~Xylene aelathrate
8.58vs 13,98m 13.98m
8.58va 8.52vs - 8.52vs
7.6%9w 7.29w T.29%
6,88w

556 5.56m

S5«338. 5.338
5.098 hiG2w §.92w
§.558 4,64 k.G4s
§.37m
§.10m 4.01e 4,01s
3.88w 3.80w 3.80w
3.61w 3.60m 3.64m

334w 3¢ 3Uw
3. 18w 3. 18m 3.14m
2.99w



Tanle XI
INTERPLANAR SPAGTNGS (A) POR THR COMPLRY R4 (b-mepy)y(8CN),
AND XIT8 CLATHRATES WITH BENZENE AND p-~-XYLENE

Complex Bengene Clethrate p-Xylene Clathrate

13,63(s) 13.7Tm

8.55vs 8.45vg 8.50vs

T.568 T:1Tm 7.308

€.80w 6.00m 6.01w
- 5.38m 5.498

5.08s 5.16e 5.258

h,.82s LR "] 4,618

4,548 . B,68is k,61s

b, 328

i, 088

3.91s 3.982 3.99w

3.79w 3.83m

3.68w 3.70s 3.65a

3.56m

3.27w 3. 30w

3.16m 3.20m

ie



Table XII
INTERPLANAR SPACINGS (A) YOR THE COMPLEX Cu(4-mepy)a(SCH).

Complex

6.84s
7.68vs
6.68w
5. 44y
‘5«378
4.16s
3.86m
3. Gl
3.20
3.00m
2.90m
2.70w
- Rs5m .
2.42n
2.32m
2.21w
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Table XIII
GRAVIMETRIC ANALYBES FOR THE METAL ION IN COMPLEXES
OF THE TYPE M(R~m@py)a(ﬁﬂﬂ)2 AND SOME CLATHRATES

Complex Clathrates
Expar&monthl Theorétical Bengene Toluene p-Xylene

gmn?t 8.92 9.90 10,11 9.71 8.90
wre’t 10.55 10.26 10.41 - 9,31
fco* 10.66 10,76 9.57 - 8.88
gN3 2t 10,59 10,72 9.20 - 9.19
fcult 18.73 19,03% 18.58  19.03  18.50

# pased on the complex cu(#~mapy)2(5cn)a

“h2
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the metal-~ligand bond axes, thus the effect of screening

is abnormally low and the radii fall in the following

order:
Mn2*(0.80 ) > Fe2+(0.78 §) > co®*(0.72 ®) > M2 (0.69 §)

@oing from Ni°Y to 2n2*, electron(a) are added to ey
regions of space on the metal-ligand axes, thus the

effect of sereening 1s quite high and the order i1s:
wn*(0.74 8) > cu2*( 0.72 }) = N12+(0.69 })

Although Cu?* has about the same loniec radius as Co’t,
the coﬁper ion wi;l be expected to form a eomparatively
large cage due t6 the Jahn-Teller effect(2l). Experi-
mentally we were unable to form a clathrate using copper
as thg metal ion. This 1is apparently due to the Jahn-
Teller effeet in that Cu?® will only form a tetra co-
ordinatad complex with 4-methylpyridine,(68)
Aceording to Graddon’'s resultsz(22) on gnt
compounds of the type ZnByXs; predominate with B being
a heterocyclic base and X a halogen. Qur studies sup-
ported this sinee no elathrate formation was observed
with Zn®* complexes of this type. This result is also
in agreement with the»order of Irving-Willlams (21).
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Our studies and those of others who have been
cited supperhea the pbatulaﬁe that the formation of a -
elathrate is dependent upon the molecular size of the
gﬁest éoﬁboneﬁt. - |
- Addiﬁional éxperimaﬁtal work was carried out
using f-ethyltoluene as a possible guest component. This
ebmpound‘has a computed molecular volume of 139.8 cec/mole
ﬁhd according to Sehaerfer, et. al.(U3) forms a clathrate
with ﬂi(hwmepy)uiscﬂ)g. However, two independent, kinetiec
runs in this laboratory using the éuapansian method and
ﬁiﬁea'df b8 hours failed to aanfifm the results reported
by Sehaeffer. The lack of clathrate formation is based on
ultraviolet éﬁécﬁra, X-ray diffraction patterns and gra-
Vimétfié'&nalyaés.‘An‘attempt to form a clathrate using
Mﬁfﬁ;ﬁébi)a(séw)z as the host structure was also unsucoess-
£ul even though the cavity in this complex should be larger
ﬁﬁan in the nickel éompléx. The next c¢losest molecule in
ééiéeﬁiar volume to l-ethyltoluene which is reported to
r6§m é clathrate with mi(hmmepy)g(SﬂN)g is U-methylstyrene
(molecular volume 131.3¢e/mole). This highly conjugated
ﬁ&steﬁ:waa reported on b& W1lliams(6?). In a recent paper
by F. Casellato and B. Casu(7l1) evlidence for the non-

clathration of tertary-butylbensene(molecular volume
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154,8 co/mole), by itself, is presented.

"o Phe eonelasien wh&ah-wa draw from the above
evidense is thab molesules with & molecular volume equal
to or greater than that of 4-ethyltoluene are too large
to be accomodated in the/gmlattiee of Ni{l-mepy)s{SCN)s.
This provides further augpn?t for the theory of elathra-
tion that emphasizes the reiaﬁimnship between the slze
of the cavity in “the host stnueﬁure and the molecular
volume of the guest malecule.}

A further test of th@ theory was provided by
inereasing the $ize‘af thg‘ﬁésie nitrogen compound in
the Werner complex. In ﬁhib‘éxpevimant' B-ethylpyridine
was used in plece of ﬂwmebhylpyridine in order to pro-
vide a larger cavity in theﬁ;»lattice. No evidence of
clathration was found using b@nzene, teluene, p—xylene,
and lB-ethyltoluene as posaible guest components. Results
of these studles are shown 1m Table XIV and XV. Size
relationships alone can be uaed to explain these results,
However, there is also strang evidence in support of zome
type of pi-electron 1nteraetion in these clathrates and

this 1s dispussged in next section of this thegis.
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Tawie IV
INTERPLANAR SPACTHOS (R) POR THE cOMPLEX Wi(Awethylpy ) (BCN)2

Comploy

9.68vs
7,308
6. how
5, 87w
5.63m
8,068
k.87Tm
%:87s
he29m
4.13s
3. 96w
37w
B.53w
3.29m
3. 0Pm
3. 08y
2.86w

87



Toable XV
ARAVIBETRIC ARALYEIZ FOR H1 ION IN THY
COMPLEX OF w&(%«aﬁhylpy}QCﬁﬁ‘)a BEFORE AND APTER EIMETIC RUNM

PERCENT Wi
COMPLEX APTER KINBYIC RUN
YITH POSSIBLE GUEST MNOLECULE
BENZENE TOLURHE p-YYLEHE 4-ETHYL

POLYENE.
Tfiﬁ ]« Qh“‘ﬂ b %uaﬂ gvﬁl ’:";‘-5‘5
2 2.35 .87 9.5% v §.61 9.50
3 .44 .47 348 4.6 g.54
Aversage .41 9.47 g.4h8 §.54 Q.50

‘Theoretical $.73
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pi~-ELECTRON INTERACTION

Clathrate formation with Werner eomplexes evi-
dently is not only affected by the size of hoth the hole
provi&aarhy f-torm atrﬂature of the host moleewle and the
size of guest mﬁl&ew&a, buﬁ 1s alse beliavad to be affecﬁeﬂ
by the piwelawtrmna 1n tna n&%m@g&n b&ﬂﬁ and ‘the pi~glec-
trong of the guﬂﬂt mmlaaule‘ The aimplauﬁ way te pleture
this type of bonﬁin@ 18 as & “smnawﬂan“ in whieh the pi-
electrons from both the nitrogen base and the guest mole-
cule are invelved. The "sandwioh” type interaction was
first suggested by De Radsitsky and co-workera based upon
preliminary X-rvay diffraetion studies on the clathrate-
forming complex H1(NCS)p (X-methyl-p-bromobenzyl-amine)y
(72). This model has now been applled to A-methylpyridine
type elathrates by Casellato and Casu in‘bhear reeent
paper(Tl). Based upon I.R, speetral shifts, weak charge
transfer interaction between the components of the ela~
thrate wes postulated. A simple model was uased in the
paper as shown in Pigure 9, The relative orlentatioens of
the hasie mizramun eampaunﬁ and guﬁst melecule ars not
known but was yr@paaaa as ﬁhovn in Figure 8 and Pigure 9
aaaarﬁing Lo a “sanduieh“ type inbaraetawn and definite
s&s« raiattenahivﬁ ﬁ%taimed in this laberauary‘
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N mg,um T
A p.’t.mr prequuﬂm at the pmﬂmlu
_,nmmgmé\nt &r host units in th&
| fi-1attice of Ni(H-mapy),(5cH),®

Fig 7

== =
B e

Complex

iz L) Clathrate

e vepreseht K-methylpyridine
Zzza | vepresent guest molecule

» Gamlmﬁo, . ami E. cwu, Spectrochimice Acta, Veol.
25, He. 8, 1A407(196%)
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Pigure 8
A l‘lmm msawmn of The PFreposed
&ma:mm of The Hest Onits In
™ f-laitise of Mh-meprlytcn),

o
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B e

Complex
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| Flgure %
‘Al'mmael of pmwaéﬂ arrengement of

the host tmi‘h;a« an umﬁ Jattice |
4“"91‘ r‘u(!&nm&py)n(sm)g with p-kyléne: as pguest molecule




As shown in the proposed medel, the guest molecule is
able to interact with the niltrogen bases on two different
complexes. This 1nteraetion-ﬁas shown as an I. R. shift
of the C-H bond in the nitrogen base by Casellato and
Casu(7l). Acocording to this proposed model, the lack of
formation of a alathréte between Ni(l4-ethylpy)4(8CN)»

and p~xylene at room temperabure is easily'expiained

in terms of lncreased cavity sirze, since pi-electrons
interaction is no longer probable.

The evidence for invelving pl-electron of the
gqest molecule in forming a e;athraﬁe is shown by using
auguest molecule such as cyclopentane, with a moleculer
volume of 93.5 ce/mole, and cyelohexane, with a molecular
volume of 110.5 ce/mole. Both fall inta tﬁe right guest
molecule size range for Ni(l-mepy)y(SCN),, but no cla-
thrates were feund,preaumabﬁy‘dua to the laek of pi-élec-
t?éns in the guésﬁ molecule. The results of the gravimetric
analysis for niekel in the complex Ni{l-mepy)y{SCN}, be~
fore and after kine%ic runs with cyclopentane and cyclo-

hexane are shown in Table XVI.
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Tavle AV
QRAVIMBTRIC ANALYSIS POR THR NI IOM
IN THE COMPLEX OF ﬂi(ﬁmmawy)u(&ﬂm)% BEWORE
ARD AFTER FINBETIC RUMI WITH CYCLOPENTANE AND CYCLOHELARE
A% POSSIBLE GURSY MOLBOULE

PERCERT B3
COMPLEX APTHR KINRTIC RUK
WITH POSBIBLE QURET HMOLECULE
CYQLOPENTANE l'Q?QLﬁHﬂKﬁEE

Trinl 1 10,69 16,136 10.52
2 10,66 16,35 16.61
4 10,47 - 16.53
Average 106,59 10. 36 10.55
Tneoretical 10.7%
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GENERAL SUMMARY



GENERAL SUMMARY

A summary of the experimental data is presented
in Table XVII. A study of the table reveals & number of
very interesting points. First, all clathrates formed
using srometic hydrocarbons as "guest" and complexes of
ﬁhe;type,-m(BNG)g(X)g, as"host", have definite size 1li-
mitations on the molecular volume of the guest which may
be accomedated. For example, the molecular volume of a
guest molecule must be in the‘range 106 ec/mole to 132
ec/mole if 1t is to form a clathrate with the host, Mn-
{4-mepy )y (8CN),. The same limitation is true for the com-

2*, and N12+.‘It is apparent, therefore,

plexes of Fea*, Co
that the size of the guest molecule is a critical factor
in the formation of e¢lathrates. The second polnt which
is apparent from Table XVII is that the size of the guest
‘molecule which is accomodated inereases in proportion to
the increase in ionlc radius of the central metal ion,
from N12*¢0.69 R) to Mn®*(0.80 1). Thus, a clathrate was
formed between benzene(B&?S cc/mole) and the complex Ni-~
(4mepy) ), (SCN)p. Whéveds-rie &lathrate was observed with
Mn(4-mepy )y (SCN) ;. This deads #0. the conclusion that the
size of the "hole" in the host complex 1s also‘a main

factor in elathrate formation. A third point observed is
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that sltheugh cyelopentane end eyelohexane both have a
mamm velume in the vight vange, neither formsd s
wxwhéwn with the host Ni( Aomepy)y (B0R)g. This latter
mmm would suggeat that pl-elsstrons in the guest
mmm.e &iw an mmmh faster in elathrate for-
mtm. Recent finding in othur laboratories(7l) seem te
amﬁm the mmwpt ef a "umﬁwmhwwwﬁ mwmw lon in
mﬁm mm¢wtma complex ummmem.

b T™he results of the X-ray powder dAiffraction
Sessnrements confirm the lattice changs (o/—/) in going
from complex o ¢lathrate. Closer exemination of the inm-
hwmar spaoings 4in the somplex and slathrete _suggest
’]l 1§tt40e erpanaion in the «— /5 transformatien.
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