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ABSTRACT

The temperature dependence of the magnetic susceptibility and the

electron paramagnetic resonance spectra of the thiazole complexes dichioro—

and dibromobis(thiazole)copper(II) are reported , along with a complete

three—dimensional X—ray structure analysis of the dichloro complex based on

counter data. The dichloro complex, Cu(C3H3NS)2C12, crystallizes in space

group P2
1/c of the monoclinic system with two independent formula units in

a cell of dimensions a = 7.332(6), b 3.853(4), c 17.493(17) A , and

= 93.70(l)°. The structure has been refined by full—matrix least—squares

methods using 1172 independent data to a final value of the conventional

R—factor (on F) of 0.028. The structure , which consists of infinite chains of

doubly chloride bridged copper(II) ions , is reminiscent of those of the

pyridine analogs , with a Cu—Cu separation of 3.853(4) A and bridging angle

of 91.89(2)°. The magnetic data and interchain exchange interactions are

discussed in the light of the structural properties of the systems .



INTRODUCTION

Current interest in one—dimensional exchange—coupled magnetic

systems has recently stimulated a considerable number of theoretical

and experimental studies as well as several comprehensive reviews.1 5

Most of the theoretical work has centered on completely isolated one—

dimensional nEdels, while the experimental work has reflected the longe r

range interactions which always occur in real crystals.

From the theoretical standpoint , most of the investigations have

centered on the use of the various forms of the spin—spin Hainiltonian (1)

H = —2J E [a ~~~~~~~~~~~ + b(S
t
~ S~ + S~~ S~ ) ]  (1)

1< ~ z x x y y

where J is the exchange integral , S , S , and S~ are the components of

the total spin (S), the ratio a/b is an anisotropy parameter , and I and j

label adjacent Ions. For the case a — 1 and b 0, the Ising model is

obtained; and, in the special case for S 1/2, an “exact” closed—form

sol ution has been obtained for  the magnet ic  and thermodynamic properties

of a one—dimensional chain .4 ’5’ 6 If the sp ins a re res t r ic ted to  lie in

x—y p lane , i.e. a • 0 and b 1, then the X—Y or planar Heisenberg u*i~de1 

—• . • • .

~
~-
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is ob tained; and , Katsura
7 
has obtained exact solutions for the S = 1/2

linear chain . Furthermore , when a = b 1, the exchange interaction is

isotropic and the Heisenberg model is obtained.8’9’10

Unfortunately, in the Heisenberg or isotropic limit, no closed form

solutions ~or m.agnetic or thermodynamic properties have yet been found ;

this being the case, almost all of the theoretical analyses have used some

approximations to estimate the properties of linear chains.9 Bonner and

Fisher8 studied the S • 1/2 antiferromagnetic Heisenberg chain and performed

computer calculations on finite rings and chains of isotropically interacting

spins; they were able to estimate rather accurately the limiting behavior

of the infinite linear system . Katsura and coworkers11 have applied “linked—

cluster” expansions via perturbation theory to estimate the various thermo—

9,10dynamic functions of interest. Finally, Baker, Rushebrooke and coworkers

have employed a high temperature series expansion method to study the magnetic

and thermal properties of linear }leisenberg systems. Generally, the results of

Bonner and Fisher have been most widely accepted .1

Numerous experimental studies of linear chain crystals have appeared

irs the literature.
1 3 ’5 The results of these experiments have been ana-

lyzed in terms of the available one—dimensional (i—D) models. Transitions

to the long—range, three—dimensional ordered state have also been observed

for several of these systems. Since it is known from the theorems of

Hermits and Wagne r12 that pure one— and two—dimens ional isot ropic systems

cannot sustain long range orde r at f inite temperatures , conside rable

interest  has been fo cused on linear Heisenberg complexes with small but

13, 14f in i t e  inter -chain exchange .

Pe rhaps the most famous example of a nearly one—dimensional chain

is pro vided by tetramethylammonium tr i chloromars gan ate(I I) (TMMC) , whose

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _  -44
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int ra—chain exchange is about 9 cm 1 
with longe r range inter— chain inter-

actions being about four orde rs of magnitude smaller.16 For S = 1/2

complexes , copper tetraamine sulfate monohydrate (CTS) has been the mest

thoroughly studied ,17 21 
but some recently reported elect ron pararnagnetlc

resonance results have been interpreted in terms of a quadratic rathe r

than linear model .22 Finally , one of the best known examples of a S = 1/2

Helsenberg chair. is dichlorobis(pyridine)copper(II), in which the intra—

chain exchange is about 9 cm 1 
is much large r than the observe d inter-

13—15 ,23,24chain coupling.

A relatively large number of transition metal complexes of the gen-

eral stoichiometry M(II)L
2X2 (where M is a divalent first row metal ion ,

L is a hetero cyclic nitrogen containing organic base, and X = Cl or Br)

has been shown to contain ,
24’27 or behave as if they contained , linear

13—15 ,28,29a,23,33,34magnetic chains of doub ly halogen—bridge d metal ions~

Typicall y, structural studies have shown that the H L2
X
2 
systems contain

doubly halogen brid ged metal Ions with intrachaln metal—metal distan ces

of about 4 A and M—X— M angles of about 90° (See Table 1); these chains

are usually packed in such a way that the interchain metal— metal distan ces

are much longe r (i .e.  greater than 8?) than Intrachain distan ces , and

pseudo—one—dimensional chains are formed. Although interch ain distan ces

seem to imp ly quite weak interchain magnetic exchange , these effects

have been observed; furthe rmore, it is believed that these we ak in t e r c h2 in

Nuperexchange pathways Involve M — X. • .N — M interactions . A thorough

discussion of the properties of Cu(py)2C12 is available .
’3’14

With these facts in mind , the bis(thiazole) dihalogen metal(II) com-

plexes reported by Underhill,et al.3° became of considerable interest .

~~ I --~~~~~~~~~~~ • -• ~-~~-•~•~~~~- • •--•- • •• • -• • -• - ~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The structure of thiazole (C3H3NS) is depicted below . Since the elec—

t ronie and infared spectra of the thiaz ole complexes were similar to

those of the known pyridine an alogues , it was proposed that the com-

pounds Cu(thiazole)2
X
2 were polymeric with double halide bridges.

Also , it mi ght be expected that the sulfur atom of the heterocycle

could provide an efficient interchain exchange pathway. In order to

confirm the original postulates of Underhill, et ~~~~~~~, an d to examine

ossibility of enhan ced interchain exchange, we undertook low

~t u re susceptibility and electron paramagnetic reson an ce studies

of the complexes, and a complete three—dimensional crystallographic

analysis of the chloro complex. The results of these studies are

reported he re.

EXPERIMENTAL P ROCEDURE

Thiazole (C 3
}I3NS , Tz ) ,  obtained from Columbia Organic Chemi cals ,

Columb ia, S.C., was of pu r ’i.ss grade and was used without further purifi-

cation. Reagent grade copper(II) chloride dihydrate and copper(II)

bromide were obtained from J.T. Baker Chemical Co. and used direct ly .

Both complexes were prepared by a slight modification of the method

described b y Underhill et al .~~

Di c1i lo robis(~h 1azole) cop~ e r CI I ) ,  Cu( t z ) 2 C12
To a wa rm solution of thlazole (0.51 g, 6mmol) in ‘-1 m l  absolute

ethanol was added O .5g ,  (3mmnol) of CuC1
2

2H
2
0 in — 8 ml absolute ethanol .

An immediate turq uoise blue precipitate resulted; the mixture  was s t i r r e d  for
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ten minutes , collected , washed with ether and benzene , and allowe d to

dry under suction . The product was re crystall ized from di methylfo rma-

m ide (DMF) by addition of an equal volume of iriethylene chloride followed

by cooling in the freezer compartment of a refrigerator. Anal : Calculated

for  Cu (C
5
H
6
N
2
S
2

)C 1
2
: C = 23.65, H = 1.98, Cl = 23.27. Found: C = 23.56 ,

H = 2.08, Cl = 23.51.

Dib romobis(thiazole)copper(I1,~~ Cu(tz)
2

Br
2

Cu(tz)2Br2 
(hitherto not reported) was prepare d as above . The da rk

green powde r (~ 
= 14285 cm 1

) was recrystallized as above to y i e l d

darker green hai:like needles. Anal. Cal culated for Cu(C
6
H
6
N~ S~ )Br~ :

C = 18.31, H = 1.55, and Br = 40.6. Found: C = 18.31 , H = 1.62 and

Br = 40.42.

Ma gnet ic  susceptibilities were obtaine d on a Princeton App lied

Research model 155 vibrating sample magnetometer (VSM) operating at a

f ie ld st rength of 10kG . Temperature s at the sample we re measured wi th

a calibrated G aAs diode by observing the voltage on a Dan a model 4700

4.5 place digital voltmeter; further details of the apparat us and

te mpe rature measurement h ave been given elsewhere . 
31 Finely-ground

polycrystalline samples which were enclosed in Lucite sample holde rs

t y p i c a l ly weig hed app roximately 150 mg. The data were corrected for the

diamagnetism of the Lucite holde r and for the unde rlying diamagnetism

of the constituent atoms using Pascal’s constants. 
32 A v alue of 60 x io

_ 6

c.~~.s. units was assumed for the temperat ure independent parainagnetlsm (TIP).

Elect ron paraniagnetic resonan ce (epr)  spectra we re obtaine d at room

temp e rature  on a Varian E—3 spect rometer opera t ing at approximately 9.5

GHz (X—Ba nd) . All spectra were r icorded from ve ry f inely g round powde rs



1~

enclosed in commercial ly available quartz sample tubes. Several spectra

were re corded at 77 °K through the use of an insertion Dewar made by

Varian . The magnetic field of the E— 3 was calibrated by muir techniques

using a Magnion G—502 gaussmeter and a Hewlett—Packard 5340A f r e q u e n cy

counter. The klystron frequency was observe d di rect ly with the

frequency counter.

Determination of the Crystal Structure

We issenberg and precession photographs indicated that the crv~-tal .~

belonged to the monoclinic system , the observed systematic absences ~f

OkO f o r  k odd and hOl for  1 odd being cons isten t only with the space

g ro up P2
1
/c. The cell constants , determine d by least—squares methods ,

are a =  7.332 (6), b 3.853 (4), c =  17.493 Q.7 ) A arid f = 93.7 (l)°;

these observations were made at 21°C with Mo}Ca radiation with (Mo K~~)

assumed as 0.7093 A. A density of 2.03 gcm
3 ob taine d by flotatirn in

carbon tetrachloride/bromofortn mixtures is in acceptable agreement with

the value of 2.05 gcm
3 calcul ated for two fo rmula units per ce1l~•

Hence , in the centrosymmetric space group P2
1/c , the copper atom is

constrained to lie on the inve rsion center.

Diffract ion datrm were collected on a platelike crystal having faces

(1’ 2), (10~ ) ,  (001) , (001), (010), and (010). The separations bet~:een

opposite pai rs of l aces we re as follows: (102) to (102), 0.0056 cr’;

(001) to (001), 0.014 cm; and (010) to (010), 0.061 cm. The crystal was

mounted on :~ gl ass fiber parallel to the h—axis , and data we re c~~ lected

n a Picke r four—circle automatic diffractometer using ~~~ radia:~~ n.

The t ake off angle was 1.5°; at this angle the peak intensity of a typ ical

stron g reflection was approximately 95% of its maximum value . A t c t ~~i of
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1761 reflections was examined by the 0—20 scan technique at a scan

rate of 1°/mm . Allowance was made for the presence of both and

rad iations , the peaks being scanned from —1.0° in 2e below the

calculated K~z1 peak position to +1.0° in 20 above the calculated

peak position . Stationary—counter , stationary—crystal backgro und

coun ts of 20 sec were taken at each end of the scan.

A unique data set having 28<60° was gathered. There were few

reflect ions above background at values of 28>60°. Throughout the data

collection , the in tens ities of three standard re fl ecti ~s, me as ured

every 100 reflections , remained essentially constant.

Data pro cessing was carried out as described by Corf ield , et al.36

After correction for background the intensities were assigned standard

deviations according to the formula36

o(I) [C+O. 25(t /t
b
)2(BH+BL)+(pI)

2
]1~

2

with  the value of p chosen to be 0.04. The values of I and o(I) were

corrected for Lorentz—polarization effe cts and for  absorption fac tors .

The absorption coefficient for the sample with Mo radiation is 31.25

cm ’, and the transmission coefficients for the data crystal range

from 0.56 to ~~~~~~ A total of 1751 reflections was collected , of

which 1172 were independent data with I>3o (I); only these data were used

in the f inal  refinement of the struct ure .

Solut ion and Ref inemen t of the Structure

Al l  leas t—squa res refineme nt we re carried out on F min imiz ing the

f u n c t i o n  
~

W ( I F o t _ I F c I )
2
~ 

with the weights w defined as 4F0
’o
2 (F

0
). 

~~~~~~~~~~~~ - - --- ~~~~~



8

in all calculations of F the atomic scattering factors t~~r i i  I

non—hy drogen atoms were taken from International Tab1es38’~ and

those for hydrogen taken from Stewart , Davidson , and Simpson .
39

The effects of the anomalous dispersion of Cu, S and Cl we re

included in F , the values of ~f ’  and L~f” be ing taken f rom

International Tables.381’ The unweighted and weighted residuals are

def ined a s R
1
=
~~~j( j F

}_ l F I )j /jF I and R
2
= [Zw(IF I- I F f ) / ~w (F )]~~~~.

The location of the chlorine atom was determined from a three~’

dimensional Patterson function , the copper atom being assigned to the

origin . Isotropic refinement of these positions gave R
1 

= 0.476,

R2 
= 0.540 . The posit ions of the remaining non—hydrogen atoms were

de termined from subsequent di f fe ren ce Fourier maps , and a l ea s t—squares

refinement in which copper , chlor ine and sul fu r we re re f ined

anisotrop ically while the nitrogen and carbon atoms were refine d

isot ropical ly yielded values of R
1 

and R
2 
of 0.045 and 0.063,

respectively. Anisotropic refinement of all of these atoms gave

R1 
= 0.034 and R2 

= 0.051.

The three hy drogen atoms we re located in a dif ference  Fourier

map ; a leas t—squares  ref inement  in which the non—hy dro gen atoms were

re f ined an isot ropically and the hydrogen atoms we re r e f i n e d  i s o t r o p i—

cal.ly converged to values of R,
1 

and R
2 

of 0.028 and 0.036 , respective ly ,

with t~ e error in an observation of unit weight being 1.41.

Examination of the values of F l  and F l  suggested to us that

no correction fo r  seconda ry e x t i n c t i o n  is necessary , and none was

applied. In the final cycle of least—squares refinement , there we re

1172 obse rva tions and 73 variables , a reflection to variab le ratio of

— ---—---- - —“-~
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16:1. In this f inal  cycle , no parameter underwent a shift of ia re

than 0 .1 36 , which is taken as evi den ce of convergence . The value

of R2 shows no un usual dependence on F l  o r on sin O , which suggests

that our weighting scheme is adequate. A final difference Fourier

showed two peak o~ height 0 .67  eA 3 near the copper and chlorine

r at oms . Wh ich are presumably dua to some small erro r in e i ther  our

absorption corre ction or the anisotropic thermal model. No other

peak high er than 0.58 eA was observed. The posi tional and thermal

parameters derive d f rom this final cy cle , along wi th their  standard

deviations as estimated from the inverse matrix , are presented in

Tables II and III.  A compilation of deserve d and calculated

40
structure amplitudes is available.

Descrij,tion of the S t ruc ture

The complex consists of square planar Cu(tz)2
Cl ., units wh ich

are linked by chloride bri dges to  form l inear chains . The s t r u c t u r e

of each chain is , therefore , quite similar to that of Cu(,~y)
2

Cl
2
.
4

A view of the square planar array aroun d a single copper ion is

shown in f igure 1, and a view of the chain is given in figure 2. The

overall coordination around copper is , as can be seen in th is f igure ,

the commonly—occur ring (4+2) tetragonal ly elongated oct ahedral . The

base plane is forme d by the n i t ro gen at oms of two t r an s— th iazo le

group s and by two chloride ions, the axial li gands be ing  ch lor ide  ions

which a re in the base planes of the copper centers above and be low.

The base plane is s t r ic t ly  planar , the re being a cry s t a l l og raph i c

inversion center at copper. The Cu—N and Cu—Cl (in—p lane ) d i s tances  c:

1.990 (2) and 2 . 3 2 2  (1) A , respectively, are normal arid comparable to
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vaiue s2
~ of 2 .004 (2) and 2 .299  (2) A in Cu(py) 2 Cl 2 . The o u t - o f -

plane Cu—Cl’ distan ce of 2 .998 (1) A is slight ly shorter than  the

value of 3 .026 (2)  A in Cu(py) 2 C12 , but is comfortably within the

range of 2.698 to 3.37 A reported for  such distances in te t ragonal

pyramidal di chlo ro—bri dged copper(II) dime rs .41 The Cu—Cl—Cu ’

b ridging angle of 91.89 (2) ° is again comp arable to the val ue of

91.52 (5) 0 in Cu(py) 2 Cl 2 .

The han d lengths and angles in the molecul e are l is ted in

Table IV . The bond lengths in the thiazole moeity appear to be

typical of those foun d in other conj ugated ring systems . The

thiazole ring is approximately planar, with no atom deviating from the

best least—squares  plane by more than 0.006 A. The ring p lane is

inclined at an angle of 60 ° fro m the oase plane of the copper octahedron

It is noteworthy that the s u l f ur atom does not part icipate in

coordination to the metal. The only possible interaction involving

sul fur  is an inter—chain S~~ ~S sepa ration of 3.619 (1) A; this value,

42which is sligh tly less than twice the reported value (1.85 A) of

the van der Waals radius of sulfur , may indicate a weak inter—chain

interaction in the crystals (vi de infra) .

While the geometry at any given copper atom in Cu(tz) 2C12 is

very similar to that  in Cu(py) 2 Cl 2 ,  the ar rangemen t of the chains in

the crystal  is qui te  d i f fe ren t . In Cu(py) 2 Cl 2 the “square planes ” in

each chai n are parallel, 24 but this is not the case in the thiazole

comple x; in Cu(t z ) 2 C12 , the angle between the n ormals to the pl anes in

adjacent chains is 77.89 ° . Consequent ly,  to the extent that inter—

chai n interactions are signif icant  (vide infra)  the re is an importan t

st ructural  dist inction between the two comp lexes.
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RESULTS AND DISCUSSION

The compounds Cu( t z ) 2 Cl 2 and Cu(t z) 2Br 2 exhibi ted very broad , weak

symmetrical bands centered at 14,400 and 14 , 300 cm ’, respect ive ly ;

fur thermo re , the shape and width of these d—d bands we re noted to

be very similar to those observed for Cu(py)
2

Cl
2 

(14 ,600 cm l) and

Cu(py)
2

Br
2 

(14 ,600 cm 1) 43  
excep t for a sligh t shift to lowe r ene rgy;

this shift seems reasonab le since it is known that thiazole is a

weaker base than pyridine. 3° In addition , the re were no transitions

in the region 16 — 17 ,000 cm 1 as have been obse rved43 fo r  the

Cu(2—methylpyr idine)
2
X
2 

compounds ,
44 wh ich are kn own to contain copper

ions in a distorted square—based pyramidal array . Several intense

higher  energy bands we re also observed fo r  bo th comp lexes , these being

centered at about 32 ,250 (strong) and 41,700 cm 1 
for Cu(tz)

2
Cl 9 and

2 3 ,250 (s t rong) 31,250 ( s t ro n g) , 32 ,000 (shoulder) and 41,700 cm I 
for

C u ( t z ) 2Br 2 . These ban ds are e i the r  charge—t ransfer or i n t r a — l i g a n d

transitions.
45 

The observed electronic spectra are consistent with a

distorted oct ahedral CUN
2
X
4 

chromopho re as reported in extensive studies

of the substituted pyridine copper halide complexes .
43

Electron paramagnetic resonan ce (epr) spectra were obtaine d on

finely—ground polycrystalline samples of bo th complexes. A single

broad (—300 C) featureless line centere d at g°2.1l was observe d for

Cu( tz ) 2 Br 2 ; no appreciable temperature dependence was noted  f o r  t h i s

absorption down to —77°K (the low temperature limit of this investiga-

tion) . Althoug h virtually no quantitative info rmation coul d he obtained

from these spectra , it should be noted that qualitat ively ~imila r

spect ra have been observe d in the bis(subst. pvridine) complexes with

copper bromide . Howe ver , the epr spectrum obta ined for  Cu(tz).,Cl
2

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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(see Figure 3) is quite d i f fe rent fro m that normally seen for

tet ragonally distorted octahedral copper complexes. Indeed , an

axial “ reversed” spect rum was observe d with g 1 (2.16) gre ater than

I (2.04 ) and <g> 2.11. Upon cooling the sample , the intensi ty

of the highest field resonance increased slight ly . The resonance

fields remained constant within expe rimental error.

Since powder EPR spectra can only yield information about the

values of the crystal g—tensors,
47  addi tional analyses based on the

molecular structure must be invoked to understand the observe d

“reve rsed ” spectrum . One possibility is that the single ion

electronic groun d state about the copper(II) ions is largely d 2 .
46’47

If only discrete molecular units are considered, several stereo—

chemistries have been shown to give rise to a species with a d
~
2

ground state: 47 (1) trigonal bypyramnidal , (ii) tetragonally compressed

octahedral , (iii) cis—distor ted octahedral , and (iv) rhonibicallv

distorted oct ahedral. However, the X—ray structural results show

that these stereochetnistries do not obtain for CU(tz)C12. In

this case , it is far more likely that the single ion ground state

is largely d 2 — ~ 2 in character , and the observe d resonance i

determined by inequivalent sites within the unit cel l . 48 ’55 57

Since the two sites within the unit cell are magnetically inequivalerit

in the ac—plane, the relative orientations of the tetragonallv

elongated octahedra will determine ne observe d crystal g—t en sc ’ r~~.

Even though these molecular sites do not possess tetragona~ site—

symme t ry , th i s  approximat ion allows fo r  a much s imp le r  r e l a t i o n sh i p

of t he  s i te  g — t en s o r s  to the  observe d powde r g—tenso r s . These

— — --- - ‘ ---— 
__ -_=!: .

_ 
_
~

•
~

_____
i_ _ _ _ _____ _ __________ _
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xp r ess tons  lire given by (2)

2 2
~~~~~~

(2)

2 2 2 2g I = g 1  coscS c~ + sin ~

whe re g ’ H arid g ’ are the observed crystal g—tensors , g~ and g
1

are the site g—tensors for the tetragonally elongated octahedra

about the copper(II)  ions , and 2 ~ is the angle between the

tetragorial axes of the s i tes .  If one assumes that  molecular  g 1

is roughly normal to the plane of the four short bonds ,
13 ’14 

then the

angle between the normals to these two sites is 77.89° for Cu(tz)~ Cl .,.

Using this value of 2a and Equation (2), the values of the nolecular

g—tensors  are g 1 = 2 .23  and g 1 = 2 . 0 4 .  These values are in exce l len t

agreement with those of the structurally similar  Cu(p v rid ine) 2Cl 2
13,14

complex. In anothe r rather similar system , 8—Cu(Nd
3
)
2

C1
2 

doped

into the NH
4

C1 hos t lattice , Tomlinson, et al. . 5o observe d a “ reve rsed”

powde r spectrum with g ’ = 2.006 and g ’ = 2.175 and proposed tha t

the geometry  about copper was tetragonally comp ressed oc tahedra l  thus

y i e ld ing  a d~
2 grou nd s ta te .  Howeve r , it is also of interest to note

that this cubic cell requires the molecular tetragonal axes to be

or i en t ed  ran domly, but any pair  of axes are exact ly 90° apart . Thus ,

such a system will always show a “reve rsed” powder spec t rum irrespective

of whethe r the sites are tetragonally elongated or comp ressed. This

unusual circumstance arises because the 900 misalignment of the molecular
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p arallel g—t ensors yields a unique perpendicular resonance (occurr ing

at highe r field) and a lower—field , more intense resonance wh ich is

the average of the molecular parallel and perpendiculai  g—tensors .

The experimental magnetic susceptibil i t ies versus absolute tempera-

ture for both complexes are plotted in Figures 4, 5, and a. The data for

the chloride complex are seen to exhibit a broad maximum at about 7°K,

while the bromide analogue displays s imilar  behavior  at Ca. 19°K. As

can be seen from closer examination of  the experimental data, the

susceptibilities of both compounds appear to tend toward a non—zero

value as the temperatures approach zero ; this is just the behavior

expected for an infinite linear chain since it is well known that , in

small clusters containing even multiples of S = 1/2, the susceptibili ty

tends to zero as the temperature tends to zero (see ref. 8). Also ,

inspect ion of the observed data [especiall y those of Cu(tz),Br
2J reveals

a small Curie—like tail at the very lowest temperatures; phenomena

similar to these have often been observed in similar systems
28 ’51 and

have been att ributed to the presence of smal l amounts of monomeric

impuri ties (usually less than 1%) that become trapped in the material

during synthetic procedures . Since these compounds are quite insolub le

in all  hu t s t rongly coordinating solvents (DMF) , it was not possible

to completely remove these impurities.

In the light of the observed crystal structure of Cu(tz)2Cl
2 

and

the s i mi la r i t y  of the observe d e l e c tr o n i c  spec t ra  of Cu (tz),X ., ~.‘ith

those of  Cu(py)
2
X2 ,  it is apparent that the magnetic data of the two

systems should be comparable . As was noted in the Introduction , in

the Ising limit (i.e., b 0 in Equation 1), Fishe r
6 has ob tained

closed—fo rm exp ressions for the susceptibility of a S 1/2 l inear

I
A ‘~~~~~~~~~~~T~~-- -  - --~ ~ - . ‘ -- -~~~~ ~~~

- - -- ---
~
-----— -

~~
--- - 

~
— -— — -- -— -



chain polymer. Although these equations are readily manipulated

du ring f i t t i ng  procedure s , it has been gene rally ac cepted 52 that

the totally anisot rop ic model is not appropriate for copper(II) ions .

Fur thermore , attempts to fit the data for the Cu(tz)
2
X
2 

complexe s

with this model resulted in unacceptable paran~ ters and rather poo r

agreement between the observed and calculated susceptibilities.

DeJong and Miedema1 have suggested that the isotropic Heisenberg

model (Equation 1, a.-b=1) is probably more appropriate for systems

with small g—tensor anisotropy . Although there are no closed—fo rm

solutions known for the linear Heisenberg model , the re are two

approximations which can be used to estimate the exchange interaction

from susceptibility data. Bonner and Fisher
8 have shown that the

position of the maximum in the antiferromagnetic susceptibility can

be es timated by the relationships kTmax/IJ I 1.282 and IJ I x~~/g28~
0.0735. Furthermo re, Hal], et al.

53 
have recently been able to fit

the Bonner—Fisher curve to the following rational function of IJ I /kT :

Ng2~
2 

(0.25 + O.14995X + 0.30094 X
2
) (3)

kT (1.0 + 1.9862 X + 0.68854 X2 + 6.O626X~)

whe re

~~~ 1
~~’ /kT

The general form of Equation 2 has been verified by comp aring the

susceptibilities thus calculated with those obtaine d from the high—

temperature series expansion (HTS) of Baker ~~ ~~~
l0a :

I ____________ -
-~~ - — -- — j  - - ~~-~~~~- . ~~~ ——~~~~~ -—-- - - - -—--—-~~~—~~~ -_____
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ykT [ (1 .0  + 5.979 799 16K + 16.902653K 2 
+ 29 .376885K 3

. 2 2
4Ng ~ ÷ 29. 832959K 4 + 14.0369 18K) 5 ( 1.0 +

2 3 (4)
2 .79 899l~ K + 7.008678K + 8.0538644K

+ 4 .574 3ll4K 4) ] 2”
~

whe re
JK 2kT

The above series has been normalized to the Curie Law for J 0 (i.e.

x N~
2
~
2
S(S41) 

since Baker,~~~ 
~~~10a did not include the f ac to r  of

four (i.e. S(S+l)/3) in the denominator. In the temperature range of

kT/IJI>1 .~~, agreement between susceptibilities calculated by Equations

2 and 3 was excellent , with all disparities being less than 1%.

In view of the probable presence of impurities at temperatures low

compa red to T , it was reasoned that the fitting the data to themax
result of Bake r ,et ~~~l0 would be the most acceptable initial attempt.

This is reasonab le because at x and above the presence of themax
impurity can be neglected. In order to fit the data to Equat ion 3,

J I was estimated fro m the corresponding temperature using Bonner and

F i she r ’s relat ions and the exp e rimental data below kT/J 1 .25  we re

omitted (i.e., those below 7° and l8°K for the chloride and bromide ,

respectively) . The best fits of the data to Equation 3 were <g> = 2.06 ,

3 3.7 cm 1 and <g> = 2.11, J = —10.3 cm~~ for the chloride and bromide

complexes , respec t ively (See Table 1).

To gain more information about the low—temperature behavior of

the data (kTfJ<l.~~5) ,  we have compared it to the results of Bonne r and

Fisher (Equation 3). In making this comparison , the presence o~ 

-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - .- —~~~ -~~~~~~~~~ - -
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monomeric impurities was allowed for  by as suming that Xobs 
=

X chain + X impuri ty Furthermore, by assuming that the impurity

obeys the Cu rie Law, the following expression for the total

54susceptibility results:

Xobs 
~ P ($g2

~
2S(S+j)j + (100

~
P)X

t h i~~~ / lOO 
(~~

where S — 1/2 , P — % impurity and g — observed average g—val ue

f rom the epr spe ct ra . For the f i t  using the approximation of the

Bonne r—Fisher curv€~ J and P were allowed to vary in the

f i t t ing  routine . The best f i ts  obtained in this manne r we re

J = —l0 .3cm~~ , P 0.65% , and J = — 3 .97c m 1, P — 1.46% for  the

bro mide and chloride complexes , respective ly (see Figu res 4 and 5).

In orde r to check the validity of the impurity correct ion, the

next fits were perfo rmed by allowing g, J, and P to vary simul-

taneously; this resulted in J = —10.4cm 1
, g = 2.12 and P = 0.66%

for Cu(tz)
2
8r 2 , and J —3.81cm 1

, and g = 2.06 and P = 1.35% for

Cu(tz)
2

C12. These fits are shown in Figures 4 and 5. Although

both of the linear models appear to provide an excellent description

o f the susceptib ili ty data of Cu(tz)
2

Br 2 , the validi ty of this

approach for Cu(tz)
2

Cl
2 
may be in question sin ce there are large

differences -in the exchange constants between Cu(tz)
2
X , and Cu(py)2

X~

while the  structural details for the two compounds are very similar~

Sinc e time magnitude of the maximum in the antiferromagnetic susceptibility

_  —-
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is determined by the g—value for a given J, a dis crepancy in

this portion of the fit may imply that the model chosen is

inappropriate. Thus, as the dimensional ity of the magnetic

interaction increases the posi tion of the maximum in reduced

coordinates becomes lower and broader.
1

The similarity of the structures of Cu(tz)
2

Cl
2 

and Cu(pyY,C1,

and the rela tively large differences in the exchange cons tants for  the

one—dimensional analyses suggest that the magnetic interactions in

the thiazole complexes are of higher dimensionality . Hence , the

magnetic susceptibility data were compared to the Bonner—Fisher theory

assuming a first order molecular field correction to accout for

59
interchain interactions (Equation 6)

XB_ F
X = 

1—2z J’ XB_F 
(6)

Ng282

where X E_F is the sus ceptibility of an isolated Heisenberg chain , 3 ’

is the interchain exchange , and z is the number of nearest neighbo rs.

In the calculations the g—value was fixed to that observed by EPR and J

and zJ ’ were allowed to vary f ree ly .  This approach led to best fit values

of J = — 3.31 cm 1
, J ’ (Z=4) = 1 .55  cm

1 
and <g> = 2.11 for Cu(tz)

2
C1

2

while the data for  the bromo compound yielded J = —10.48 cm~~ , zJ ’ = +1.14

cm~~ , and <g> 2.11. Although this  modif ied  one—dimensio nal mode l

makes a crude approximation to the interchain interactions present , it

fai ls  to desc ribe the suscept ib i l i ty  of Cu( t z ) 2 C12 near the maximum since

deviations of about 5% between the observed and calculated sus ceptibil i t ies

occur . Fu rthermore , the sum of the squares of the deviations of a point 

-~~~~~~~ _ _ _
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H

r —  ~~2 — 2f rom the claculated curve , SD = E~~~o X calcI  , is l .Slx lO . The f i t  of
L X O J

the data for the bromo compound is hard ly affected by the interchain term .

The failure of the molecular field approach for Cu(tz)
2C1

2 
was not totally

unexpec ted since molec ular f ie ld theory is a very poor model f or

low—dimensional systems .
1

To investigate the possibility that the magnetic interactions in

Cu(tz)
2

Cl
2 

were of higher dimens ionality, the data were fitted to the

high—temperature series expansion for the two dimensional Helsenberg

lOb ,58antifer romagnetic  layer ,

2 2
X 2D 

= ~~~~ [1—2(J/kT) + 2(~~ )
2 

+ ... ] (7)

Although an argument based soley on the metal—metal distances and st~~-ng 1~

bonded ligands would imply that  a 2 — D planar model w i t h  f o u r  nea res t

neighbors should not be appropriate for this compound , inspection of the

unit cell reveals that a superexchange pathway via the short sulfur—sulfur

contacts does exist in the ac—plane . Furthermore , an excellent fit over

the range ~ 1.6 can be obtained using equation (7). This leads to a

best fit value of J = —2.43 cm (see Figure 6) when only 3 is varied and

the experimentally determined g—value from EPR, g = 2.11, is used.

rx —x
__

11 2 —4
The criterion of the fit , 1 0 ca C

1 = 2.28x10 , is three  o rders of
L X 0 J

magnitude better than that found for the molecular—field model fit . Attempts

to fit the data for Cu(tz)
2

Br
2 

to the 2—D series were unsuccessful and led

to deviations as high as 8% from the calculated curve near the maximum .

The magnetic and structural properties of the Cu(tz)
2
X
2

systems are compared itt Table I with those previously observed for their

substituted pyr idine analogues . The magnitude of the exchange , IJ~
, f o r

bo th of the thiazole compounds is considerably smaller than those reported
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for  the Cu(py)
2
X
2 

compounds if one takes the values determined from the

linear chain models. This is surprising in view of the similarity between

the structure of Cu(tz)
2

Cl
2 
and Cu(py)

2
C1

2
; in the former , the Cu—Cl—Cu ’

bridge angle and Cu—Cl out—of-plane distance are 91.89 (2)° and 2.998 (1) A,

respect ively , while the analogous values in Cu(py)
2

C1
2 

are 91.52 (5)° and

3.026 (2) A. The observation may be the result of a much larger

interchain exchange for the thiazole complexes since the 2—D model can be

used to approximate the data of Cu(tz)
2C1

2
. Presumably ,  the additional

superexchange pathway via s u l f u r — s u l f u r  contacts between chains plays a

very important role in this dimensionality increase.
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TABLE I

0 
COMMENTS AND

COMPLEX J(cm~~ ) C u—X—Cuk °) Cu— Cu(A) RE FERENCE

Cu (th i azol e) 2Cl 2 —3. 69 92° 3.85 1—D Series

Cu(thiazole ) 2C12 — 3.8 920 3.85 Banne r—Fisher

Cu(thiazole) 2 Cl 2 — 2 . 4 3  92 3.85 2 — D Series

C u(4—Ethylpyridine ) 2 C12 — 6 . 7  92° 4.00 28 ,27a

Cu(4—Vinylpyridine)
2

C1
2 

—9.1 900 4.04 28 , 27b

Cu(P y r idine) 2C12 —9 .2  920 3.87 15, 23 , 13,24

Cu(3—Methy lpyridine) 2Cl 2 -8.9 - - 28

Cu (3-ethylpyr idine)
2

C1
2 

—11.9 — — 28

Cu(thiazole)
2

Br
2 

—10.03 — — l—D Series

Cu(th i azo l e ) 2 Br 2 —10.4  — Bonne r—Fisher

Cu(4-~Me thy lpyridine)
2

Br
2 —14.8 — — 28

Cu(4—E thy lpyr idine)
2

Br
2 

—15.4 — — 28

Cu(3—Meth y lpy) 2
Br 2 —1 5.5 — — 28

Cu(P y)
2

Br
2 

—18.9 93 15,24

Cu(3—Etpy)
2

Br
2 

—22.3 — — 28
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Table II. Positional Parameters for  [Cu ( thz) 2 Cl 2 J

X Y z

‘.0 0.0
-3.2023( 1) ~‘. 3789(  2) 0 . 0 6 L ~E (  1)

—~) . 1~279 ( 1) t’ . 0578(  2) 0 . 1697 ( 1)
— C .1~~6 7 (  3) C . 0 C 3 7 (  5) 0 . O R 8 ~~( 1)

C l  — (~. 3271 ( 3) ~.(‘9°8( 7) 0. 0857( 1)
C 2 — 0 . 2 2 8 6 ( 3) — 0 , 0 9 1 6 (  7) C . 2 1 2 € - ( 1)
:3 —0 .0900( 3) — 0 . 1 0 3 e (  7) 0. 1~~01( 1)
H C 1 — C . 3 8 3 ( 3) 0 . 1 6 7 (  9) (~‘ . fl D 2 (  2)
rP7 2 —~~. 2 2 5 ( 1$) — O . 1 I 59(  9) . 2~~6 (  2)
8C3 C. C~l9 (  5) —C .  1711(10) C .l~~7 (  2)
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Table IV

Dist ances and Angles in Cu(thiazole)
2

Cl
2

Atoms Distances (A)

Cu—Cu 3.853(4)

Cu—Cl 2.322(1)

Cu—Cl
’ 

2.998(1)

Cu—N 1.990(2)

N—Cl  1.301(3)

N — C3 1.365(3)
S—Cl 1.694(2)

S— C2 1.700(2)
C2—C3 1.358(3)

C1—HC 1 0 . 877(27 )

C2—HC2 0.794(30)

C3—HC3 0.906(330

Angles (deg)

Cl’—Cu—N 90.45(6)

Cl—Cu—N 89 .90(6)

Cu—Cl—C u’ 91. 89(2)

Cu—N—Cl 124.8(2)

Cu—N—C3 123. 8(2)

Cl—N—C 3 111.3(2)

N—Cl—S 113.1(2)

N—C3—C2 114.7(2)

C l—S—C 2 90.3( 1)

S— C2 — C3 109.5(2)
N —C 1—HC 1 120. 7(18)

S~-Cl—HC 1 125.1( 17)

S— C2 — HC2 119.3(22)

C3—C2—HC2 131.0(22)

N — C 3—HC3 115.7( 19)

C2—C3 — HC3 129.6(19)

a t rans la t ion  of the molecul e along the b—axi s



~~--~~ .‘--- -- ~~~~~--—~~~~
—-- 

~~~~~~~~~~~~~~~~~
-- -

~~~~~~~~~~~~~~~~~~~~
-

~~~
--- -

29

Legends for  Figures

Figure 1. View of a single formula unit of Cu(tz)
2

C1
2
. Hydro gen

atoms are shown as open circles of arbitrary size . L~e

view direction is parallel to the crystallographic b—axis.

Figure 2. View of the chain structure in Cu(tz)2C1.,. The view d~ r~ ::~~-~’n

is parallel to the crystallographic a*_ axis .

Figure 3. The room temperature epr spectrum (X—band) of polvcrvstaliine

Cu ( tz)
2

C1
2
. The resonance fields show no temperature dependence

down to 77°K.

Figure 4. The temperature dependence of the magnetic susceptibility o~

Cu(tz)
2

C1
2
. The observed data are shown as boxes, while the

solid line represents the best fit to the Banner and Fis~ cr

expression (see text) with J = —3.81 cm
1 
and g = 2.06.

Figure 5. The temperature dependence of the magnetic susceptibility of

Cu(tz)
2

Br
2
. The solid line represents the best fit to the

Bonner and Fisher expression (see text) with ~ = 
1 and

g = 2.12.

Figu re 6. The h igh temperature suscept ibi l i ty , > 1.6 , compared to the

theoretical model of a two dimensional Heisenberg layer (see

text) with J —2.43, g 2.11. 
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Supplen~ ntary material available : Listings of structure factor amp litudes

(7 pages). Ordering information is given on the current masthead page .
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V .

U K L FO PC K L P0 PC H K L P0 FC

0 C 2 573 595 0 3 10 296 298 1 1 —10 190 186
0 0 11 112 45 0 3 11 223 221 1 1 —9 ~27 ~42
9 C 6 321 330 0 3 12 86 87 1 1 —8 60 60
O 0 8 389 362 0 3 13 226  228 1 1 —7 251 257
0 0 10 183 175 0 3 15 152 154 1 1 —6 219 219

C- 12 739 758 0 3 16 80 78 1 1 —5 51 53
C 0 14 372 371 0 3 17 176 177 1 1 -4 182 174

C 16 208 206 0 3 18 102 102 1 1 —3 196 203
0 C 18 375 376 I) 3 19 81 78 1 1 —2 305 289
O 1 1 939 796 0 4 0 62 58 1 1 —1 427 391
C’ 1 2 397 363 0 1* 1 76 77 1 1 0 357 328
0 1 3 365 328 0 4 2 52 S’s 1 1 1 973 9 6 2
0 1 14 462 428 0 4 4 125 123 1 1 2 103 95
9 1 5 695 ~97 0 1* 5 106 1 07 1 1 3 1 148 1138
o 1 6 162 155 0 11 6 208 2 1 2 1 1 14 .334 310
C 1 7 57 9 595 0 4 7 60 53 1 1 5 52 8 507
r 1 8 23 17 0 11 9 252 255 1 1 6 1b7 159
r 1 9 315 321 0 4 10 191 191 1 1 7 1.189 11 92
o 1 10 297 308 0 (4 11 87 89 1 1 8 333 316
0 1 1 1 ~ l41 640 0 1* 12 91* 89 1 1 9 300 318
0 1 12 143 111 1 0 4 13 96 96 1 1 10 62 68
0 1 11 339 343 0 5 1 1214 124 1 1 11 70 ~~
C 1 14 W~ 43 0 5 3 142 149 1 1 12 11~ 116
9 ~ 15 111 ’.’ 151 0 5 4 119 120 1 1 13 192 195
0 1 17 71 73 1 I) —2 4 54 53 1 1 115 31* 43
C 1 18 126 129 1 0 —20 351 3*9 1 1 15 335 338
0 1 19 164 170 1 0 —18 303 302 1 1 16 15 : 155
o 1 20 42 43 1 0 —16 306 313 1 1 19 84 66
0 1 . 1 ‘

~~~- 78 1 I) — 14 151 1*3 1 1 19 252 251
C’ 1 23 iCO 2g3 1 0 —12 140 138 1 1 21 216 217
9 2 0 882 828 1 0 —10 346 31* 3 1 1 22 57 55
0 2 1 101* 91 1 0 —8 548 565 1 1 23 4° 41”
C 1 2 282 268 1 0 —6 2140 246 1 2 -22 173 167
C 2 3 192 194 1 0 —4 1156 1242 1 2 — 21 71 6’?
‘9 14 173 1€ 9  1 0 —2 1171 4814 1 2 —20 185 183
o 2 5 38~ 370 1 0 0 14614 475 1 2 -19 163 16.)
‘9 2 6 ‘119 401 1 0 2 1007 1147 1 2 -18 82 82
o 2 7 39 30 1 0 4 92 79 1 2 —17 178 179
0 2 8 120 117 1 0 6 120 115 1 2 —1 6  153 169
0 2 9 34 28 1 0 8 361 382 1 2 —1 ~ 91$ 96
‘9 2 1 0 270 261 1 0 10 373 386 1 2 —14 166 164
C 2 11 1CO ~6 1 0 12 453 1440 1 2 — 1 3  31 25
o 2 12 1415 4~ 6 1 0 14 721 740 1 2 —12 83 85
o 2 13 307 309 1 0 16 201 197 1 2 — 1 1  238 2140
0 2 14 134 132  1 0 18 89 99 1 2 —1 0  1122 1423
‘9 2 16 77 79 1 0 20 106 11 1 1 2 -9 237 238
0 2 17 92 99 1 0 22 70 69 1 2 — 8  1137 1424
o 18 198 200 1 0 2* 100 93 1 2 —7 480 1485
0 ~ 19 116 112  1 1 — 2 3  102 103 1 2 —6 88 91

2 20 67 68 1 1 — 22 134 133 1 2 — 5  151 141
0 2 21 167 169 1 1 -21 201 200 2 —4 453 438
-) 2 22 115  1 1 1  1 ~ — 19 147 44 1 2 —2 274 270
1) 3 1 11714 14144 1 1 -18 1*7 149 1 2 — 1 86 80
0 3 2 272 258 1 1 — 1 7  47 48 1 2 0 237 225

3 3 2 1 1  201 1 1 _ 1 5  52 58 ~‘ 2 1 7 37 790
3 14 11* 1 132 1 1 — 1 5  2 2 2  226 1 2 2 757 689

‘9 5 135 132 1 1 —1 4 286 288 1 2 3 280 258
0 3 6 71 714 1 1 —13 239 ~35 1 2 4 357 330
C, 3 7 58 60 1 1 — 1 2  28 21 1 2 5 324 3 ) 0
C 3 8 49 50 1 1 — 1 1  ~482 1487 1 2 € 105 97

— — -- ---~~~ — -- —
_._-—-- - -



H V L F~) P~ H K PU PC H K L P0 PC

1 7 112 38 1 1* ~. 235 229 2 1 3 Sb l 54 9
1 ~i 30~ 307 1 4 ~e 310 303 2 1 1* 1185 1473
1 2 9 338 3114 1 4 5 88 87 2 5 727 72’4
1 2 10 199 2~~1 1 4 6 1~’0 153 2 1 6 ~7 98
1 2 11 124 120 1 4 7 12~ 120 2 1 7 229 218
1 12 153 151 1 4 8 115~- 136 2 1 8 183 1~3C

4 1 2 13 220 219 1 4 9 69 67 2 1 9 1158 135
1 2 14 362 362 1 4 10 52 55 2 1 11 2o0 268
1 2 15 136 139 1 ‘4 13 92 95 2 1 1 2 2 36 2 36
I ~ 1 6 147 145 1 5 — R 114 11 1 2 1 13 125 123
1 2 17 109 11 1 1 5 —7 78 68 2 1 114 78 82

4- 1 2 18 (41 37 1 5 — S 91 93 2 1 15 253 257
1 1 2 1Q 71* 68 1 5 —3 129 132 2 1 1 1 402 403

1 2 20 148 150 1 5 — 1 174 177 2 1 19 125 121
1 2 22 45 149 1 5 0 96 90 2 1 20 79 77
1 3 -2C 68 62 1 5 1 50 43 2 1 21 97 .9
1 3 — 1 9  137 135 1 5 2 191 95 2 1 22 98 97
1 3 -18 69 65 1 S 4 65 50 2 1 23 59 48
t 3 — 17 128 132 1 5 9 74 80 2 2 —22 112 47
1 .3 -15 179 178 2 0 —24 200 197 2 2 —21 72 75
1 3 — 1 1 4 278 281 2 0 —20 231 230 2 2 —20 135 133
1 3 — 1 1  56 57 2 1) —18 405 1108 2 2 —19 129 126
1 3 -10 178 173 2 0 —1 14 87 80 2 2 —18 2148 2149
1 3 —9 209 213 2 0 —12 3154 3146 2 2 —17  145 52
1 3 -~~~ 31a 32 2 0 —10 25 21 2 2 — 16 79 76
1 3 —7 129 126 2 0 —8 760 786 2 2 —1 5  149 152
1 3 — o  136 139 2 0 —6 1323 1410 2 2 —14 126 126
1 3 -5 235 236 2 0 — 14 386 394 2 2 — 1 3  163 1-8~
1 3 —4 1(1 5 1(40 2 0 — 2 1*30 1440 2 2 -12 308 310
1 3 —3 113 3 1529 2 0 0 58 77 2 2 — 1 1  316 322
1 3 —2 231 231 2 0 2 255 252 2 2 — 10 814 99
1 3 — 1 282 280 2 0 Ii 226 2314 2 2 —9 91 90
1 0 120 120 2 0 6 875 879 2 2 —8 3914 i~~~S4

1 1 232 227 2 0 8 417 413 2 2 -7 31 26
1 3 2 98 9C 2 0 10 551 570 2 2 — 6 523 51 8
1 3 3 255 239 2 0 12 468 ‘465 2 2 —5 26 20
1 3 4 277 25 8 2 0 14 4 1 36 2 2 —‘4 96 96
1 3 5 41 142 2 0 16 115 9 152 2 2 —3 438 429
1 3 6 126 123 2 0 22 181 180 2 2 —2 305 302
1 3 7 51 54 2 1 —21 14 14 148 2 2 —1 244 235
1 3 P 211 1 237 2 1 —19 228 230 2 2 0 377 370

-
~~~~ 1 3 9 255 25’ 2 1 —18 158 159 2 2 1 21*1 229

1 3 1 1 222 223 2 1 —17 134 330 2 2 2 203 189
1 3 12 163 162 2 1 —16 82 80 2 2 3 194 176
1 3 13 260 263 2 1 —1 5 150 151 2 2 4 438 421
1 3 15 191 192 2 1 —13 5)5 543 2 2 5 305 291
1 16 130 126 2 1 —1 1 322 325 2 2 6 436 14 1 2
1 .3 18 51 55 2 1 —10 232 228 2 2 7 319 3014
1 11 - 11 * 126 118 2 1 —9 38 37 2 2 ~ 8 1 74
1 11 —1 ) 79 77 2 1 —8 252 250 2 2 9 152 152
1 4 - 12  1811 1 8 1 2 1 — 7 óCO 601L 2 2 10 240 238
1 14 -11 1(’0 1014 2 1 —6 61 62 2 2 11 6C ~5
1 is — 1 0  266 269 2 1 —5 111 8 153 2 2 1 ,2 263 2615

• 1 i~ —9 60 62 2 1 -
~~~ 2~ 1* 260 2 2 13 1 1 * 1 139

1 4 -R 172 17) 2 1 - 97 96 2 2 14 ~7 93
1 14 — 7  102 99 1 — 2  212 2 01 2 ~ 15 2140 211 5
1 1* - 15 53 53 2 1 —1  726 7~48 2 2 16 2 2 3  225
1 11 -1 ~7 69 2 1 0 485 1470 2 2 17 14 1 1*9
1 11 0 79 18 2 1 1 653 t~5f ~ 2 2 1P 1 17 11 5
1 4  

- 

1 169 170 2 1 2 128 12~ 2 2 19 13 1 * i3~ 

-



U K L P0 PC H K L P0 PC H K L P0 PC

2 2 22 87 88 2 5 —2 117 126 3 1 11 56 52
2 3 -20 (43 29 2 5 5 74 77 3 1 12 b7 70
2 3 -19 191 194 2 5 6 95 89 3 1 13 500 510
2 3 -18 155 V S  2 5 7 62 47 3 1 15 274 276
2 3 -17 87 84 3 0 —24 152 1149 3 1 16 77 75
2 3 -16 72 69 3 0 —22 257 255 3 1 17 100 100
2 3 -14 51 54 3 0 —20 42 35 3 1 18 11*9 149
2 3 — 13 72 62 3 0 —18 68 74 3 1 19 128 125
2 3 — 12 53 54 3 0 —16 319 316 3 2 — 22 133 129
2 3 - 11 96 91 3 0 —12 299 296 3 2 -20 77 78
2 3 -10 130 1)2 3 0 —10 899 938 3 2 —19 57 514
2 3 -9 226 228 3 0 —8 283 292 3 2 —18 91 91
2 3 —8 220 224 3 0 —6 481 479 3 2 — 17 37 32
2 3 -7 437 4140 3 0 — ‘4 527 555 3 2 —16 302 306
2 3 —6 92 94 3 0 —2 309 300 3 2 — 15 133 134
2 3 — 5 276 279 3 0 0 113 97 3 2 —1 4 100 98
2 3 -1* 171* 177 3 0 2 832 867 3 2 —13 205 200
2 3 — 3  113 115 3 0 (4 ‘116 1408 3 2 —12 110 112
2 3 -1 192 183 3 0 6 598 596 3 2 — 1 1  611 68
2 3 0 318 319 3 0 9 877 891 3 2 —10 384 390
2 3 1 53 40 3 0 10 314 36 3 2 —9 74 77
2 3 2 67 65 3 0 12 57 59 3 2 —8 145 150
2 3 3 117 115 3 0 14 172 175 3 2 —7 130 135
2 3 4 3911 3811 3 0 16 67 70 3 2 — 6 297 298
2 3 5 323 316 3 0 18 156 157 3 2 —5 452 452
2 3 7 186 181 3 0 20 259 2*7 3 2 —4 499 495
2 3 8 1514 151 3 0 22 141 139 3 2 —3 63 59
2 3 9 202 195 3 1 —23 78 79 3 2 —2 107 109
2 3 10 46 (13 3 1 —22 79 77 3 2 —1 56 43
2 3 11 262 264 3 1 —21 181 182 3 2 0 1146 1(17
2 3 12 199 200 3 1 —20 135 1314 3 2 1 232 223
2 3 13 11 1 110 3 1 —19 79 81 3 2 2 456 453
2 3 15 69 65 3 1 —1 7 1402 406 3 2 3 423 416
2 3 16 67 73 3 1 —1 6 66 67 3 2 4 189 186
2 3 17 73 67 3 1 — 15 413 14114 3 2 6 261 259
2 14 —16 99 99 3 1 —1 11 112 113 3 2 7 129 129
2 14 — 14 178 175 3 1 —13 57 614 3 2 8 400 403
2 4 -12 13 5  134 3 1 —12 1149 1514 3 2 9 224 227
2 ‘s —11 101 99 3 1 — 1 1 322 329 3 2 10 1414 142
2 24 -10 129 126 3 1 —10 50 149 3 2 11 237 237
2 14 -9 60 55 3 1 — 9 1143 151 3 2 12 151 1149
2 ‘4 —8 66 69 3 1 —8 2314 232 3 2 1 3 75 72
2 14 —5 91s 95 3 1 —7 67 67 3 2 14 225 227
2 14 -4 41 34 3 1 —6 157 154 3 2 15 125 121*
2 14 —3 97 97 3 1 -5 720 739 3 2 16 65 68
2 I$ -2 106 109 3 1 —4 122 125 3 2 17 72 67
2 ‘4 0 268 275 3 1 —3 634 666 3 2 18 110 11
2 44 1 122 121 3 1 —2 614 68 3 2 20 114 108
2 4 2 263 263 3 1 —1 286 298 3 3 — 19 41 43
2 ‘4 3 161 157 3 1 0 317 308 3 3 — 1 7  82 82
2 ‘4 4 289 282 3 1 1 678 699 3 3 -16 39 ‘$9
2 11 6 70 63 3 1 2 129 130 3 3 — 1 5  108 106
2 14 7 84 83 3 1 3 476 474 3 3 — 1 4  51 55
2 ‘4 8 96 91 3 1 4 180 176 3 3 — 1 3  54 57
2 ‘4 9 95 92 3 1 5 210 200 3 3 -12  137 137
2 14 114 128 138 3 1 6 59 55 3 3 — 1 1  196 198
2 14 15 93 914 3 1 7 365 366 3 3 —9 308 309
2 5 —7 12 14 125 3 1 8 128 126 3 3 —8 222 226
2 5 — 5 119 120 3 1 9 212 207 3 3 — 7  229 236
2 5 — 3  5 1 148 3 1 10 135 134 3 3 —6 33 26

liii ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ -



H K L P0 PC H K L P0 PC H K L ~o Pc

3 3 -5 252 256 Is 0 2 3514 367 ‘4 2 —7 142 44
3 -14 93 97 14 0 14 981 1029 ‘4 2 —6 251 258

3 3 —3 101 103 4 0 6 296 289 (1 2 — 5  120 121
3 3 -2 90 92 4 0 8 93 97 4 2 -4 190 187
3 3 —1 82 79 1* 0 10 165 167 t4 2 — 3  3 1  28
3 3 0 259 262 4 0 12 176 182 4 2 —2 393 403
3 3 1 135 133 4 0 14 107 1 1 3  14 2 — 1 335 338
3 3 2 38 43 1* 0 16 348 3514 14 2 0 155 165
3 3 3 252 251) 4 0 18 221 221 4 2 1 137 138
3 3 14 96 97 4 0 20 138 140 4 2 2 77 78
3 3 5 307 302 is 0 22 128 123 ‘4 2 3 150 1511
3 3 6 128 123 4 1 —21 11*5 11*5 4 2 4 1*1 6 420
3 3 7 341.4 341 Li 1 —19 352 349 (1 2 5 134 133
3 3 8 82 82 14 1 —17 92 914 4 2 6 215 212
3 3 9 15’) 150 ‘4 1 —16 97 97 ‘4 2 7 120 122

3 10 92 84 4 1 — 15 173 176 4 2 8 170 171
.3 3 15 49 56 15 1 —14 139 135 4 2 9 243 2 144
3 3 17 78 86 Ii 1 —13 182 180 Ii 2 1C 252 258
3 3 18 154 157 4 1 —12 114 115 4 2 12 37 31.4
3 15 —15 61 5L~ II 1 — 1 1  96 lO b 4 2 13 128 126
1 4 — l I e  118 120 14 1 —10 66 67 Is 2 11* 65 69
3 4 — 1 1 50 5 1 Is 1 —9 289 2~~2 4 2 16 168 171
3 14 -10 55 56 4 1 —8 88 86 4 2 17 101 106
3 4 — 9 75 ‘S 4 1 —7 572 586 4 2 18 98 96
3 (4 -8 47 51* 12 1 -6 295 296 4 2 20 67 71
3 4 —6 112 116 4 1 —5 414 7 414 9 4 3 —17 61 63
3 4 — 5 116 116 4 1 -1* 133 135 4 3 — 16 68 66
3 14 — 14 222 231 4 1 —3 514 4 551 1.4 3 —1 5 168 1~~1

3 4 —3 80 83 14 1 — 2  22 4 236 4 3 — 1 4  125  1~~
3 (4 — 2  2 1 1  2 1 6  4 1 — 1  ($4 5 462 ‘4 3 — 1 3  286 2 8 7
3 4 — 1  59 57 ‘4 1 0 158 155 4 3 — 1 2  151  150
3 14 (4 173  17 1* 14 1 1 209 201 4 3 — 1 1  127 12L*
3 11 1 53  5 .  4 1 2 172 176 Is 3 —9 109 108
3 15 2 96 91* ‘4 1 3 197 198 14 3 —7 156 159
3 4 3 108 107 Is 1 5 360 357 U 3 —6 287 2 99
3 ‘4 4 66 56 4 1 6 258 256 14 3 —4 1(43 1145
3 15 5 ~8 56 4 1 7 85 83 11 3 — 3  1 35 1 3 9
3 14 10 63 68 4 1 8 132 136 4 3 —2 183 187
3 14 11 644 60 4 1 Q 482 494 4 3 — 1 228 238
3 u 12 111* 114 is 1 10 39 14 1 14 3 0 1115 45
3 (4 13 59 55 lê 1 11 308 3 15 1* 3 1 1140 145
3 11 1(4 154 1148 ‘4 1 12 37 443 4 3 2 187 1~~7
1 5 —6 102 108 14 1 13 1 92 (4 3 3 2 14 2  241
3 5 — 5 b~ 55 Is 1 14 1 63 167 3 5 ~ 3 9 285
3 5 — 2  2*7 39 ‘4 1 15 2 1 1  218  (1 3 ‘ 26 2 1 5
3 5 2 ~ 2 66 14 1 16 100 101 14 3 7 121 1l~ )
3 5 4 61 ~5 1. 1 17 98 100 1* 3 B 6 14 69

5 5 190 1’6 15 1 21 67 58 4 3 9 75 72

‘4 C’ - 2 2  80 81 14 2 —21 102 97 14 3 10 58 58
‘4 ~ — 2 0  114 118 4 2 —20 143  144 4 3 11  45 ~*9
1* C -18 120 114 1* 2 — 1~ 100 98 (4 3 11* 163 166
Is 0 -16 10(4 112 ‘4 2 —18 152 151 14 3 15 100 95
‘4 0 - l’s 5514 563 Ii 2 -17 220 222 44 3 16 94 98
11 0 -12 359 3514 Is 2 - 16  89 93 4 3 17 154 159
14 C —10 268 264 I& 2 — 1 ( 4  300 302 14 14 -1 15 (45 46
‘4 C -8 450 45’ 4 2 -13 56 55 4 14 —11 52 (48
‘4 C -6 106 105 4 2 -12 152 150 14 ~ -10 56 51
‘4 C -4 140 51 2 —10 66 67 Ii 4 —9 IL* 0 138
‘4 0 — 2  38 5 399 (4 2 —9 425 43 14 11 4 — R  119 117
11 C 0 285 107 4 2 —8 317 325 4 4 —7 Sli 60

— _____________  
_______



H K L P G PC H K L P0 PC H K L P0 PC

4 4 -6 220 225 5 1 5 261 268 5 3 7 95 97
14 ‘4 —5 56 53 5 1 7 515 0 5143 5 3 8 92 93
14 ‘4 — ‘4 229 229 5 1 8 60 59 5 3 10 118  119
4 Is — 3  106 114 5 1 9 3 1 3  309 5 3 11 92 94
4 ‘e —2 208 215 5 1 10 131 136 5 3 12 143 1149
‘4 4 — 1  73 71 5 1 11 173 180 5 3 13 156 161
4 4 2 68 75 5 1 12 152 155 5 3 15 86 844
4 4 3 92 92 5 1 13 80 74 5 14 - 12  104 110
4 14 15 47 48 5 1 15 55 56 5 4 — 10 142 1(44
(4 14 6 100 105 5 1 19 157 158 5 14 —9 56 61
‘4 4 8 133 143 5 1 20 73 74 5 14 —8 1143 1145
4 15 9 100 101 5 2 —18 138 135 5 Is —7 109 116
‘4 4 10 180 183 5 2 —16 219 218 5 14 —6 168 1711
4 4 12 151 151 5 2 —15 73 77 5 14 —4 75 69
4 5 —1 52 60 5 2 —14 99 99 5 Ii -3  62 59
4 5 0 90 87 5 2 —13 208 213 5 4 — 1 76 69
5 0 -22 111 110 5 2 —12 226 225 5 4 4 65 59
5 0 -20 101 90 5 2 — 11 97 99 5 4 5 128 123
5 0 -18  2711 268 5 2 — 10 217 219 5 15 6 1-55 160
5 0 — 1 6  473 1171 5 2 —7 149 157 5 4 8 185 186
5 0 —14 240 2414 5 2 —6 228 232 5 to 10 100 94
5 C —12 291 293 5 2 —5 250 256 6 0 —20 287 281
5 C -10 167 170 5 2 —4 349 360 6 0 —18 58 68
5 0 —8 269 275 5 2 —3 251 26 1 6 0 —16 161 154
5 0 —6 146 illS 5 2 —2 12 14 12* 6 0 — l I e  316 317
5 0 —4 638 650 5 2 0 299 311 6 0 —12 (40 27
5 0 —2 331 326 5 2 1 53 53 6 0 —10 48 41

0 0 696 708 5 2 2 206 209 6 0 —8 352 355
5 0 2 399 4415 5 2 3 154 158 6 0 —6 146 147
5 0 ~$ 49 53 5 2 5 363 36 1 6 0 —15 14 26 429
5 0 6 227 214 5 2 6 265 266 6 0 —3 29 0
5 0 8 108 102 5 2 7 39 42 6 0 —2 758 7711
5 0 10 62 55 5 2 8 220 216 6 0 0 133 129
5 0 12 193 202 5 2 9 190 188 6 0 2 181 187
5 0 14 228 221 5 2 10 915 99 6 0 4 68 61
5 0 16 151 160 5 2 12 131 139 6 0 6 209 207
5 0 18 205 208 5 2 13 12 *9 150 6 0 8 152 152
5 0 20 102 10 1 5 2 14 84 82 6 0 10 1459 1452
5 1 -2 1 80 81 5 2 17 168 169 6 0 12 225 224
5 1 — 2 0  77 711 5 2 18 126 127 6 0 14 188 188
5 1 — 1 8  118 122 5 3 — 1 7  162 167 6 0 16 139 136
5 1 — 1 7  225 221 5 3 — 1 6  63 64 6 0 18 1 1 3  106
5 1 -15  72 76 5 3 — 1 5  162 161 6 1 — 1 8  75 66
5 1 -1* 92 86 5 3 — 1 4  78 80 6 1 — 1 7  89 88
5 1 - 1 3  88 86 5 3 — 1 3  156 154 6 1 — 1 5  2 44 9 250
5 1 - 1 2  8- i 80 5 3 — 1 1  168 171 6 1 — 1 4  97 96
5 1 - 11  389 390 5 3 — 1 0  215 217 6 1 — 1 3  3 2 * 1 3 142
5 1 - 10  205 210 5 3 —8 87 91 6 1 — 1 2  70 65
5 1 -9 254 257 5 3 —6 194 197 6 1 — 1 1  195 195
5 1 — 8  85 814 S 3 —5 172 173 6 1 — 1 0  72 72
5 1 — 7 197 197 5 3 —3 180 179 6 1 —9 454 456
5 1 -6 202 207 5 3 -2  1 3 1  137 6 1 — 8  76 74
5 1 -5  ~0- 1 6 2 3  5 3 — 1  2~~3 259 6 1 — 7 141 14 1
5 1 — 4  76 71  5 3 0 514 50 6 1 — 6  129 131
5 1 — 3  240 242 3 1 288 294 6 1 — 5  196 208
5 1 — 2  154 159 5 3 2 169 172 6 1 —4 91 96
5 1 1 2 53  268 5 3 3 85 8~5 6 1 — 3  3 3 3  341

1 2 200 200 5 3 4 41 39 6 1 —2 1*2 48
5 1 3 56 54 5 3 c ( 4 3  28 6 1 — 1  177  181

L 1 4 105 108 3 6 65 71 6 1 C 1 2  164 
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8 1 - -2 90 92 8 3 —7 94 95 9 1 3 48 50
8 1 — 1  155 154 8 3 —5 41 42 9 1 4 414 35
8 1 0 122 126 8 3 — 3  49 41 9 1 5 162 15 4
8 1 1 129 131 8 3 —2 110  117 9 1 6 62 58
8 1 2 117 118 8 3 0 118 121 9 1 9 74 76
8 1 3 200 201 8 3 1 82 79 9 2 —9 106 1014
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