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The st¢eochem:.stry of- XYM(acaa) 2 complexes

(where X = CH3, C,GHS' Y

Si; acac = cg.cocﬁcocn

CH3’ C6 5' Cll and M — Sn'

Ge,‘

-) has been anestlgatéd b‘y dynam:.c .

‘nmr methods. Thesge cbmplexes are predomlnantly cis| J.n * , -
r& .

i

- chloroform-d romoform or chloroform—d-carbon ,tetfachlo-
" "ride solutions with a small amount (L 5%) of the trans >,

form present in some of the complexes (e.g., when X,= .

C5H5, Y - €l . M- Sn, Ge, Si "and when X = . CH3, ¥ =

37 C1 . J’:o .
and M = Ge). Attempts to assese\the structure of (CH3) Sn-\7

(acac)z in solution by variable |temperature nmr techm.ques
{.
' proved unsuccessful;’ a],so, the structure of (CGH,S)ZGe(acaé)z 2

could not be unequ:.vocally assigned. Klnetics qf conffg-

uratlonal rearrangement{;lh\s{n exchange acac r.J.ng protons




e

“—' '

Mn‘

:"entropies of-activation for the exchaiige procegy a;é&

‘281 +. 37 sec

o !

betyeén the two nénequLV4lent sxtes in the caé//qf the
.- . A\

methylchloro and phenylchloro complexes, along ith" exchagge )

of methyl groups in (CGHS 2Sn(acaczz have'been determlné%“

- by .nmr line- broadenlng ik dlchloromethane, chloroformj?
° LY
bromoform, and chLOroﬁorm-decarbqn tetrachloride solutions.

* M -"‘~ b : *
First—-order rate constantss at_25°,.agtivatlon energlgs, and
> ‘ P ' v

-

. respectively, for (CgHs) ,Sn(acac),: 369 + 58 (CDCly) and

»
1 (CH,Cl,), 851 + 0.3 (CDCl,) and 7.4 + 0.3

+ »
kcal/mole (CH2CIé), -21.7 + 1.4 (CDC13) g%l 42275 + " 1.2 eu

S

’
TS
1

CH,CLy): for (CH;)ClSn(acac), in CDCIy, 36 & 3 sec™1,
ig 1,1 kéél/molé, and -4.3 # 3 7 eu; for - (C6H5)ClSn- :
(acac)2 in CDCI; and CHBry they are, 4. 1+ 0.9and 2.9 %

0.4 sec™1l,-12.7 + .2.90 and 14.7 + 0.8 kcal/mole, ~15 + 6.

Y

and -9. (é 4 eu; for (CGHS)ClGe(acac)2 in CDC13—CC14 S
they are, 9. 4gsec_ﬂ, ;2.8 t-1.2.'kcal/mole, -13 ¥ 4 eu; v
fOt)(C H )ClS:L(acac),2 in,CDC;13-;CCl4 they are, 4.2 x ¥03’

sec”l, 6.4 t 1.0 kcal/mole and —22 * ‘S eu. Substitutien

of chlorlde in Cl Sn(acac)2 by- phenyl or«methyl groups

1ncreases thi/lﬁhiélty in the arder Clzfn < ¢é5H5)ClSn

< (CH IC18n < { 6H5) Sn. Theusame effect 1s observed

0

in the case of the analogous germanlum ana §111con .

tomplexes. A mechanlstlc *alysis'of the coalesdence

behav1our of met@yl reg nanceswand acac rlng.proton signals.”

\]

in nmr spectra of RClM(acac)z complexes (when M = Sn, R 7'

CH3, CeHg? whgn M= Ge, Si, R = c6 5)'su ests th@t




conflguratlonél rea ranqements- in these proceed via tw1st

4 -

A4

motlons thnough trlgonar prlsmatlc tran91tlon statﬂgw - ‘ '?% .
Rearrangements in (CGHS)ZVM,(acac)z (M = Sn or Ge) are also ,* °

%

v

bel;\,qved to. occur via a tw1st mechanism* on the basis of T Ceo

] o a7 s '
A L)

activation 'pa'rameters reported here and-those obtalned 7 "

.

from ‘,the tntermolecular_ ligand exchange procé&ss in the ' o

. (F655)2Sn(acac)2—(CH3)ZSn‘(a'E:ac.)2 system. The en¥ironmental

av'er:ai;ing .prdcess for ('CHB)ClGe(acac)r in CDCl3-CCl4 ¥ '

- .
- . -

solutlon was found. to be secmnd-order in complek <ccm<:em.:raa J

’

t:;on.‘ Actlvathn parameters are-E 6.0 £ 0.3 kcal/mole,
{ - . K
4: --30 % 1 eu, and k2$ 1. 6 X 102 lsec 1.-3Rearrange-;
. 5
ments ‘are viewed as occurring via a germanlum—oxygen"bond '

1 . : -

;cupture as a first'step to yleld a fmve-coordlnate 1hter-—

’ 1 ¢ L

medlate. The rate determlm.ng sequerice is 'thouc}ht to .

.

J.nvolve proper Qrientatmn of two flve-coordlnate s,pec;.es_
"~ R

b
to form a hls-acac brldged dimer.
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:_ tinka) form'sixfcoérdinate (10~-16), monomeric. (13,17-19)

L4

‘ » I.  INTRODUCTION . T e
- - '- " A ' . ‘
- 7. In the past several years the chemistry of

¢

B-ketoenolaté complexes of tﬁ;:sition'énd past

transition metals has received considergble attention (}-«'

. ’

9). Of particular interest has been the gorrelation of

. -
i

molecular structure, and kinetic lability with respect”to
cohfiguratiogai rearrangements (e.g., racemization, isémer-j
ization, ;nd ligand@ exchange). However, litéie attention
—has.been paid to organometallic g-ketoenolate com;lexes

;of,gréup IV (Ssi, Ge* Sni elements Qith regard to stereo~ -
cﬁemist{y ?nd, to an even lesser extent configurational

>

. 4 i
. It has been established that diaf*yl and diaryl-

rearrangements in the chelate rings. ,

LN f

f . , by . -> 0

complexes with B—ketoehols (12-14,17), 8-hydroxyéuinoline_

(10,11,;13,15,18) and tropplone (19). There has, however,

been much controversy ovexz the . structure of many.of these -
“ , . T ’
rand analogoia complexes. This iségé}n}y'due to the frHct -

=~ &

that yhese comg*zfes which are of the"type R2M(aik)2 caﬁ'
assume two diffe¥ent configurations, a cis and a +rans °.. Ly

structure. The&e are illustraﬁed below.
f
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| | o Compounds of the type Sn(acac)2x2 (X == Cl; Br, I,

%m'F, 'acac - anlon of acetylacetone) have been found to

1

have a dlpole momeht>of~6 7D (20 -22). 1nd1cat1ng a predoml— .

nantly cis structure in solution. Also, c01nc1dence of bands ) >

in the Sn-0 and Sn-Cl regions in the infrared and'Raman
spectra of Sn(acac)jil is conslstent with a cis structure

(23). Nmx spectra of the dichloro and diiodo, XZSn(acac)

-

A Y K . .
complexes exhibit two resonance smgnafs of equal intensity , R
in the methyl region'(ZL,23,24127). Kawasdki and coworkers

4 i’

(26 28,29) first attributed these +woO resonances tqaa ’ . . ,

r
¢

> dlstorted trans. structure featurlng localized double bonds,
however, the’ welght of other ev1dence neces51tates the B .t
aSSLgnment of the cis conflguratlon. Low temperature nmy -
spectra (33) of Sn(acac)ze, whlch exhibits two methyl
resonanaes, supports the dipole moment data (20) and ) T

confirms the cis gonfiguration. Solid state 1nfrared

spectral evidence (30) also confirms thlS ass1gnment but

contradlcts the work of Cox and coworkers {31). Jones'(30)

3 -

has reported data‘on Sn(dpm)2x2 (X =- Cl Br, I, ox F; 'dpm'

= anion of dlplvaloylmethane) in whlch the nmr spectra

.

exhibited two equivalent t-butyl resonances indicatiVe of . %
a‘Sii structure. A recent intensive nmr and 1nfrared study ‘
{32) of X Sn(a,cac)2 (X - Clh Br, I, or F) complexes as
shbwn that these possess the cis structure in solution and
in the solid state, and that stereochem;cal non-rlgrdity

" follows the order F >I > Br 2 Cl. Moessbauer(33 34) and
single crpstal diﬁfraction studies (35) ofﬁClzsn(acac)2

&v >|' ' - .
‘. 8 ’ PR Y
/ . n 7’ ') . ) N ,k . 0 - N !
. . ' A , ‘ .
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also reveal a cis stereochemistry in the solid state.

(acac)2 in the solid state has: been solved from the x—ray

diffraction results of Miller and Schlemper (36). They

have found the compound to have the trans configuration
in which the,molecules possess a center of symm@tq& i.e.,

the arrangement of the methyl groups (CH3-Sn—CH3) is

L4

rigorously trans. However, the configuration in solution is-

still uncertain. In 1964 McGrady and’\“Bias (L4) suggested

that the compound adopts the ‘trans stricture in chloro-
. . - ——————

form—d solutions on the basis of the megnitude of the”

-

Sn—CH3 spin—spin coupling constants "and’ their similarity

to values of the a g dimethyltin(IV) cation. ThlS cation

was shownlto have trans methyl groups from Raman .-and
infrared sPéctra (14). Kawasaki and coworkers (37) \\n
aSSigned the trans structure on the basis of the vibra—L

-tional spectra of the crystalline compound. In a 1ater

’study, McGrady and Tobias (12) also as51gned the trans

.

,str:Lture to (QH Sn(acac)2 in the_crystalline state, ande

in

- ‘

of further vibration&fﬁevidence. More recent Rampn studies °

(38) ‘also subport,the trans configuration in the solid and,

solution statesf The studies have ruled,out the ppssibil-_

’

.ity o;,a trans to cis isomerization reaction owing to the

nearly 1dent1cal,polarizability tensors ﬁor the symm&tric

(
Sn02 stretching Vibration at 510 cm. L in the solution nd

S?lld statebRaman spectrum of the dimethyltin complex (38) .

-
.l Y “:' 2 ’
¥ . . @ '

. N - .

. )
, .

nzene and carbon tetrachloride solutions on tlie baSis .

. Controversy over the stereochemistry of (CH3) E T

—




A -4- o ;\

W . The appearance of only'a single ‘acetylacetonate

methyl resonance (12) for (CH3)£Sn(acac)2 in the room

\

temperature nmr spectrum led to'the*déauction of & trans ’
P o - N
. Structure; this_evidence is of 11m1ted value because of
/ny
the p0551b111tyﬂof a rapid exchange process taking place,

H
A

o
thi& ‘time- averages the acetylacetonate methyl 51gnals on >

the nmr time scale. On.the basis of the‘magnitude of the
quadrdpb}e splitting in the Moessbauer .spectrum (33,39,40)
thé trans configurapion was assigned to (CH3)2Sri(‘acac)2
ﬁﬁqre‘aﬁd N§l§g2;(4l) have reported measurements of mélar

polarizations and refractivities at 4358 S for benzene .

and cyclohexane solutiohs and reported dipole moments \

(static) of 2.95 and 3.19D, ré§pectively: The ¢is struc- N

ture-was assigned in consideration of these dipole moments.

This is also supported by Hayes and cowo&&ers'(42) who .
found dielectric relaxation times of,5.3 x 1072 sec and a
dipole .moment,..(dynamic) of 1.76D indicative of a dipolar

cis structure.

N -

It was originaliy.spggested (13) that (CGHS)ZSn—

(acac)2 should exist as a cis or trans isomer.with the cis

form producing two enantiomers. However, failing to
g

resolve these enantiomgrs over a D-lactose chrométographid

column, Nelson and Martin ' (13) concluded that this compound
possesses the égggg configurahion.in.solution, although. -
existence of the cis form was not precluded. Obsérv;tion
(12) in the xoom temperatureé nmr spectrum of only 'one
methyl signal, and- v1bratlonal spectra closely smmllaz to

those of the correspondlng élmethyltln complex leqd to the

»
>

"
2 .

. ' - . . \
. .
. B

~

~
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formulation of a trans structure. On the other hand, .

. A *r
Moessbauers studies (33,39) indicate a cis structure in the

) - [ /- ,- “ - * -

. " solid state. This ¢fis geometry is supported by recent )

s varlable tempefgture nmr studies (43). From small values

{

of the dlpole moment (13) (3.78D in C6 6 and 4,02D in
x :'C12H12) found in earller studles it was deduced that the
compound assumed the trans conflguratlon in solutiop.

However, in a recent report Moore and ‘Nelson (41) have

| ® .
proposed a cis structure on the basis that the presence of

this dipole moment rules out the nonrpolar trans structpfe.
~ »
Atobmic polarizatlon (42) and dielectric, relaxation studles

L 4

(44) support the eXLStence of .the cis form 1n solution

- ¢

v v *

although these latter studies dld not preclude a mlxture

‘of cis and trans isomers,pwith the formerxr predomlnatlng.

- ’ .
3 - i i

Haloalkyltin(IV) acetylacetonates, RXSn(acac)2

]

(R = alkyl:; X Cl, Br, 3% I),{vere a551gned ‘a trans '

. stereochemistry by Kawasak1 and coworkers (29) on the

[ )

basis of nmr evidence, presumably from room temperature

-

. nmr spectra. A later, report (45) on RkSn(acac)z complexes

L4

‘of (CH3)Clsn(acac)2 in terms of a c1s z-trans zsomerlzatlon

~

aa(reactlon. Nnr studles (28) on (CGHS)XSn(acac)2 (X = Cl or
Br) complexes in chlor6form-d and bromoform vevealed four
methyl and two agetylacetonate ring proton nmr resonance
signals; these were suggested as arlslng from a linear ..

CgH5~Sn-X stereqchemletry and f{rom a distorted acetyl*
Al T ! Bl

-

p

~




acetonate ring structure, for example, é structure
contalnlng "somewhat locallzed double bonds". Such ‘a

dlstorted structure has also been’ prqposed (26?&8 29, 46)

<

for Xzsn(acac)z (X = Cl, Br, or I) .chelates bup has gince
'been shown (32} to be incorrect. Furthermote,'the.coales-"
s cence phenomena of tue ring-proton resonances in the
limited variable-temperature nmr ddta available on the
‘phenylchlorotin(IV)'acetylacetonate\complex~(in CHCl3 and
OHBYg) was m1s1nterpreted (28) 1nﬁterms of hlpdered
internal rotation of the phenyl ‘group arodnd the Sn—C bond
(Ea = ca. 3 kcal/mole) Moessbauer studies (33) have

suggested a cis structure for both the methyl- and phenyl-

chloroﬁ;p(IV) acetylacetonates g}though this was quite
4 d ¢
difficult to ascertajn as the pgedicted quadrupc}e split-

. tings for the cis and trans structures are too similar

. \ : , .

(calcula‘éd values for trans- (CH 3)Clsn(acac), and trans-
»

(C5H5)C% b(acag)z are 1.94 mm/s hnd 1.78 mm/s respectlvely

'

and for &he cis compleies, 2.03° mm/s and 1.87 mm/s respsc-

.

tively; observed values were 1.78 mm/s and 1.77 mm/s).

Organogermanium(IV) couplexes with B-diketones

have received little attention (47,48) . Mehrotra and
Mathur (49) reported the synthesis of the monomeric,'six—

coordlnate (C5H5)2Ge(acac)2 complex:and of (t~C4H9)3Ge— ‘
(Ve .

(acac)Q'suggested as being flve-coordlnate. Dichloro- ";w
germanlumblsacetylacetonate, Cl,Ge(acac)y, has been found

"t¢ -be monomeric (50) and‘a weak electrolyte in ionizing
7

EREEN -




JUPE .‘ v, " . ' <
s@lvents |(51). Infrared and preliminary i—ray crystallo- a

, \graphic studies’ (31) have suggested a ¢is structure for
ey N . . * 1y ' - . tL, - o
"this compound The large dipole moments, observed for RN

ClzGe(acac)z (7.4D) (52) and BrzGe(acac)z «8 .7D) (53) 1led

Os1pov and coworkers (52) to postulate a c1s conflguratlon //

e

in eguilibrium with an-iogic species Ge%acac)ZCl ; however,

there is some doubt of an appreciable amount:of this o

o -
spec;es present (54) . Nmr\studles by Pinnavaia and coworkers B}
. o

. ‘ (54) on ClzGe(AA)z (AAk— acac, dpm, and pvac, pvac- - &«

anr/nlof plvaloylacetone) complexes suggest that these .

¢ M 4 . . N - o

' compounds exist as an :equilibrium mixture of both cis and o
r O ——

\ ) .'* R -

. \
o © " trans  isomers 39 solution. In the nmr\spectrum of ClyGe-

{_, ' 4acac)é0there are twojequsllg intense methyl resonanceiné/ 4
! o _indicating that the complex adopts primarjly the cis .w
o ~conf:i'.”guration'in solutidon; however, a regainingqmethyl and ° .
e ' L' methylene resonance"strongly suggests the. presence ,f an .
< ot ‘ apprecxabie amoynt of trans 1so;er, believed to be in the |
> range of lS—Eé% (54). Pure tgggnglzGe(acac)z has\bgen l s
\;f - 1solated l30) by aglng a saturated chlorofo}m solutlon. ‘The .?;;%;"

. nmr spectrum of this aged solution: exhrblts one rlng proton

4

o . and one methyl resonance. The chemical shift of the trans‘

isomer corresponds“to the one attrlbuted to a contamlnant

° by -Smith and Wllklns (24), who had orlglnally postulated

A . . roay

the cis structure for thlS compound in solution. The

s ! . ’.
Toe \Qnalogous dibromo complex hastbeen a331gned (30) the tran@ v
oo 4 ~structure in the §olld state because of the s1mllar1ty of

: , N the low energy infrared spectrum to that of the trans-Cl Ge-

‘ » o LY N '(( th D , .
, o -, , h » ‘<. |
> - : ) )

- ! ‘ ) - - . M
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..case for ClyGe(dpm)j

»

(dpm)z; Similar results‘have‘been obtained with X,Ge(dpm),
(X = Cl, Br) fréﬁ’hexane/s lutions Slthough pure cis-X,Ge-
(dpm)z_(x = Cl,I) hai been isolated (30) by crysﬁalF

(figg

lization from dipivaloylmethane aﬁ 00, and then aging- for.-

several days. Pinnavaia (54) has concluded that the genegai ’

s that the coystal first formed from
hexane con%ains a. mixsure of the cis and trans forms but

the cis structure predpminates in solution. . @
el 0 M - o 4 °

The complex Cl)3i(acac)j has recently been

synthesized.by‘Thompson (55,56). Nmr specéra exhibited no

*

-

' splitting or broadening of the acetylacetonate methyl

‘signals even at'temperatureé as low as -60°. This would
*

indicate a trans struc¢ture for the :Zﬁplex. However, from:

other work with comélexes of the ty M(acac)Cly (M =

group IV metal) (24,57) the position of the ring ,proton -

resonance (8= 5.93 ppm) is consistent with an ionic or

s
dipolar cis compIek. Of course, the possibility that this _

>

complex behaves anomaldusly cannot be precluded, and the o

- compg d.n?y be structurally similar to trans-diacetoxy-=

3

bisacet¥lacetonatosilicon(1IV), for  which resonance signals«
, ] -

occur in the 'same region. These results-would indicate a
1

probable;translftructure (55).. %pwev?r, although (CH3CO5) 5~
- 81 (acac), does .exist predominantly in the trans form in

S

] -~ !
the sézza\state and in freshly prepared.solutions, it has

,been found to isomerize in solution to the cis structure

. to yield an equilibrium mixture ( [cig]/[trans] = 1,61
) N

(9,58,59). On the basis of:.infrared 3peétral evidence of

i

R .
L

N

4

L]



the complexes of the type RClSi(acac)2 jR_u; methyl or -

phenyl), West (60§Jded&oed their hexacoordinate_naturé»byt

was unable from the availablé’information to assign a - .

[ '

partlcular conflguratlon. His attempts to synthe81ze

» (CH. )281(acac)2 yielded , anﬂopen chaln compound for which . .
there was no apparent.eg;lanatlon. Sterlc hindrance was - .. ! . !
‘ruled out as the steric requlrement of the chlorlne atom

- Vv . -

is approx1mate1y equal to that of a methyl group and the .

—

) compound - (CH3)C1$1(acac)2-ls chelated. It was postulated

"(603, that ‘the presence of the elegtronegative chlorine ,

.
— ‘ 14

atom on the silicon apparently increases the acidity of

»

the‘silicon.by sufficient withdrawal of electrons so that .

>

LI .
chelation ‘can take place in. the RC1Si(acae),; complexes.

v
N

One appllcatlon of 5111con B—diketonate com-

-

plexes has been 1n the ‘area of hardenlng of 5111con rubber ,

(6. A 5111con complex (CH3)XS1(acae92 (X = Cl or OAc) 15
.first obtained by treatlng CH3$1X3 w1th Ag,CHy. Then, 0.6
parts of the resulting complex - dissolved in 1.5 parts

\gHCl3 is: adéed to 10 parts of organopoly31loxane, hav1ng

silanol ‘end groups, to give e completely pardened polymer.

It was, therefore, 'decided to investigate ehe
'stereochemical nature and stereochemical.lability of com=-
pounds of the type XYM(acac)z, where X 'is methyl or phenylry
Y is methyl, phenyl, or chlorlne, and M is ejther tin, ,'.'
germanium; or 8111con. An analysis of the probable mecha-

nisms for the environmental averaging of acetylacetonate
] J . !
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A E 3 ¢ -
‘rinq. protons and/or acet;yl;ace’tonate methyl groups has. also

t

been "ur}de'rtaken. ,Thesg_ make up the subject of the present :

- ]

thesis.’ * , -
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ey

+ Corp) , pyridine (pﬁrified J.T. Baker) and deuterium oxide _

.
. .

»

. . / o
- : v ' II. ‘EXPERIMENTXL
A.  Synthesis of Compounds’ L T )

e
it

.o 1. Reagents and Solvents
| . \/

-

»

Reagent grade anhydrous ether, benzene;‘hexane

and carbon tetrachloride were purchased, from Anachemia

Chenmicals. chhloromethane was'?isher Scientific Certified

]

Reagent Grade. The above solvents were dried by reflux1ng

over calcium’ hydride (Fishér Purified) for at least 12

-

hours prior to distillation. Diphen&ltin dichloride,
dlmethyltln dlchlorlde, phenyltln trlchlorlde, methyltln
trlchlorlde, dlmethylgermanlum dichloride, methylgermanlum
trlchlor(%e, dlphenylgermanlum dichiloride, dlphenyl dichlo-
'r0511ane, dlmethyl dlchlor031lane, phenyl trichlorosilape,

ér;hyl trlchlorosllane and thallous carbonate were pur-

1

chased from Alfa Inorganics and used without furthetr puri-

»

fication. Tetraphenylgermane and germanium tetrachloride
\,
.o ~ \ .
were purchased from Research Organic/Inorganic Chemical

Corm.\and were used.without'further purification. Acetyl-

%

acetone (2,4-pentanedione, Fisher certified Reagent),
¢

sodium metal (J.T. éaker), absolute ethanol (Cgmmerciél‘ '

%

Alcohols Ltd.), hexachloro-2-propanone (Aldrich Chemical
e * ’ »

(Merck,‘Sharp and Dohme) were used as purchased’and w1thout

further purlficatlons Aluminum trichloride anhydrous was

Flshar Certlfied Reagent Grade.-



' ‘ . ‘ "'12": ‘

2.. General Techniques - 4
s t , . ,

« ‘3

. ' Syntheses and handllng of compounds for physical

measurements gg;e carried out’under anhydrous condltloné

in a dry nltrogen atmosphere, using a nltrogen-fllled

”o N !

Glove Bag (Instrument¥ for Industry and Research) tontain-

/

"ing a dish of phosphorus pentoxide. All glassware, includ-"’

‘' ing side-arm flask and modified.fritted glass, funnels’
¥

of the type described by Holah (62) and Fay ‘and Plnnavala

(63) was cleaned w1th alcohollc pota331um hydroxide and/or.

¥
» aqua reqlah washed w1th water and then dried in am. oven

1
. a . S ;
at 140°C for at 'least one hour prior to use. All filtra-

tions were accomplished under nitrogen. The‘compounds
. \ - ," o

were stored in a desiccator containing Drierite. o

t * .

3.  Isolation of Products and Purification
- ‘ "~ oA
In all cases, after the starting materials were
] - . '

allowed to react the products were obtaifed by the follow-

ing techniques. The mixtures produced from the reaction

of the starting materials were repeatedly filtered througH“'

a modified fritted glass funnel until 3 clear sblution was’

[ . ."‘l . - [}
obtained. In the case of the tin and germanlum compbdunds—

the solution'was reduced to about one-half the original

volume by passing a gentle stream of nitrogen gas over.tpe
I N . (-]

“surface of the solution whlie’heat%n§/7€a. 60°) the‘flask

»

with a heat gun. Approximately 10 ml of hexane was then,

added and thewsolutlon‘concentrated'further until the first

siéns of turbidity. The flask was subsequehtly atoppered.

%

. N r n‘
" .
. -, ! 'f .
. -
t . { . N . ~
. LI * ' . R ¥
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-~

and placed in a freezer. (ca.

" to oécur (about 1-3 hours) Should crystallization not

~

have occurred more solvent was removed:. and the process

repeated until the de31red product was obtained. The su er-"

-49) to~allow crystallization

natant fluid was- dedented under nltrbgen and the resultlng

solid was recrystalllzed by fimst dlssolvleg 1t in a

minimum amount of dlchloromethane followed by addltlon of 4

about 10 ml of hexane; the solvent again was removed until

the first signs of turbidity. The product® was crystallized

.\

as descrlbed above. The .soldid product was flltered and

“

s

1n1t1ally drled by running’ a stream of. nltrogen éas

T

1

'in vacuo for at least 0.5 hours-. -

&

through the modified fritted glass funnel -and then dfied-

In the case of the silicon compounds which tended

+

to decompoée fmore readily ‘the solvent was removed under

3

v

§hrti§1‘vacuum'from a water aspirator while applyﬁng heat

to the flask from a heat gun. In all cases, -the purity of

bes

the products was checked from their nmr and infrared’

spectra, and from melting points.

‘4. Melting Points

. Meltlng points were measured with a Gallenkamp
meltlng point apparatus (model MF-370)

were sealed with modellng clay in a glove bag. Reported

melting p01nts are. uncorrected.

¢
3

The capillaries

~



5. - Elemental Analyses
. . ) |
Samples were submitted for elemehtal analysis in,
"screwcap vials secured with.vinyl tape.
. ¥ ., -

|
|
|
|
|
|
|
{ . .
A ) Elemenﬁal analyses were determined by Galbraith -
Laboratorles, Knoxv1lle, Tennessee. In two cases, chiorine

s

. . determlnatlons were done by the author. ’ \\Q

7 6. sodium Acetylacetonaté;F - o ) )

?

i
'a

L The éodiuo\salt of acetylacetonate w%h#%repaxed

by standard methods (12,64). To a solution df aéét{(l—

acetone in anhydrous epher was added small pleces of

metalllc sodium. The mixture was stlrred for two hours -
¢ Which time a white solid was produced. After filtexi

;and washiﬁg ﬂ}th cold anhydrous ether, th¢ product was , -

dried in vacuo. Unreact&d sodium particles were manually:

removed. ) ] - .

. . 7. Thallium Acetylacetonate.-
. B ' . Q .
R B B 3 . !

4, « f . > -

" ' " ”' To a solutlon of acetylacetone (4. 51 g, .0.0451

mol) in 200 ml of absolute ethanol was added 10.57 g of 7 °
. ‘thallous carbonate, T4,C03, (0.0225 mol) . This mixture —
» | fwas stirred and refluxed for 3 hour's unLiI\Eﬁe solution v
became clears At this time the hot solution was filtered ’
- through a coarse medified fritted glass funnel (62 63) to-_ -
remove any undissolved 1mpurities The flltrate was allowed

- to cd&}runder a stream of nltrogen'gas until the fi'rst ) e

. ® -~
1 . . ] .
ot R M . A - 2
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-

+

W‘Pijkens and Van der Kerk (65).'To a Carids combuséion tube

. The latter was placed in an oven for seven hours at 1259C.

:sigﬁs of crystallizatién. The'EtOPPEred @lask'was placed

in a freezer (ca. -4°) to allow complete crystallization.

&

The white o%ystals/wEré then collected and washed with

-

cold L»4°Y‘absolute ethanol and drled ln vacuo. Yield.

N
4
_produced was 8.13 g (61.2% of theoretlcal) Mp 157-159°:

Lit., (13) mp 153-154°. . '
¢

o 8. Phenylgermanium Trichloride.- ) EEIN

» ) - 3
This compound was synthesized by the method ©of .

(250 mm long, i.d. 8 mm) was added 3.19 g of germanium
tetrachlorlde, GeCl4, (0.0149. mol) A mixture of tetra-

phenyl germane, (C6H5)4Ge, (2.32.g, 0.00609 mol), and

freshly‘subllmed alumlnpm-tplchlorlde, AlCl3, (0.16 g, .
0.00120 mol) was first homogenized‘and then plaéed in thélﬂtw\\\\\\;\
tube in a manner which allowed maximum wétting Sﬁ tHe . ‘ -
solids. Thé tube was flamejgealgd at atmospheric pressufe

and subsequertly placed in a Eightly secured steel pipe.

"XAfter cooling, the products were distilled and the desired K

i

a

. o o N
zphenylgérmanium trichloride, CgHgGeCly, removed at 128
~150°C (50 mm). Lit., (65) bp 105-106° (13 mm), The purity

of the p;bduct was verified from its infrared and nmr L.
spectra. .
<

'9. . Diphenylbis(2,4-pentanedionato)tin(IV).~-. | ;

~ y . . . ' ’ . .-
"A 70% yield of this product was obtaihed by the

-



J . ' .

L # PV -16- ' CN Ty
; , , o ‘
reaction of 4.90 g-(0.0k43 mol) of diphenyltin dichloride,

(CgHs) 28nClz, with 3,83 g (0.0314 mol) of sodium acetyl- |
acetonate, Na(acac), in 100 mi,of dichlorémethqne. The
mixture was stirred for three hours and then filterga. The
filtrate was processed a; described earlier and$Ehe white
product recrystallized from dry dichloromethane-hexane
solutions. The yield was 4.70 g. Mp 124-126°(dec). Lit.,

& (12(/hp 125°.Lit., -(17) mp,125—1260.'Lit., (16) mp_127°.

. Chemical shifts 49 8 g/lOO ml; CDCly/TMS; ca. 37°) § =

5.41 ppm’ (-CH=) and 1.98 ppm (CH3)

N AN
) ’ ) V%

‘ 10. Dlmethylbls(z 4jpentanedlonato)ﬁ¢n(IV)¢

Ly .
To af{ 150 ml solution of'dimethyltin'dichioride,-
—{CH3) 2SnCl,, ( 751 g, 0.0114 mol) in dichloromethane was N
’ 'added sodium-acetylacetonate, Na(acag), (3.05 g, 0.0250
i : ' T s : ; . N
. mol) . The mixture was stirred for three hours and then ‘

'\\/ N

s filtered through a modlfled frltted q&iff funnel. The

r ' 'flltrate was -processed as descrlbed abo¥e and the white
product: was subseguently obtalnedﬁby reqrystal%lzqtlon"f-‘ .

from dichlor&meth?ne-hexané ;olutions. Yield 1.20 g (50% C

of theoretical). Mpl79- 180°1dec) Lit., (37) mp 177~ l78°

w Chemical shifts (10.3 g/100 ml; CDC14/TMS; ca.'37°) § =

ESY

5 32 ppm ' (-CH=) , llt., (12) 5 27 ‘ppm; 1.96 ppm (CH3),
0. 39 ppm (Sn—CH3), llt., (12) 0.49 ppm. J(ll7Sn—CH3) 99 2 Hz,

o A llto' (l?) 95 0. HZ, J( n":CH3) 1W03¢8 HZ, lltn, ‘(12) 99-31}!&.

A}

[
v ) te - ' ‘#'
.




o o) \.X.‘\ - .—17-! o Ve .

o

1l.. PhenyiEhlorobis(2,4—pentanedionato)tin(IV).— .o .

] '-
[ L)

) éodlum acetylacetonate, Na(acac), (1l. qi g, __—
. 0. 0132 mal), was added to phenyltln trlchlorlde, CeHSn~
CI3, "(1.81g, 0.00599 mol), in 75 ml of dlchloromethane. ”.
< The mlxture was refluxed for about three hours and then |
flltered hot. The desired whlte product was recrystal-
llzed ﬁgom dryﬁdJchloromethane—hexane solutlons. Yield

"1.84 g (72% of theoretical yield). Mp 149-150°. Lit., ’ k\

(19) .mp 149-152°. . : | o -
. ' ) . ' | ’ “ l 1] ,
Anal. Calcd. for CjgHpq04C1lSn: C, 44.75;.H,

' 4.46; Cl, 8.25%~Sn, -27.64. Found: C, 44.60; H, 4.47; C1,

8.42; Sn, 27.56. ! B .
LY . & ° «

Chemical shifts in CDCly/TMS (8.8 g/100 ml; ca. - 4
37°), & =2.07 ppm (CH3) ‘and 5.50 gpom (-CH~}

» N . " 1
A ]

12. Methylchlorobis(2,4-pentanedionato)tin (IV) .-

:
( . N £ -

g ’
Sodium acetylatetonate, Na(acac), (2.87 g,

6 0235 mol),,was ‘added to 2.58 g of methyltin €£richloride,
CH3SnCl3, (0.01Q7 mol) in 75 ml of dichloromethane. The .
mlxture was refluxed for ca. 4 hours and then flLtered ‘hot. ‘
The desired white product was récrystalllzed from dry
dichlo;gmetha;e-hexane sol&tions. Yield 1.00 g (25% oﬁ ‘
'theo;:;ioal yield). Mp 115—1370; Lit., (17) mp 135-136°%

-

The purity of this product ‘whs verified by nmr and infrared ' 1

«

¢ . ; .
spectra. Substitution of thallous acetylacetonate for sodium: -




. . . . . \(f,’b . ] . . . i | ; - :n_
. acetylacetondte yielded 72% of the product. Chemical i '
shifts. in coc13/rms (15.8 g/100 ml; ca. 28°), § =:0.86 ppm ¥ 7

(Sn-CH3), 2.04 ppm (acac—CH3) s, 5.51 ppm (acac-CH=). J(117sn-

119

CH,) 119.2 Hz, J( Sn-CHB) 124.6 Hz.

.o . -

/ 13. Diphenykis (2 L4-pentanedionato) germanium (IV) .-

| ' T

| ~ . - This c0mpound was synthesn.zed By reacting 2. 69 g

~

(. 4 of dlphenylgermanlum dchlorlde, (CgHg) ,GeCly, (0.00904
~ ;

mol), and thallous acetylacetonate, Tl (acac), (5.00 g, .
0.0164 mol)_ in 75 ml of dichloromethane. The resulting -
mixture was stirred for about two hours) filtered and the

 filtrate processed as described earlier. The white product

N was recrystallized from dry dichloromethane-hexane solu- ..
~
tions. Yield 1.70 g (49% of tbeoretlcal yield) .’ Mp 134~

136°(dec), bp 2439 (1.0 mm). Lit., (49) bp 201° (0.6 mm). o
5 ) :

‘Anal. Caled. for C, o4Ge£ c, 62.17; H, 5.€9.

228 24 ) : /)/ﬁ
Found: C, 59.01; H, 5.38. ‘ . 7
. . ! o e - |
‘\purity of the product was confirmed by the

. e
absence of OH and uncomplexed CO bands in the infrared

spect\run{ 'This, whlte compound tends to decompose .over a
o  few days as ev:.aenced by a change in color. The unsatis— ' :

fac*ory analysis is probably theé result of rap_ld decom-

'posj_.tic.fn of this compound. A low carbon .analysi's" I;as also

% t o b -’

. . 'been reported by others (49). ) A
N\ -,

- Cl’rem:.cal shifts J.n CDCl3-Cdl4/TMS (10 3 g/lOO /
ml; ca. 3l°), § ='1. 93 ppm (Cﬂ ) and Sit,’lgppm (-CH-).k > |




A < 3 ' =19~

. ’ b .
\ ' A
. L4

‘ ] " 14. . Phenylchlorobis(2,4-pentanedionato)germanium(iV) .-

» X . . . .
This compound was obtained in 67% yield by adding.
5 ' 6.29 g of thallous .acetylacetonate, Trﬁacac), (0.0208 mol)

to 2.66 g oﬁlphenylgermanium trichloride, C6H5GeC13,

N

(0.0104 molM in 75 ml of dichloromethane. The mixture

a) +
v@as stirred for 30 minutes and filtered. The desired

\ P

- ‘ . product was recrystallized erﬁ‘dry dichloromethaﬁe-hexane

< solutions. This compound tended to form an intractable -

oil; it was jpecessary to induce crystallization by scratch-

L

ing the sides of the flask with a ,spatula while evaporat-
ing. the solvent with a stream of hitrogen gas. Yield

2.65 g. Mp 143-145°(dec). Lit., (47) mp 140-145°.
N - s |
{ Anal. Calcd. for CjgHig04ClGe: C, 50.13; H,
5.00. Found: C, 43.89; H, 4.46. -
-, ) B
" X Chemical shifts in CDC13—CCI4/TM§3(17.6 g/100 ‘ml;

~

. ca. 31°, &§=2.08 ppm (CH;) and. 5.60 ppm (~CH=).

- 3 L 4

Edrity of the frdshFy prepared product was :

N ascertained from nmr and.infrared‘spectra. Rapid decom-

- . -
position (ca. 2-3 days) results in an unsatisfactory

’
+

analysis. A gravimetric determination of chlorine (47)

) o
' - produced 9.10% (calcd. 9.25%). . -
) ; ) ) ’ /\ '

- . 15. Methyiﬁ%lorobis(f{4-pénﬁanediohato)gefﬁanium(IV).f'

. ¢
To prepare this :;;péund, 6.15 g af th%llous
L

écetylacetonéte;'TlXacac), (0.0213 mol), was added to a
N . ’ . !

\



-

1
o~

75 ml dichloromethane splution of methylgermanium trichlo-.

h e

>

i

vy 7
3

Anal. Calcd. for C11H17O4CIGe C, 41.12; H,

e

5. 33. Analyses on two separate Samples gave, C, 25.98,

+X5.98; H 3 98, 3.13. A gravxmetrlc determlnation of

chlorlne on a freshly prepared sample 1n this laboratory

gave 11.0% (calcd.. 11.04%).
5 . R ) ‘

Purity was also verified by'tpe absence of OH

o

. . LR . )
and uncomplexed CO bands in the infrared spectrum. The .

-

®. . ride, CH;GeCly, (z..é9 g, 0.0118 mol). The Mixture was N

, stirred for 35€minu§es. The desired white compound was ‘

- . ) recrystallized frem_dry“dichloromethané-?exane sg;ntiéns: é
| Yield ,1.2'0 g (324 of theoretical yield). Mp 128-132°(dec). ’
=" " pit., (47) mp-128-132°. o e |

‘I-j

compound tenZZrEQ,&’Ebmpqse over a period of a few days.
Chemical shifts in CDC13-CC14/TMS (17.6 g/100 ml; ca, 319);

§ = 1. ll ppm (Ge-CH3), § = 2.07 pppn (CHy~acac) and 5. 57 upm

(-CH —acac) b

LA . Y

16. Phenxlchlorobls(z 4fpenbéned10nato)511lcon(IV)

" , -
. .
.
+

This complex was-prepared by the addition of

5.20 g of:thallous acetylacetonate, Tl(acac), (0:0171 mof)

L

o ¢

to 7. 96 g of phenyltrlchlor031lane, C6H581Cl3, (0 0377 mol)

'in 75 ml of dlchloromethane. The mixture was stirred for

10 minutes and filtered. The desired white product was

-

recrystallized-from dry«diéhloromethane?hexane solutions.

s

A\geddlsh 81de product tended to form on standing'so that

<
further recrystalllzatlons were necessary to remove this



\¢ ;" . '

red giecpmpositican product. ‘Mp 119-122° (d-écﬁ'; Q:., (47) »

. _g_a_l_'. ﬂgfso\l T - ’ =>/ e ‘o )
‘- M . . - ~ . Y
i . . - . o .
o S : >Anal.’ Calcd. for C;;H,40,ClSi: Cl, 10.49. Found. \ -

u’/

) -

| % ' Clr '10.65- £ % s v -
\ . s - Ay . . .
- G - - B

, v
Purity was further verified by the absenqce of

4

" -, oH and uncompléxed CO bands in the infgared spectrum. The .’
) o, CL e RIS .
’ .comppund decomposes over a period of®hdurs. Chemical shifts

in .@PCI14~CCly/TMS (10.8 /100 rhﬁ'"‘cé}. 289); & =2.00 ppm

.. '(CH3) and 5.58 ppm (~CHe) | o ‘

b ]

17. Methylchloxobis(2,4-pentanedionato) silicon‘(%V) .=

' .‘ ~ L4 . ! . ) ] .
T /frhis complex was synthesized by the reaction of

R ‘ iy | R .
" - . ~thallous acetylagetonate, -Tl(acac), ~-(4‘;)§4 g, 0.0143 mol)-

4

T i la:ngl methyl tf?.chiorésilage, CH38iC1,, —§4.7l g, 0.0315 mol)‘

in 50 ml of d;’.chlordrﬁe}chag;e. The miktux"\e was stirred.for.
410 min&ﬁeé ‘and filtqereﬂ'é.q The whité- productvwas recrystal-

J . fizeé from dichloromethane-he)gane. Because of/ its rapid

..""de‘composition. a consist;ent melting point was difficult to

obtain. The compouyprd underwent constant decomposition upon -

s+ heati ..l . o - - ) ' ;
Y TR ket AP . . ,
A . . - . -
. ) _Anai: galéd;" ’f‘q; 0113,1'1\0210151“ Cl, 12.6 Found

]

Y © 447): €1, 13.50 o o K

~

e

' " ' absencd ofr0H and uncomplexed CO bapds in the infrared

‘ ‘ \v.o::‘ “.)" -~ ' ' Lo . :

© spegtrumZ This prdduct decomposes ‘in a matter B¥ miputes.__
i . e N -

o, 5" fiix(e’purix:y of this compound was v@rified by the

-t




' ‘ “ g —22-.

[}

. ' ) . rd
, .Cheq&cal_shifts in CDC1,-C€l,/TMS (12.6 g/100 ml; 75.6%),

3
$ = 2.07 ppm (Si-CH3), 2.20 ppm (CHj-acac),‘and 6.54 ppm

(-CH-) . . l ‘ ’ , !

.B. Nuclear Magnetic Resonance Spectra

\ : ‘ . . . Y
. 1. Preparation of Soluti%Ps \ / )
K a) Solvents c : .

"l
- * &’- vt e . ’
. . 14 . H

Deuterlochloroform, for use as a nmr- solvent,
‘was obtalned by the method of _Padlsen and Cooke (66) but
.w1th a sllght modlflcatlod,(?O) Hexachloro—Z-p;opanone'
¢ ‘ wag reacted with deuterium oxide in the presence of pyri-

. ) . : ¥ : ‘
dine. Excecs deuferium oxide was removed from the crude
/ ' . 9
product by cooling the mixture to ca. -4° and filtering

R through glass wool. Deuteriochloroform was further drled
sby refluxing over calc1uﬁ\hydr1de ‘for at least four ‘hours '
prior to distillas}éh”iﬁto septum sealed storage\bott;es "

containing molecular'sieves‘(ije 42). The solvent was R v u
o ’ ]j

. ‘ ascertained to be ca. 99% atom pure from its nmr spectrum.

~ e\\ ‘
\
N Bromofory (J.T. Baker Reagent Grade) was puri- ,
fled g&\dlstlllatlon over moleculax sieves (Tx;e 4AI before ! .

\
(
\

P , uSe. \ .

‘ : The solvent mixture of deuterioch orogorm and

. i

.”carbon tetraéﬁlorlde con81sted of 53 5% by

. . -

eight of. .
deuterigghkdroform and 46.5% by welght of . carbonﬁtetra-~,

@2

 chloride. ‘This CDCl3-CCl4 mlxture allowed complexes to be .
o o g,

' . r
N i <

.
- L \. i ‘c
a

1 . - ' . *



' :Qudied by nmr at temperatures well belqy ‘the freezing

int of deuteriochloroform (freezxng point of the mixture

e is -86.9°C (67)). . S
s b) Soluktions V4 . s
' I . \) " ' ! ‘

L)
B f' ‘o © Solutions of known concentration were prepared

under anhydrous condltlons (12) ;n a dry nitrogen atmos-

-

phere in a gRove bag. These were then filtered through a

/ .. ’
membrane filter (Metricel Alpha-8-0.2 u) in order to remove

« o
. any undissolved particles which can alter the resolution o

| S of the nmr épeétxbmeter.

-
-

3 N ‘ . t

- After preparation, the solutions were trans-

ferred to oven dried 5 mﬁ o.d. polished nmr tubes (Wilmad,

-~ -

. " #505~PS) and the sample tubes were subsequently flame- ¢

'

) ’ sealed in vacuo, after,degassing by theefreeze-thqw-

refreeze method. When these nmr samples were further

1 [
W |  required, they were stored in liquid nitrogen.’

a

x 2. General Variable Temperature Techniques .
~ .t |

-

+
-

P&otoq:chemigal‘sh;fts (# 0.01 ppm and coupling
. constants ( t 0g3 Hz) were obtained with a Varian '

-
1 . -
i .

s ‘\\\ -

¢ ﬂ& - * When'rigorcus anhydrous conditions were not maiqtained,

" we observed some turbidity in the nmr §olutions, lndl- "

cating possible hydrolysis by trace_amounts of water. »
These solutloms were dlscabded. '

! ) ey
- »*
- . - . -

.
. N .
‘ - R -
- o ‘ . 2
»
e
. .

g



el

)

. nate .these errors. \

- ) j\)“z%‘ ,’k

. ' st z ) .
¢ ‘ : , ’ PN -
;‘\Xhummeéées A-60-A high resolution spectrometer operating\

at 60.00 MHz. Sweep widths were calibrated uéing a CHC13/'

TMS standard or by the audio’ frequency sideband technique.

‘Variable temperature nmr spectra were run in the freguency

sweep mode on a HA-100 high-resolution spectrometer oper--

ating at 100 00 MHzi%nd equipped W1th a V-6040 variable

temperature controller and a V-4343 varlable teerrature
'prqbe. Probe temperatures were measured from chemical

shift dlfferences between nonequivalent protons of methanol

(- 85° to 40°C) or 1,2-ethanediol (40° to 80°C) using a.

) »
modified version of the Van Geet equation (vide infra),:

unless otherwise noted, in the appropriate temperature
ranges.. '’ ) , : | I
. . ‘ -

a

3. &ystematic Errors
"

In the study of kinetic¢s of configurational

ﬁ?barrangements by the variable temperature nmr method ° ,

thére are various possible experimental errors’ which can

affect the lineshape, and therefore the accuracy. of the

results. Various instrument_érrors have been discussed by

different authors, éartioplarly by Allerhand hnd coworkers
Lo [ i

) ¥
(68). In this work‘ettempts were-made to reduce or e;imi-

~ .y
P
i

4

‘——u

Instrument error, whlch is the main source of

8.

exberimental error in varlable temperature nmr studies -

'f?cludes instrument instability, calibration error and . __

‘e



*

spettral distortion. Normally, the operating temperature.

£ the Varian HA-100 spectrometer is ca. 28°; howéver,

[ J ! . v '
when the temperature is varied using a gas-flow probe there

is an alteration of the qualityéof the magnetic field at

the sample. An equilibration time of a minimum of seven

1

A

. Temperature stabliltz‘glso depends on the gas-flow rate

and the spinning rate which_in this case were kept as

constant as possible with only slight adjustments made

when deemed necessary. At each new temperature there is a

[

corresponding change in field homogeneity. This ‘was . maxim~

ized 'to account for the Arifts caused By‘the temperature

3

c¢hange and by the instrument itself.

A

-

Instabilify errqgrs due to sjéep rate, frequency,
and static magnetic fields were minimized by averaging at

leag; five spectra at each temperature. Alsop the homoge~ *

v Y X +

nelty was optlmlzed between scans to offset any minor
field fluctuations: In addition, the 1nternal,lock1ng
nature of the spectrometer compensates for -these errors by

mlnlYlZIDQ the frequency drift while the spectrum is being
)

//ﬁcanmed. '
' ' \

Spectral aistortlons result from the exce551Ve.
1 \'

ﬁge of electronlc filtering, saturatlon effects, and mls-'

match of sweep and recorder response. These were minimized

/‘q’ . ’ I 1 i ! ’ '
by 'using the smdllest necessary radio freguency -amplitude

o v
o - -
. v A
.

¢

s




s {

to eliminate saturation, by 'employing a slow sweep rate

(0.2-0.1 Hz/sec), and by using the least amount of elec-

tronic filterimg. It has been noted (68) that attempts'to

improve the signal ,to n01se ratlo may lead to dlstortlon

of the lineshapes. Damping B: :te output signal was sode- .

times necessary owing ¥o the low solubility of some of the

tin compounds and/or [to weak absorption regions (—CH; re~-.

nisn) in others. However, this stii{ resulted in somewhat
isy épectra with consequent larger errore than desired.

P
The presence of any undissolved particles can .

3

also affect the resolution. Poor resolution can arise from {

the random motion of the particles through the influence

9

of convection currents caused by tempe » changes. The

homogeneity cannot be adjasted guickl h té account .
0 o+ .

for this condition.'Coneequeqtly, any t solved particles

were removed (vide supra). . ' ‘0

Probe ﬁempereturés were measured by the chemical
shift differences between the nonequivalent protons of-
either methanol ( -85° to 40°C) or 1, 2-ethanedlol (4o° to

80°C). The resultlng .temperatures may be read from pub- ¢ o

'/*/‘.

lished curves as reported by\Varlan‘AsSQCLates (69,70).

-
+ i

Recently Van Geet (7%,72) has noted that the/

fVarxan curves (70) are .in error with respect to tfe temper- .
¢ - - .

atures attainable on the A-60 spectrometer. Indeed, ‘these .
» .

findings were further confirmed hy Neuman and Jonas (73)

3

- ¢ B —

» S | - -
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© derived from the published graphs (70) are

i

‘and by Ydmamoto and Yanagesawa (74). The Varian equations,

st

T = 460 = 1.64(vgy =~ 'v

) 1
2 =
’e . ' v 3 N
for 1,2-ethanediol in the range 20° to 200%, ‘dnd.
T = 479 - 1.94]AV] L%

Y
1]
: ©

for methanol in the fange -60° to :40°C where Av is.the

- !
chemiral shift difference between the methyl and hydroxyl

proton resonances. On the other hand, the Van Geet equa- S

__tion for 1,2-ethanedlol is ) ij

T ‘ '
T = 466.0 -1.694 (v -v.)? : '3'
ci, ~ ow 2
and for methanol ° , . ‘ '
' ! . 8 .
T = 435.5 - 1.1383|Av] - é9.3|10‘2Av[2 ' 4

Van Geet reports that equa+1on 3. 164£ccurate to within
$0.3°. in the range"37 - 137 c, and that equation 4 fits |,
' the data with a RMS error os 0.6° over the range -53° to
47°c. (

Similari;,-this discrepaeey probably also eyists;
for HA-100 sbectra; ﬁowever because Van Geet‘equations are ./;

Jot available for HA-100 operatlons, they were derived

\
from the appropriate Van Geet A-60 equatlong To ijégm-

_ plish this the HA-100 chemical shifts were converted to

*

equivalant A-60 chemical shifts. Since;

. . ‘ : ' T

{

. .
/V\ . . N . . R - .
" ' N ' ¥



. ( ' ' ) . * . ) . .

ppm = observed shift freq. (Hz) X’lO6 , ~

Al

@ 6‘ 3
. (A-60) .
. / . o 60 x 106 .

and ' ¢ hd o ; [

S . . 6
8 (ua-100) PP™ = observed shlft}freq,(nz) % 10
o . . ’ o 100 X 10 : . .

i
Since -~
[ ]

2 (a-60)P"" < S(ma-100hPP™ 0 L \

thén )
‘ ' | observed shift freq(A—éO)(Hz) =~ 0.6 (observed shift '
freq (HA-100) (Hz)) =~ , ‘ ?

. , § R '
. Therefore, the Van Geet equations are altered as follows:

For methanol . . - ‘ ‘ . . ;

T = 435.5 - 1.193]0.6Av] - 29.3(10°2(0.6Av))? s

ot T = 435.5 - 0.7158]Av| - 29.3.0.006Av)< 5

.and for 1,2-ethanediol o
[} N

T = 466.0 - 1f§§4|o.6Av|f
oD : °
or: | T =.466.0 - 1.0164]Av|
, , . b N ° ’ » . i
for. the temperature limits stated earlier. In general, a

_ 6 i

. 4

‘ . discrepancy of n4° is evident between the Varian and the A

~

g Van Geet temperatures.in the iow temperature fegion and \
beqomes progressively sma}ler'towafds ;%bient,temperaturégl
guch discrepancy may lead tossome small errors in the activ;-
ation éarémeters; e.g., 0.4 1.6 kcal/mole in E; and | S

oL 1 to 5 eu in AS*(BZ,?S).' - . .
L , ~ : .‘ - . . . ) AN S

s \ . N N - ) - ) M ’ N _,,¥;____._'_.....|._'_.....\_..'.—‘_._._'.-;__—._'—‘u_‘.
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: QFalistic lineshape as a function of the 'exchange rate. X

~ , "29""
AN . ~

” Ty .
4. Processing of NMR Spectra v ' /

r

The,nuclear'magnetic resonance éxperi@ent can
.ﬁfovide access to the mean lifetimeﬁri of an ébsorbing
nuciﬁys at the site giving rise to tpe'me;n:resonancg
ébsorption (93). The reciprocal of the mean lifetime, l/Ti,

o

is the first~order rate conétant'for transfer of the

sresonating nucleus out of theé ith

site.' When it is possi-
ble to assién values of the transverse relaxation time,
To, the chemicairshift separation between the two protons,
§vrand the fractiéhﬂl populétiqﬁg at the two sites, P, and
Py, at a given temperature it is possible to calculaﬁe a .
\ , |
This lineshape function is g%ven (77) by suitable modifi-
cations of tﬁg Bloch pﬁepoménOIOQical eguations as devei-

oped binutowsky and Holm (78) but'retaining terms involv-

) )
ing the transverse relaxation times (equation 7):

\

* P P ’ / .. -
PR ] - ob o) o,
V - ., \T2a  “2B 2B 22 7-.

‘ 2
2 - 2. 2[1 1) 8w 1 1 )aw ‘
P + R +T — = - P + 2R - ce— . , §
) (Tﬁ Toa (2 (iza Tl % |

W
¥ i
\r_;_'_l
N
é%w
) X
- w
. ]
S
. e -
N N
. N 3
F
L]
+
N
- 3:13’
+
- s e
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™



~is proportional to the absorption intensity$ ("

.ence’ 1n the frequenc1es (radlans/sec) of the applle%{’édip:

. : 4 -
\l‘ Kt : Ny

_.where v is the transverse component 6f the resultant mag-

netic moment.perpendiouler.to the rotating field Hl,wwﬁich

1 isxthe

applied rotating radiofrequency flelﬁ;-Aw ig the differ=-;

'

Y

frequency and the frequencv center of the two resonance
N

componeﬁts; Sw is the’ dlfference-of the resonance frequen-

cies (radlans/sec) conrespondlng to the smtes A and B; TA

"and Tp are the mean lifetimes for a stay on the ‘A and the

B 91tes. Pp and Pp are the fractional pOpulatlons of the

A ‘and the B sxtes, Tz,»ls the transverse xelaxatlon time -

4’

1m.the absence of exchange, My, 1s the equlllbrlum value .

of the z component qf the resultant magnetlo moment.

- \‘ 4

. Various methods (68,81,82) have beefinsuggested

- 3

R
to determine Ti from the experimental llneshape ‘data for - .-

the cases presented in t?ff thesis which are those of e

¥

Vv
[}

-

>




a

--

(2

-uncbuplgd two-site exchange systems., A reliable method’for

evaluating exchange rates from the .spectral data consists \

-

‘of matching the observed spectra with a serieés of calcu-
lated ééectra in which the exchange rate is varied. With

the advent of high speed digital computers, comparison of
; - o %—
experimental spectra and calculated spectra are now possi-

4

A ’,
ble on an almosL point by point basis. This method of com-
- -
plete lineshape analysis has become widely. accepted as the

most satisfactory of known methods (68,79,80),.. Two methods

) i
. *

Qiie employed in fhis work and are described below.

Mean lifetimes were calculated from'nmr spectra

recorded in an appropriate solvent over an -appropriate

1

temperature range. The complexes of interest in. this work

were eéxamined in the solvents and at the temperature
' ) .
ranges shown.in Table I. :
\ ‘ ] “ \’ / Y
‘ Whenever possible, the fgllowing spectral param-

eters ware seleéted from the nmr spectra; Wl/;' wl/z, W3/4,
. 2

' the ful]l linewidths at one-quarter, one-half, and three-

quarters of maximum height; ﬁve » the chemical shift dif-
ference between the two proton resonigges (78); and R, the.
ratio gf the maximum .intensity to minimum central inten-

sity, (v + vg)/2 (83).




1Y3
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Table I.- Temperatures at Which Complexes in This' Work
N R . o

Were Investigated.

0
L)

-
‘

- : - . “©

{ -
Complex Solvent Temperdture Range (°C)
. ) ) N - - &
(CﬁHS)ZS?(agac)2~ C’Z_DC13 . 53.7 to -12.7
-CH2C12 -56.8 to 3.0

(CGHS)ClSn(acac)g

(CHé)ClS_n(acac)2

&C6$5)2G§(acac)2

3

0901%,<3
CHBx ‘

cpCl.,

3

cbel.~ccl

3

4

-42.6 to 58.7 - . BT
15.5 to  80.7 '

’

-44.5 to 29.5 .ot

(CgHg)ClGe(acac),” - CDCly-CCl, - -53.9 to 62.2
CDCl -55.0 to 50.2
- v 3 .
(CH3)ClGe(acac)i CDQ_J,S;—CCl4 -80.7 to 23.1 ) ]
SCGHS.)ClS:L’(acac)2 | NCDC134CC14 _*78.5 to -33.7. ° /;7
_CH,CIL, -80.0 to 36.2°  _ e
(CHB{CISl(acap)z >CDC13-CC14 ¢“-75.6 to §28.0 , 7 it
N ‘ )
Fy a-
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'Average values of these parameters forﬂfive spectral scansﬁ

- * é’_
v . are ngmarized in Tables II %to IX. To further process the

spectral data it was necessary to determine two adﬁitional

- e s 1

parameters for each dk; of data, namely the c micaﬁ shift

separation in tHe absence of exchange, 8V , and the trans-

| . \

verse relaxation time in the absence aof exchange, Tél

, . o . . | \
.. - : The- chemical shift separation in the absence of

exchange, v , ¢an be obtained from the very slow exchange
limit. The value for Sv. ig. then assumed to be a constant
/ (provided *this limit is acce551ble) throughout(the exchange

region. Early ‘investigators of restricted rotatiQn‘of N,N-

disubstituted amides often assumed that the &v in tRe.

v v
L]

abserfice\of exchange was indeed a constant. However, this
4 []

assumption has resulted in serious syst : tic exrors in
the\}etixation parameters (68), as O&v often varies with
hteﬁperatﬁte‘probably owing to a certain degree?of molecular
1
’ association (84) Therefore, an improved technique ﬁas used

whereby compensataon is made for the change of §v w1th

temperature (85). ' \

“ ) . . - ;

A plot is drawn of 6v Vs temperature in which

- I

the llnear portlon in the slow exchange reglon is eZﬁrapo-

lated into the intermediate and fast exchange reglgn .
i

&

- I
u
3 4 ! .

T ) * 11/ these tabies, LF- means lowfield; HF stands for
'hlghfield.

’

N
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Table IX.- Results from Computer Fitting of NMR.Spectra

of (CGH )ClSi(acac)2 in ¢pcl

-ccl, ‘SoIutions. -

3
. ' 3 "4 A3 e a
Temperature Gve 2Ty X 107 Ty, X 107 .k (= 1/27)=
°c ) . Hz sec sec . sec”?t
’ ~78.5 - 34.85 - . .- - N
=74.1 . 34.80 - A S
-69.6 33.75 35.7 + 1.02 33.9 & 0.9 - 29
E -64.9 32.72 28.7 £ 0.9 -26.9 £ 0.8 36
& ,=61.3 34.71° 19.8 + 0.6/ 18.8 * 0.6, 52
-54.7(T_) 34.40 12.7 & 0.1 12.1% 0.1 81
-49.3 34.05 .9.5 % 0.2 7.9+ 0.2 116
~33.7 33.95 - ' - | -
. ', N = ‘
L .
— T =, Ta Tb B
, T, * Ty
¢ . . o N
oo ) b Standard error. . - ) -
' e i . - y -
i ' - ¢
. \. N -
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Such plots and extrapolations for ‘the compounds of interest

/. . . s . ‘ .
are presented in Fjigures 1 and 2. It is apparent, that most

' of the tomplexes exhibit a Iinear relationship in the slow '

exchange region except for some curvature 1n\the case of
"

(C6H5)28n(acac)2, where there 1s some regre531on ‘in the .

low temperature region belleved toﬂbe a v1scosity effeift
o ..

In,%he«%ase of.(C6H5)Clsi(acaC)2, where there is no linear

. kY
portion, ‘an alternative computer digitization technique -
, .

was utilized to process the nmr spectre and is described
- LV 1 ,
later. ‘

Once the extent of the linearity below coales~

cence was -establighed for each complex, data points in the

} _#%¥ linear portion Were submitted to a single linear regreskion

analysis using the progrem SLREG (see Appendix) on a

»

Hewlett—Packarq 2114A'computer.“The resulting slope and :
intercept were then used to calculate a corrected 6v for

S . .
each temperature including those at and above coalescence.

£
K

For each temperature it was also necessary to
determlne the transverse relaxation time, T2a = Tapr in
ége absence of exchange. These were obtained from the
relatlonshlp: l/[ﬁ-x (linewidth in theaabsenge’er exchange]'
(86). The linewidth in the absence of exchange can be cb-
tained Erom the lgw and high temperature limits of exchange

(vide infra). Ideally, these ere equivalent, and a constant

, is usead throughout the exchange region, provided T, is W
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- (87) the transverse relaxation times, Tpy = Typ were

. exchange at the requfred Eemperafure were read directly

' , -52~-
independent of temperature. However, in the cases presented
herein T, was determined to be temperature dependent (vide

infra) s0 that another techpique was necessary. .

Following the method establlshed by Fay and Lowry

©

estimated from the linewidths of the acetyldcetonate methyl .
resonance of (CH3) 38n(acac)y in the appropriate solvents
for (C6H5)2Sn(acac)2, (CHB)ClSn(acac)z, (CGHS)ClSn(acac)z,
(CGHg)ClGe(acac)z, (CH3)ClGe(acac)2, and (CGH )ClSl(acac)
The low solubility of the dimethyltin complex:in bromoform

precluded attempts to obtain reasonable -CH= linewidths.

Appfoﬁriate values of the linewidths in the ‘absence of

from the plots of Figure 3. The experimental data for:the

»
dimethyltin®complex in the appropriate solvent-are tabulated:
7

i X . . ‘ =
in Tab}es to XE; o , |

The parameters, §v , the chemical shift sepa-

ration in-the absence of exchange; Ta7 the transverse
' . . . \
relaxation time in the absence of exchange; and a value for
N \ . ‘e

the populations at both sites, PA‘” Py = 0.5, subsequenﬁiy~=

served as input parameters for the program NICKA (see

'Appendix) which was adapted for the Sir Geor&é’williamsa

University CDC Cyber 70~72 computer. This is a Fortran )

program wrltten (88, 89) tb“compute a normallzed lineshape

<

over the frequency range of interest for a given set of

V
A

e
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. Table X.- Linewidths at One-Half' of Maximum Height of
N Acétylacgztonate Methyl and Ring Proton Resonances:
1 - 3
RPN for gc\}‘IE)ZSn(acac)2 in CDCl, Solutions.
1 , Temperature CH, ' Temperature ~CH=
- ' ¢
¢ Hz e Hz
-48.9 1.66 * 0.052 -49.0 1.41 = 0.052.
- - V4 ' .
VT —40.6 1.55 + 0.04 -39.2 1.32 %:0.04
2) r
- -25.6 1.33 £ 0.02 -29.4 1.26 * 0.05
’ . -17.4 . 1.27 * 0.05 -15.9 1.16 £v0.05
H
-8.6 1.16 + 0.03 -2.8 1.01°* 0.02
6.0 .1.04 * 0.04 13.4 ' 0.91 % 0.017
‘ 16.0 0.97 + 0.04 30.0 0.81 * 0.04
A - 33.0. 097 + 0.03 44.9 0.92 * 0.04
43.4 0.91 % 0.02 )
3 ® . R .
2 One’ standard deviationk/‘— . r
) A ’
9\1‘;?\‘?3 ¢ :' ) °
, T
AN ‘

oy

¢S




Table XI.- Lineéwidths at One-Half of Maximum Height of

¢

o

Acetylacetonate'Methyl Resonances 'in Bromoform ‘

and Dichloromethane Solutious.

L ]

N .
Temperature - CHBr, Tgmperature CH,Cl, .
-— %%’  CH,y, HZ °c CH,, Hz
‘
16.5 1.39 + 0.042 -59.4 1.51 + 0.082 W
20.0 1.39 £ 0.05 -51.4 1.36 + 0.03
25.0 1.28"+ 0.02 -42.8 1.31 + 0.06
30.6 1.19 + 0.05 ‘-34.8 i.16 + 0.03'
. 43.4 ‘ 1.03 + 0.04° 7 -25.6 0.98 + 0.01 !
’J51.9' 1208 0.02 , -16.0 0.91 *+ 0.04 -
9.2 . 1.0 * 0.04 | -9.7 0.85 £ 0.02 !
ji:?n 0J92 & 0.03 )
74.9 0.87 # 0.03 ) ]
. - )
85.4 0.88 + 0.02 f ‘
. ’
2 One standard deviation. ' i
! . . ‘
f‘ BN
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Table XII.- Linewidths at One-Half of Maximum Height of

Acetylacetonate Methyl and Ring Proton |

'Resonances fdr,iCH3)ZSn(acac)2 in Deuterio-

- chloroforﬁfCarbOn Tetrachloride Solutions.

TemperAture CH, ‘ - =CH= ~ J T e

o ~ -
. c - . Hz - '

| =57.5 . 1.90 + 0.002 1.37 ¢ 0.032 ;\
¢ -44.0. * 1.50 .+ 0.03 1.20 + 0.01 (
32,9 'p 1.29 + 0.04 1.22 + 0.02 _‘
~20.8 & - | 1.06 + 0.04 " ‘
~19.7 1.16 + 0.05 * - "y J
JUEREET - R 0 1.18 & 0.0l . .
: -6.7 . 1.11 + 0.02 1,06 0.0 ‘
1 e 2.2 4 1.09 % 0.03 1.02 + 0.05
11.8 1.04 £ 0.06 ' 0.99% 0.06 {\
26.1 " 0,97 4 0.03 0.89 + 0.04 oy
45.9 0096 £ 0.02 0.93 + 0.06 -
-t .
2 One standard deviation. : . C 3 {f

°
o 4 0
N k ' A 4
. . g
. . R Fy -



[
. -
“
o
o
kd
e’ 5
[
- -
Koo
[ Y
.
/
t
>
e -
r

e
-

+

- Temperature dependence of the linewidths at one-

half of maximum height for acetylacetonate methyl

and rlng proton resonances of (CH3 ti‘n(acac:)2 ' .
J,n various solvents; T x- 1/(mx "Wyjyo) . ST

a
¢ N * . ¥
T . .
v 4 \
R N .
. F
B ‘
L o &
. . .
. ¢ - . , ] " ,
[ 3 ‘1 - - - "
« . + -
] ° ‘ -«
' . «
: H ‘ M
~ - N '
b - . .
PR ., §t
¢ . f
f N i N
- ot I3 "n A +* '
'
v » 'Y . -
- ® B
iv' . R -
* - M @ .
. M
v .
N - J’ 1S
[ .
- N
\ . o . N ]
.
] I ‘u > -
- . - I S
. . — . -
. s - Pb AN R
¢ t . N Lt 3 -
. Lo “c
A PR




)

%50-Ei000
. Eogo u
. g% w
Yoo-E10ag0

g w

oo w2

1
<
< a

* SgHo U (2B An

(oB9B)=H D= O-—0,
(dBIB)=HD~ O---O
(ceoe) oy v—v

poeoeiyD —a -

eoe)fHD e—e

080

tele 3

T . —081

..}nd

mauy)

”t
A2




?

w .

—

»
.

v.-and- finally by interpolatling the corresponding mean life:

program is exhibited in Table XIII. The resulting'Valpes

" times were-then averaged to produce a mean lifetime ( T )

B N {
input parameters. For the cases here the calculated spectra

were computed at intervals of 0.005 Hz for a range of about

-3 -
1

240 values of Tt . A typical pertion of the output:of this’

¢ Y-

L3 =

of the calculated spectrum were subsequently compared to

the experimentally determined data of the spectrum. #This
N . i ‘

was accomplished by taking each experimental value and

finding its position in the calculated series of values,

time. For example, given the follow}Qg experimentally

determined values for. a spectrum of a complex below

]

coalescence; B = 18.467 (B = mév ), Tya = Tpp = 0.343, P =

Py = 0.5, Ry = Rg = 1.34, 6v = 5.88, W

1742~ VWi/4 T~
3.07, the

A
12.93, Wy =™ Wyppp =™ 10.47, Wy yp = Wy 4p =
appropriate excerpt from the.prlntout from program NICKA
Jis presented in Table XIII. The position-of the experi-
mental values were determiqed as indicated in the Table

and the corresponding lifetimes were interpolated. SV

vdlues were given a weighted factor of 2. The.ten life- /

o

which was used in subsequent calculations. There’were, of
course, various limitations Eo this technique. In tﬁe case
of (CgHg)ySn(acac),, (CgHg)ClSn(acac), and (CH3)élSn(acac)2
coMplexes, values of W1/4 were not éombared gecause of,
Sn-HY Spln—Bplh coupling (90) which may broaden the line-
shape in this reglon For the other compounds, a spec1f1c

Wy/4 may have been rejected due to Qoor homogenelty or to

3j
hd A

N
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asymmetry of t?e peak. In genEral, Wl/2 and W3/4 were used

a.—’except in extreme 01rdumstances where excessive noise
per51sted The ratlos of intensity of maximum peak 1nten51ty
to minimum central 1nten51ty '(vA + vB)/z, were rejecte&«
in'various comparisons owing to the fact that this para-
meter leads to large errors in t when the central valiey
was ‘too close to the baseline, such as in the case of -
(C6H5)ClSn(acac)2 where an excessiyely.noisy baseline
. ade it diffiéulf'to obtain accurate ratios. In addition,
values of dvg which fell on or too close to the least
'squares line.plots(Figures 1 and 2) of &§v v# temperature
"‘tére not used as, they yielded anomaloue Values_bf T -
. ‘ , e " -y

° ot . After all the T values had been extracted for

each temperature from the digital output, they were sub-
mitted to program TAB (see Appendix) on a H-P 2114A T
‘computer. This program calculates the Ta values by multi-

plying the average T by a facto of two (r -21), _produces

the mean, standard and percentage dev1atlons, the rate

~

-
constant k, 1n k, Log k and their appropriate mean, stand-

~ard arnd percentage deviatione and the- reciprogal of the
temperatﬁre in the form of l/T x 103. These valugs were:
+ then preiented in a manner ready for plotting. mhe calcu-
lated Tp values for the comilexes of interest a{e sunma-
~, rized in Tables II to VIII. The Arrhenius plots of Log k-

vs 1/T.were tHen drawn. The resulting linear plots are

-

e
' presente& in Figures 13 o 15(see Section III).
‘ W ~‘- : >

{ oA ) L;?
t - ' . : . .
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In general, nmr studies were carritd out at

« 'I R , . -
several temperatures above and below .coalescence; life~

4

. times were calculated for all temperatures. In the partic-
ular case of (CH3)CA§n(acac)2; data points/yere collected
between -44 59 and 29. 5° (Te =+ 17.09) and the appropriate

data plotted in Flgpre 11. It is evident from the Figure

.
Y

that all the data points -do hqg fall on the straight line, @

, suggesting that data points too far removed from the o
t 3§ .

coalescence temperature should be rejected. This is not
J »
. unreaggnable since lineshape parameters at the"anom!!his"

. Ty, ¢
temperatures are not sensitive enough for changee in the

- ‘ i =
rate of exchange. Similar procedures were -used in the case
- 1 &
of the other complexes investigated here.:

) - 4

) ‘ &

Afjter the above operation, lifetimes {A were
~submltted‘to program ACTP (76, 91) (see Appendix) on the ,
Sir George W;lllams University CDC Cyber 70-72 computer.

ThlS.program performed a least squares analy31s and Subse-’
. [ . g *
quently calculated the activation parameters, E o ¢, AHT

,AG* ' AS# , and the randeﬁ’errors at the 95% probability
' S
limits. . .

.
= N

1

' .
In the'"case of (C H53C181(acac)2 where there
A .
;‘portion in_ the plot of Gv vs Temperature

)

?\

* *
x\,

(Figure 2) 1t was not poss1ble to use . program NICKA to
4 coOmpare calculated\and experimental values of lineshape

-

arameters as described ab8ve. An alternative method ‘was

1
lized in which experimentalr spectra were first digitized
= ‘ B - O

S

’

\\ \. '
e U~
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"~on a point by p01nt basrs-and then lnternally computer—

’ ”Hewlett—Packard\F BB Llne Follower. : ' -

frtted to obtarg Ta and b at each temperature.

ot

’

The initialurequirement was to oonﬁert'the nmy

l -

-
spectra to digitdl form This' was accomplrshed with the

. use of a Hewlett Packard 21&4A Computer, an Analog to

) ”Dlgltal convertir a Moseley Autograph Model 7001AM X—Y

Recorder, a Hewlett -Packard G-2B Null Detectorﬂ and a
3

N .
.~ 4 4

.‘The function of the F-3BiLine'Follower is to -

produce analog electrlcal signals that represent graphlcal

curves (9‘3 The unlt 1nc udes ‘a control bOX\anﬁ an opti-’

t

cal plckup head whlch replaces the.pen of the ' X-Y recordeg .

o

In order for it to be. traced the. spectrum is placed on the

rder with: the basellne parallel to Ehe recorder edge.
w . A ‘

The pick up head consists: oﬁ a llght and two photo ~diodes

in front of whlch is a seml-cyllndrlcal lens through which

? »

-

the light is focused. The llght 1llum1nates the paper and

;s in-.turn reflected through to the. two photo—dlodes. The

3

"output of these dlodes are w1th1n a balanoed eiectrlcal

® N,

c1rcu1t If the illumination reachlng the two dlodes is

equal there 1js a null condltlon, that is when the plckup‘

’

kead is directly on the.spectral cutve. When there i§ °

unequal illpmihation'that‘is when th@ﬁprckup head is_off

N

Loe 4

the curve, ap error voltagé is produced, Th@iécauses the
r ' ’ »

servo system of the recorder to alter the tr king ‘of the'

+

4

~
~’
o

optrgal head untll a(hull condition is agaln attaﬁned whlch

- ' . ,-....I
. . + o,
.
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-

" using the H-P 2114A 5bmputer, a H- P 2737A Punc

data from paper tape to magnetic tape.
. o) * )

s vt ‘ ! =~ 4
al ~
in doing go 1s actually placlng the head -ovex the carve.

The movement o?athe head pfoduces an analog electrlcal

« kd t
‘signel whlchefi;fed/;o an analog to dlgltal converterq.the

oy L
error voltages to t¥e servo system are not detected as

- N [

they belong to a separate c1rcu1t.

4 "
- > ' a

*  The data from the

e

is recorded as a series of p01nts ‘of ‘a X-Y plot (1nten91ty

°

nalog to dngltal couverter

¢

versus frequency (1n-Hz)) The data are reeorded on punched

e

paper tape. The operatlon 15acoord1nated by\ghe Hewlett—

Packard 2114Aa Comauter ‘us isng program DINDI (76 91)
N ’\. ’,.. .

-

e ~ The next step involves tran%ﬁer of the digitized

\ - -

v

The data mere not
lnitlally SZtldﬁrectly oh magnetic tape for two reasons; -
l) The desire for a hardcopy ofbtme dlgltlzatlon and, 2)
'memoty restrlctlonsiWLthln the Hewlett-Packard 2114A.

]

puter. The transfer was maﬁ%ged by program TAPGH (76,

G

Tape Reader and’ a =P 2020. Dlgltal Tape Unlt The computer-

N -

\'flttlng  program NLINGH requlres initial trlal Valges of T,,

< f
h\ C,

the llfet;me of ‘a nuclgrs on sibe a; pr‘the llfetlme on

N

51te b' the "hemlcalﬁshlft, w1th respect to some afbltrary f

zero, of the nucleus at 31te a and that of the. nucleus at
e B ? g
site b; the llnerdth in the absence of exchange; and

,the magneﬁlc tape by program TAPGH, although ghe optlon

;o / ’ "L "
finally a. SCalingvfactor (given~the value of .1500). The

'1n1t1al guesses of these values are also- incorporated an |

~
v

.
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]

N
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4]

/N
i 4

allowed to!vary; »

ex1sts of keeplng any combination of these variables con-

stanq/%or any spedtrum The llnew1dths at half- helght of

N
the %Fetylacetonate methyl and methylene resonances of

(CH3}2Sn(acac)2wi;e used as the standard for values of

thé “1inewidth in the absence of qfchange at each'tempera—
1

ture (Figure'B, Tables X-=XII). All the other parhkmeters in

program‘TAPGH and- NLINGH were, unless otherwise noted,

"

C e ™ The qpta prepared on Qagnetlc tape ‘by programp
TAPGH were then submitted to curve fitting. This was accom-

plished w1€h pregram NLINGH (76 91) using the CDC Cyber

70~-72 computer. The .program looks*for the best combination ‘

of the varlable parameters such that the correspondlng

\

llneshape plot deviates by the sum of least squares of its

’

901nts from that of the experlmental plot The calculation

®

1nvolves an 1terat1ve process whereby the computer uses’
the initial values of the,variables to produce a spectrum
. ) ¢
which is then internally matched to ‘the experimental spec-,

trum. Ifsthe computer determines’th;s to be a‘poor match |

it will 'selett a new set of values depending on the initial .

limits and repeats the process. A printéd copy of the

calcu%ated spectrum and the superimposed experimental spec-

L}

trum is produced at each step of the iteration. As the

program proqresses two condltxpns can occur; If the 1n1t1al
y

values of T and T were good "guesses" then the domputer

) a "% b
will f£ind wpat it considers a good match and continues to

" tite;'naxt calculation (this may still be a bad fit) or if




¢ " ‘ ) f ( ’ . *, N
g \ 4
the T values were "far off" then the’ uteratlon llmlt will

- most probably be exceeded and the program termlnated When

¢

Ehere is an unsatlsfactory fit it is nécessar}SE? repeat 'ﬁg'

the procedure’ and to reenter new initial "guesses" until

an acceptahle fit is obtained.’
- : N

Some problehs‘did qQccur &hen using the program

A

to fit' spectra where only one resonance line exists. In

«

these- cases the comput%E°fitjbf experimental and calculated

spectra were generally good; however, the Ta and Tb v
. L B
from the printout may have varied by a factor as high as

rmentaiiy eaual In addition the difference in the chemica
. ? w
shifts of sites a and b deviated markedly from the averaged

differenqe obtained from compute§ fit of spectra below"
\ .

Ed

coalescence. To compensate.for this proBl'q,\fée chemgcal

shifts of sites a and b were kept fixedﬁin TARGH and NLINGH

“

. for spectra above coalescence such that the differenpe, v,

was eunl to the averaged 6V obtained from bélow coalesceﬂce

]

. spectral fits. Results of the computef‘fitting of experl-

mental nmr spectra for (CgHg)ClSi(acac), in CDC13—CC14 are
e .
summarized in\Table IX. S . ,
. N '

5. Check of the Order of Klnetlcs of Conflguratloq@l
7 .

'Rearrangements

[y

The ordetr of the kinetics of cénfigurgtiqnal

reagranggments in the compounds of interest was check?d'

- )
° *‘ -

. ; - . cy s , S 4
.

AR




.
?

- & ! " T
A) .. by accessxng the ‘mean reSLdence times of solutlons of ~-
either four or five different concentrations: for.(CSHS)ZSq-
(acac), in CDCl3, 0.04 to 0.12 M; (CH,)CISn(acac), in

. * CDCly, 0.16 to 0452 M; (CH;)ClGe (acac), in CDC1l,-CCl,,

0.27 to 0.64 M; and (CgH,)ClGe (acac) , in CDCl,-CCl,, 0.22

- * o

to 0. 48 M~ at a temperature below and above coalescence. .

In the case of (C )ClSn(acac) 1n CHBr3 two concentra-

/ '~ thnS were used, c. 2414 and 0. 3808 M, at several tempera- “ )

. tu;es ‘in the range 23 to 729, The order of the kinetics =: |

_ " for (C6H5)Clsi(acac)2 inﬂ.€DCl3-CCl4 was qheckéd at five l :j“,

congentrations in the rgnge 0.09 o 0.31 M at only one
.

. ‘\ - ’ -
temp ture.-'In all cases, attempts were made to keep the'"

»

-
-~

- , . . . . e\
highest concentration at ledst a - factor of two greater'
y -

- o B
Y - 4,

than that of the lowest concentratidn. This procedure was

-

4 :
used foglthe purpose of exaggerating any effects of a -

process that may be otheér than first order and p0331b1y
. \ .
// dependent upon conceﬂtrag;on. For more detailed dlscus-/’
. {) \
-7 sion of the éheck of the orq‘i of kinetics of confLQu- ' :

[
3

- ;~ratlonal rearrangembnts see Sectlon I1I. oo r

//fﬁ“"'"\v.-». . . ‘ . 1/
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| C, IIT. ‘RESULTS AND DISCUSSION ,
- — ) ' /‘
. A. Stereochemistry and’ Bonding. . -j
& ! ’ - S
- o 1. Tin Complexes g
4 v ‘\.-

There is no longer any doubt that the stereo-,

, ‘ dhemrstry of (CH3)2Sn(acac)2 in the solid state is trans

P
(35) . Unfortunately, the structqge in solution is<still
- , . , . v
- open to question. *The large value of the dipole moment
:;"“, - . . * ~
; (static) 0f«2..95 D for (CH3)2§gﬁacac)2‘was suggested (41)

as. describing aﬁstructure‘basicélly of the cis type in .
which the F-Sn—c bohé”angie may have ‘a falueifn\the \90—110a
range. Raman studies {35) 1n’solutlon and

'v ’ ¢ Eli N

state, however, rule out a-:cis structure 1n solutyon, and °
’ —_— . [

the splid,

a trans - cisﬁisomerization upon passing from the soligd

e

i&;\\\staﬁé to solution. ﬂbe ‘observed moment (38) may aris

entlrely from atomlc polarlzatlon in which the C-~C-
|}

moieties of the two acetylacetonate rings undergo dynamic
oy ‘\' y @ -

\ the SnQ4‘plane in the .overall trans molecular strudcture-

£, S P

» of the éqpélex: Yet'afeiéct;ic‘iéés measurements (42) -
indicate that although the ;tomlc pclarlzatlon contribution

N | to the dlpole moment is hlgh {115 cm ) thefé is a signifi-

cant contglbutlon from the orlentatlpq polarlzatlon (63

j\g).With implicd®l thatﬂthe molecule is défin&tely

olar and cis in ﬁalutlon. A dlstorted c1s (or trans)

) ructure, where 180°> C- Sn-C angle> 90°, as well as the

.v,

exlstence of cis ~trans equ;llhrla are - not précluded by
trans

0

. n A4
. ) L] ‘
- . °




'«68<

~

|
| 3 polarization and dielectric loss measyrements. Regularities
|

v

observed in u static would indicate (42) that the trans

» form is either absent or always present in the same pro-

¥

poftion along with the cis form: Such a possibility
. ‘appears'to be ruled out by the nearly identic§l values (38)

of the polatrizability tensor for the symﬁétrgc Snc,
; e ¢

stretqhing vibration at 510 em ! in the solution and solid"

hY

- state Raman spectrum of the dimethyltin complex.
. {

V

) - .
In the case of compounds of the type X M{aéac) 5
(X = CH, or CeHgi and M = Sn, Ge or Si) which are monomeric
and six-coordinate one might expect to observe two possible
. k:

Y

nmr spectra. If the'spectrum containé two peaks, Qﬁé infthe\
;cetylacetonate—methyl‘region and one inwthe aéetylac tonate -
ring proten region it may be presumed that the R cl;rou Fub-
- - ~ . .
- (( stituents are-eqguivalent, indicating D,h symmetry or a trans
h (‘b s;{ESFure such a? is.presented in structure IE;(Figure 4A3. .
u;\ Howevér[ should two acac—,CH3 resonances bg 6bserved ;n the
, methyl region and a single reson;;ce in the acetylagetonate
ring proton region be evident then it may be p;esumed that
et ' the R group substituents are noneguivalent and conséquently
the complexés assume a cis configuratidn having C2 %ymmefrz,
structure I (Figure 4A). fhis‘observation of coursej'depends
on the fact that the chéﬁicél shifts are sufficiently large
in order to separate the twowgignals. Should there ge config-
urational rearrangements in the chelate rings, the dynamic l

process may time-average' the environments of the tygisites

. 0f the cis isomer (Figure 4A, I) such that the nmr speétrum ~

v’

s
{ N ”~
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. . igure 4a.- Structural Edixfiguragions of complexes of

"'nﬁ'\

PN

.

B ' . the type- XYM.(acaC),é tsee text).» . .
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. of the cis complex éualitatively resembles that of the

trans complex. ] i N . -
- T, & ) ~
. . Y . h

» N In the case of tHe cis isomer there exist two ‘
— . L 3

*

. ", N . ' . ,
possible configurations: a A ibomer and a A isomer.' These

= h A

‘féomers-can be defined as fofl&wé; the two ligatihg aéoms of

'a chelate ring define a &}ne. Two such 1ihgs for the pair of

qpelate rings define a helix. One line is the axis Jdf the 4
« helix and the othér iskéhe téngent of the helix at the %pmmoﬂ

Jyormal for the skew lines. The tangent‘d%%cribesia righti

. h&nded (A) or a left-handed (A) helix with reséect to the

s

-axis and thereby defénes the configuration, (107). This is

illustrated in Figure 4B.

Our é;tempts at determining the stereochemical

.
+

nature' of (.CH3)ZSn(acac)2 in solution usiné the wvariable- -

ﬁpa' temperaturé lmr techniqﬁe we unsﬁ%cessful. Only a single, .
coeT . ~relatively sharp methyl proton resonance (W = 3.13 ﬁg

1/2
" ‘ at —770; 0.97 Hz at 26°; in CDC13-CC14 solutions), a single

acetylacetonate ring proton signal, and a single Sn-CH

. i 3.
‘methyl reson;;;g\were‘observed. These observations are .
i consistent with (a) the diméthyltin complex having the - s
4

trans structure in solution, (b) the complex being cis in
solution, but only a time—averaged'methyl resonance being -
observed because of a rapid intra- or intermolecular.
'exchange process (1), or (c) both cis and trans forms v

. 7

; - existing in some proportion but with degenerate chemical
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Figure 433-7Expléna€ion of A and A isomers: .

(i) and (ii); Two skew linds AA and BB which‘

“are not orthogonal define a helical system.. °

In the figure, AA is taken as _the axis of a

~cylinder whose radius is determined by the . K

common normal NN of the two skew lineés. The
line BB is a_ tangent to the abpve cylinder

at its crossing point with NN and defines a L.

he}ix upon this cylinder.%y being the tangent

to iﬁ at this crossing é!&nt. (1) and (1iy - - T
eft-handed helix.

(iii) and (iv); These figures show a pair of. ~.

illustrate a right- and

nonorthogonal skew :lines in projection -upon

a plane parallel to both liﬁes. The fully '

drawn line BB is above the p;éne of the paper, _
the'dotted line AA below this plane. (iii) .
corresponds to .(1) above an@ defines a.right- . TN
hahded helix. (iv) corresponds to (ii) above
and defines a left—handed hellx. (v) and (vi) :
show a bis-bldentéte complex redrawn so as to’ }'
become associated with the aboveé flgures‘and
thus become de51gnated as A and A, .- ‘ o

b

N
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shifts. It is, indeed, difficult to determine which process

| is otcurring even with the voluminous evidence available.
| . ' . ] !

3 o ° . The structure o\fg(('!6H5)28n(a.cac)2 in thé solid
" state has been shown to ?e 9_1_5_ (33,39); however, Dthe
'struéturp in solution has been  the subject’ of some contro-
t Versy: Reo.m témpérature nmr spectr.a (12), dipole moment
. studies (13) and vibrational spectral results (13) sﬁesf

a trans structure. On the other hand, more recently,
f

P . N .
detailed dipole moment studies ), "atomic polarization )

measurements (42) and dielectric_‘relaxation studies (44)°

‘ support the cis configuration in solution although a
. € . ) D

mixture of cis and trans isomers was not precluded. We

2
have conducted our own variable temperature nmr studies
Ea .

. . 4 . A
and have obtained more conclusive results (Eigure 5). ThHe™*

room temperature spectrum of (GGHS)ZSn‘(acéc)z‘ in.CDCl3

(29 *

reveals a single, sharp lih,e at 6= 2.0 khe acetyiacet,onate-

]
[ . L

CH3 protoné) , a sharp line,six times less int'ense, at 8= 5,4 °©

(the acetylacetonate ring proton resohance), and a complex

- o
multiplet at 6 = 7.1-7.7 ppn (the phenyl proton). In the

\ . . e
low temperature region, the spectra reveal a single, sharp - ..
\ N : . ‘ N

.

;".
acetylacetonate ring proton résonance, an acetylacetonate

’

methyl doublet with:\cbmponents.of equal intensity, anci a’

broadened phenyi grou cbmpiex multig:let. At intermediate
temperatures, the acetVlacetonate ring proton resonance ~
remains sharp, whilst the ’r:wo methyl resonances brodden” -~
. k]

and merge to a single, broad -line f{ca. -42° Varian) which 1

P - H . [~
then sharpens with further increase in temperature. This

’

' 0
\‘ N - , . "q
.
. ..
a
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FJ.gure 5.- Nmr spg&ra for the acetylacetonate methy'fl
'reg:Lon as'a function of temperature for cis-.
(CeHs)28n(acac), in deuteriqghloroform.

e Temperatures shovm are Jpased on the ‘Varian
: graph.
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One methyl resonance. Coalescence of the two methyl 51gnals

[ ias
L4

process represents the classfcal'coalescence behavibr of - ! _

S

tro nonequlvalent nuclEL rapldly exchangrng betweeh two.‘ ) !

sites (94) In the 1ow temperature reglon, the spectrﬁ . ,;‘, ,:'*'
demonstrate that (CGHS)ZSn(acac)Z ad;pts the.cls structure S
(Cy symmetry), the tgagg 1somer wouid have ylelded only o . .: ;

- \

~

is attrlbuted to a rate process whlch rapldly exchanges

~

the methyl protons between the two nonegulvalent 51tes of - . ) \*

ro .

N the cis isomer (87).,» : . ' ,

)
- 7

. Varlable—temperature nmr spectra of methylchloro-

’

and phenylchlorotin acetylacetonate compl%xes are presented

ihiFigﬁres 6 and 7, respectively. The geometries and , N
expecteo srgnal mu%tipxicities fox these’t&o complexés'are -
shown:in Figure 4A as’ structures II1 and IV. Observation . .
of four acac—CH3 resdhahces in!the variable-temperature

spectra is consistent with these complexes existing- 1n

solutlon 1n the cis confrguratlon, at least at low tempers . b

atures:\lg\an earlier report 28),, the methyl quartet and

~ TN \ N B \
ring proton doublet in the spectrum of (CgHsg)XSn(acac),

°

kx ~'Cl or Br) were incorrectlysattributed to a tgggg
c0nf1quratlon. Observatlons analoggus to those reported o
here for (CH3)ClSn(acac)2 and.shOWn expllc1tly in Flgure 6
were 1nterpreted (45) in terms of (a) a cis configuratlon'“
at -30° .(b) a trans ‘strfucture at 20°, and (c) in the 1nter-" .

medlate temperature range 0 to 15 , to a c15 $ trans 1som~

erlzatlon reactlon (the -CH~ proton region con81stedaof



Figure 6.~ Nmr spectra fo\r\\tb\e acetylacetonate ring proton’ '
. region and methyl region as a function of =
, T ‘temperature ‘for e€is-(CH,)ClSn(acac), in deuterio-
~ chloroform. Dashed lineZ refer .to rdsonances. +
L attributed sto theé trans isomer(see text).. : .
" ) , ! . . . / ’
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three resonange lines). In accord w1th tHe latter, we also
C ' . " -
observed a distinct —CH= doublet and ‘an addltlonal weak ' L

SLgnal -at -20.2° (shown as a dashed line in Figure 6) !

small resonance 1s also observed between the lowfleld and p ~
upfield doublets in the acetylacetonate methyl region.

These two signals-are ascribed to the existence of a small \\
[ » .

'émount of trans isomer, but obliteratﬁoﬁlof:%he.—CH-

) ) ¥

‘resonance(of the trans form with 1ncrease in tempera;ure

is probably the result of masklng by the broadening of the

resonance of’ the cis isomer and not: to

imore irftense -CH=
\ .

v

-a cis-trans- equlllbratlon reactlon (v1de 1nfra), In the

. hlgh temperatureﬁiﬁglon} sig

. isomers appear to have identical chemical shifts.:

N

L 4

P

A

)

nals from the cis and trans

~

2

~

’l M -

SlmllarIy, spectra of the phenylchlorotln complex

e ——— e_.___,‘—«—e«-—f—

reveaal QFlgure 7, dashed lines) an addltlonal small —CH=

-~

‘81gnal (65.65 ppm; CDCL3,~g_ 379) and a sllghtly percep-

¢

Clsh(acac)z complex. Integration of the R

ature~regions shows' that the,phenylcﬁlorotin complex exists

,enttchémical shlfts'when.added to a solutign of the (€¢4Hg)-

tlblg methyl resonance. Agaln we attrlbute these low inten-

31ty Sanals to the trans structure since other pos51ble i

P

impurities, which include 2, 4~pentanedlone, sodlum acetyl=
. .

acetOnate, and occluded dichloromethane, all reveal differ- o

resonances
. 2
N\ . - - to
at .-four selected te@peratures between high and .low temper-

~

in solution as " 95% cis and . v 5% trans’ It is important °

A LA

to ?ote that the signals due to. the trans, 1somer (Flgure 7)

.

4



" at least at temperatures below 81°.

'ﬁ’ .‘;. ’

.- remain unchanged and thus no cis-trans equilibrijtion occurs :
cis-trans eq ‘

~ .
" !

.lMuch has been said.about the bonding scheme ‘in

six-coordinate tin(IV) complexes. On the basis of tin-

° <

methyl Spln-Spln ‘coupling in trans (CH3)ZSn(acac)2, McGrady

and Toblas (12) have proposed that the ‘bonds in the C-Sn-C-
m01ety are* essentlally spz hybrlds whlle the 5pX and Spy

Foad

orbitals are used to accomodate the four “hlghly donic"

N

'tln-oxygen bonds i the equatorlal plane. Schlemper (ll 36)

- contends that the equatorlal o b&nds to the acetyl-

acetonate ligands dre of the three-center four—e;ectron'

type, nsing the:tin p, and Py orbitals; Some admixture .
. t R 4

from 5dz2 and 5dyx2-y2 has-also been snggested.(ls;ZS). S

. stants and the values of* J(

Using the Holmes-Kaesz (95)'correlation of the amount of ¢

s-character in a Sn~C bond with ﬁln,protOn coupllng con-

¢ 17 19

Sn—CH3‘) and J( n"CH3) ’

119.2 and 124 6 Hz, respectlvely, for (CH3)ClSn(acac)2 1t

appears that the Sn-C bond has v 56% s-character. The

-
’ .

small, long-range Sn-CH3(acac) coupling constant of 2.2 Hz
(90) also would indicate a certain degree of s-character

in the Sn-0 bonds. Indeed, if tne‘s—character is‘;;;;;z;EEP~\

. aleng the Sn;CH3 bond in (CH3)ClSn(acac),, a stronger tin-

oxygen bond trans to éh-CH3 is predicted. No crystal struc-
ture 'of this compound has yet been reported. Also, it is

not clear how much d-orbital’ involvement the H-K treatment

~~-cdn tolerate in a bonding scheme of Sn(IV) compounds, nor is

0

-



£x

a near lack_of s-character in the equatorial plane under-’

stood. Thé,possibie breakdown of -the H-K correlation in -

. six~coordinate tin complexes .canhot be overlooked.

o

2. Germanium and Silicon Complexes.

»

The six—coordinate nature of RClSi(acac)é (R =
CH3 and CGH5) is conflrmed by lnfrared spectroscoplc . !

ev1dence (60); there aré no carbonyl stretchlng bandsmabove

.1600 em™!, indicating that both carbonyl oxygens are .

boetnd (96) to the central atom. The complexes RClGe(acac)2

(R'—'CH3 and C6H5) and (CgHg),Ge(acac), are’51m;larl¥ six- -

coordinate. Variable temperature nmx spectra of the ﬁethyl

!

and ring proton region for the phenylehlorogermanium

complex are presented in Figure 8: those ‘for the 5111con

>~

analog are illustrated 1n Flgure 9. ObserVatlon at low

temperatures of four methyl proton 51gnals, (the lOWfleld-

« .~ doublet unresolved in Flgure 9" at the lowest acce331b1e ’

temperature, -80 )'ana two acetylacetcnate xing proton‘

%

resonances for both the phenylchlorogermanium and phenyl-fi'

chlor051llcon acetylacetonates ‘is consxstent with these
complexes adoptlng the cis dlastereomerlc form. In addi-
tlon, a small, but.rerceptlble resonance is 1xkew1se '

o se ved in the-methyl and ring proton spectral reglonSa
This signal (deshed lines in Flgures 8 and 9) is attri-.-
buted to a small amount (< 5%) of the trans-(c )ClM—

(acac)z‘compiexes. This is similar to the effect observed

<

-
%
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. -(acac) at several selected temperatures between -76° a nd .

- degeneracy of the two components). The ring prdton spectrum

L]

prOcess 'which exchangeS"rlng protons and methyl.groups.

"t~ in the hlghfleld side of the upfleld component This %eso- s
' i ‘ . ‘

. signaLs of the cis dlastereomer. _ : ¥ 4

L] t . :
‘(Wl/z = 0.74 Hz) and ‘methyl proton respnances. Below room
nance begins to spllt 1nto two llnes at ca.-29 and ‘at

.four lines in the low temperature region (the ‘downfield

Y ! - ) —
doublet is unresolved, probably owing to chemical shift

Tof the cis diastereomer. An additional’ observ#tion in the °

. I ' 'Y o | .
* N "y ¥ : AT
.t . ] «
. . . + M
-

~ ) -9’9; M ' ‘e
' ey S . v s
. « \ ,,.‘ . R /
for_the {Csh,.)CISniacac)2 comglex (v1de supra) .
AR Y
o« ,- . s q’ . , -

- Varlable temperature nmr spectra for (CH JClGe~"

- ,‘ﬁ

2,{ o % .
23 °c. are reproduced in Flgure-lo At ambiént temperatures :

- A\ - -

the protdn spectrum consists .of srng;e, sharp rlng’proton

)

temperature, line broadenlng 1s observed The methyl reso-

4 s 1/

gg; 2540 the upﬁleld 1ine splits agaln to give a total of.
’ 43

s o
. &

reveals a doublet at -61 7°; with increasing temperature ~

v

the. two components broagen and collapse at -13 3°. Dﬁne

broadenlngels ascrlbed to an environmental - averaglng

«v

between the r spectlve two and four nonequlvalentKSLres/,

—CH—-proton spectrum is a slightlf*perce tible resonance‘

‘nance 1s attrrbuted (v;de supra) to a small amount (probar"

’

<~
bly not more than 5%) of the trans isomer; the corresodnd-

“. LY [\)

'ing -methyl 51gnal is: apparently masked by the more. intense
5.

oil < -

- -
=

- ° . Y
© ay A M - >
B . »

4,

Variable temperatuyre nmr[spectra of the ‘fethyl-"
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)

' one ring proton and two ,methyl 31gnals are expected) How~

~60% is about 3.5 Hz (vide supra). It is not surprising

A

o

) chlor051llcon acetylacetonate complex in chlofbform-d-

“carbontetrachlorlde solution (0 457M) r veal two. methyl

. -
proton signals Olowflelq resonance more 'intense), and a

. single, broad line (Wj,, = 1.10 Hz at 28°, 3.95 Hz at

-68°, aﬁa 7.45 Hz at -76°) for the ring proton -ChH= .

14

€

These observations are also suggestive that the compound . \

Al

adopts the cis structure, at least at low teﬁpéfatures.~

'+ . Our efforts wfth‘tie‘diphenylgermanium coﬁplex'

I ¢ . 2

i
3~CCL, 14 0.243 M)

revealed a singleihethYI (Wl/2 - 4.12 Hz at -80.6°) and a

proved less successful. Spectra (in CDC1

single —CH-opfoton signal (W} /p'= 3.90 Hz at —BQ.GQ)Q An - o
uhequivocal assignment of sterochemistry in solution~i§
precluded by the above data; linewidths of CH; and -CH-

proton resonances are nearly the same (for the cis ispmer, R
‘ , t

ever, we believe that the complix probably ex1sts in the N
C1s form.on the basis of the following evidence. Thelanalo— v
gous dlphenyltln complex is unequlvocally cig in solutlon .
(vide _ggggx Further, phenylchlorogermanlum acetylacetoh-

ate is more labile (vide infra) than the corresponding tin

complexn Thus, it is not unreasonable #o expect.that’gc6ﬁ5)2~

Ge(acac)2 be more labile than (CGHB)'zsn(acac)z'.‘For'the~

AN

latter éomplex,.'rc for methyl signals is n=40° and §

. ' N N s . |
then that coalescence behavior for the.germahium {compound . . ' |

has not been observed.




"tion from field 1nhomogene1ty; l/nT

exchange (e:g. Wy, is 1.39 Hz at —28.'&9 and 1.56 Hz at.
LR , . 1 ”" ’ ! f

L]

vt .
‘o Iy ' ) ‘ ' "9 3;"
: e

B. K;;étfbs af the Environmental Averaging Process . .
. R 2 G N < .

3
!
.

. . /» hd
1. Transverse Relaxation Times
3VE . \

e s

In oxrder to determine T, and T, the lifetimes

~ . ) .
of a nucleus at sites A and B, respectively, of an exchang-

—
» -

-ing system it is necessary to determjné the transverse

relaxation times T, and'TZb in the absence-of exchange.

- [4 - ' -

In the slow exchange limit ‘the observed full lipe<

\
width, inaﬁz, at one-half maximum amplitude is defined by

) ' N

the equatioﬁ'

W

}%TTZ ‘7 l/ﬂT2 + 1/1rT2 + (l/ﬂr)exch

where l/nT is the observed 11new1dth 1/nT2, the contrlbu—

50 thennatural 1;new1dth;

£

and (l/"T)exch'

. ¢

In the absence :of exchange, the exchange ‘term vanishes”
with the resurt that the observed llnew1dth is determlned

by thernatural linewidth and the inhomo ene?ty contrlbutlon.
b *
Slmllarly, 1n the’%ast exchange 11m1t e contrlbutlon to

[

oy
the 11new1dth from the exchange term becomes negllglble,

"ahd a narrow llneehape is observed (86). Therefore, theo-

+ . s .
retically, if,T2 is. independent of temperature, then the

linewidth at one-half maximum\amplitude of a cemplex at

. the slow exchange lindt would be equal to that.&f\the fast

'exchange limit and probably at any temperature in between.

"]
In our case 22 was found to be temperature dependent7és is
eyxdenced from viscosity broadening in¢the region of 'slow
i&;
'

’, :)I —

v' ) . . !
.the contrlbutlon due to exchange broadening. -

U




O, - > :- ’ -/: ‘ “
_4?.§ for (CH3)ClSn(acac)2 in CDCl3 gsolution;. for (CGHS):

' : . _ (o}
Cls?(acat)z in CDQ13, lezlls 1.08 Hz (-16.3 )‘and 1.27 Hz

(~42.6°); for (cgﬂs)é;ce(acag)z in CDCl,-CCl,, Wy, at

13.20 is 2.37 Hz for the lo&field line and 2.55 Hz for the

hlghfleld llne, but at 53 9@ the correspondlng values are

Al

2.68 and 2.75 Hz) and f;ém dlfferences in W3/2 in the slow

and in the fast exchange regions (e.g., W1/2 is 0.8 Hz at

©

357 but 2.50 Hz at ca. =70° fog\fCGHS)ZSn(acag)z in CHyCly:

‘also for (CHB)ClGe(acac) . in CDCl -CC14, Wy/2 'at 55.6° is »
0. 74 Hz, while at -70.2° Wl/2 is 2 32 Hz (lowfield llne)
and 2.54 Hz' (highfield llne), and at. 480 7° the correspondlng

values‘are 8.58 and 9.33 Hz).
a -~ -

This phenomenon has been recognized by Gutowsky
.and Holm (78) and Allerhand and Gutowsky (97) who acknow-
ledgeléhat this dependence is a possible source of,system— §

atic error. To illﬁQFrate the results of'prest\ming"r2 to

" .

be 1ndependent of temperature we did. the follow1ng, A,

transverse relaxatlon time Tz J%s chosen. from what was

a 4

belleved to be the fast exchange llmlt for (C6H5)28n(acac)2

in CH,Cl,. This cb responded to a value of T, = 0397
2C1g- 5 > 2

(Wl/2 at 3; (ls 0 .80 Hz, ahd T - - 1/t x W This .-

2 1/2))
value was then considered a constant and-subsequently used
in the determlnatien of the lifetimes at each temperature.
The results of a plot of Log k vs l/T are pxesented in

,Flgure llba(Table XIV)-. Asvis apparent from the draph, as

‘the‘temperature progresses’'away from coalescence there is

. i , o - o .
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Table'XIV.— Log k's Calculated fpr (CGHS)ZSn(acac)2~U§ing

Various Transverse Relaxation Times.
A i L

3

M

-Temperature

T

T

T

1.805

2 2 T2
* ¢ *0.397 '?ﬁ(acaé)ZClé (CH3Y28n(ac£c)2,
. - ‘ 3 '
-56.8 0.624  .0.557 0.392
-53.8 0.661 0.615 q.4§5.
-51.7 0.668 \ﬁ 0.630 0.502°
-48.8 0.756 0.746 0.6
~48.4" 0.791 0.778 o.;§§ |
-46.8 0.863 0.853 3.795’3-
-45.0 0.852 0. 845 ~785
“43.3 +  0.904 0.903 0.858
. -38.6 0.957 0.958 0:934
-37.4 1.038 . 1.037 1.043f4
~35.1 1.085 1.082 1.097
| -30.5 C1.25Y7 1.24% -1.246
-24.8 - 1.393°-  1.378 1.
-17.5 1.532 - 1.497 1. B
-9.5° 1.688 I.623 1.704
_ =6.0 1.786 1.699° 1.807
m\ 3.0 1.941 1. '
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'Figure 11.- Graph of Log k vs 1/T fpr a)\(CH )ClSn(acac)2
: Whereby log k was calculated SLBg program
_NICKA and NLINGH (half-solid dircles are NICKA
results, oper circles are NLINGH results ( §v

., fixed) and open squares are NLINGH results ( Gv-

variable).
b) (CgHe), Sn(acac)., whereby loq k was calcu—
lated u51ng progra% NICKA with different T

‘ : '(solid circles are T,'s from (CH,) Sn(acac?

" open triangles are from a constag (0. 393),
open 01rcles are. from Tz's from Zr(acac)2C12
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I

. over that of the constarnt Ey

'the corresponding T, '

con51derable dev1atlon from linearity making the need for

l

correctlon of the T2 necessary at the 1nd1¢‘ﬁual tempera—

tures. Therefore, a single Yalue of T may not be appro-

2
priate and a correction would have'€§:fe made for the
&

temperature dependence.

-
¥

: _ )
A more appropriate . technique is that used by Fay

and coworkers (32,87) whereby an isostructural complex,

Zr(acac)éClz, was chosen. The linewidths from this compound
were: then determined at a series of temperatures, from which

5 'S were obtalned Althouq} only a slngle

methyl resonance was‘gbserved for Zrdacac) Cl

~ P -]

2 1n solutlon,

-Pinnavaia and Fay assigned a cis configuration to this\}om-

piex on the basis of chemical shifts (98), infrared, and

—

Raman (99) data. The single resonance was tributed to a
rapid exchange process wh;ch time. averageg the methyl group

env1ronments. OW1nq @o this very rapld exchange it is be-'

lleved that the changes which occur in the llnew1dth in the

) temperature range of 1nte#est reflect only the temperature

dependence 3; T (87,100). We subsequently used the Tg's

obtalned from -(acac) Clz

‘the llfetlmes at eéch temperature for (CGHS)ZSn(acac)z ln

in CH%Fl 187) to determlne

CH2C12. The results of the plot of Log k vs l/T are- pre-

sented ln Flgure 11b (Table, XIV). Again, as. ‘the temperature

progressed away from coalescence there was some devxatlon 'j

from linearity, however, thls was a much improved situnation

the ¢ The activation parameters are
¥ : “ . . : R




- lEa - 6.0 % 0.3 kcal/mole and -ﬁAS* -~ ~-30 % 1 eu.

" thd change in T,

‘acceptable).

. y "99- .t
N~ , L

£

Although these were\accfgtable results it was believed that
a compound.more analoédﬁs to our case'might be even more
approbriate. * The compound with the most valid: charac-'

3

.;erlstlcs was (CH ) Sn(acac)z. This complex exhibits che -

peak in the acetylacégonate-methyl region and oné peak in

the ring proton region of Fhe nmr spectrum. It is' assumed

to have a trans structure (see section I); however, even

/
§
if it did assume the c1s conflgﬂratlon, the change in llne

/
WLdth§ﬁlS suff1c1ently small,(wl/z = ].51 Hz at -53 4°

0.85 Hz at -9.7° in CH2C12) over a large range of tempera-
ture:(Figure 3, Table X t&’kII) that the exchange is prob-
ably so_ragid that the change in linewidths only reflects

1m11ar to the Zr(acac) Cl2 case. The

results of usifig the T2 s from the llnerdths of the

’ diﬁetﬂ&ltin elate to calculate the llfetlmes for (C Hs)z

Sn(acaq))2 in H2C12

XIV). The straight line produced yields an even better

are illustrated in Figure 1llb (Table

Arrhenius ploc than that using the zirconitm complex;
ccnsequehtly che T2's from (CH3LZSn(acac)2 in the.apﬁio- 9
priate s&1lvent were use& for all calculations of all the

. ¢ -
and ‘silicon coﬁpleyes for which,theﬁanalogous dimethyl
comﬁlexes’were not available. It was aeeumed that the
dimethyltin complex was sufficiently isostructural to be

"y

9
g

#

Py

."complexes studied in this work (this includes the germanium

ol




o " In the nmr spectrum of (CH3)2Sn(acéc)2 there is

?

. a peak in the acac—CH3 region and one~peak in the rihg ﬁ%i N

. proton reglon of whlch the former is about six times more

. -

intense than the latter. 'When determinlng the rate para—
nmters for (CGH )ZSn(acac)2 the Tz*s used for the calcula-

. . tion were obtained from the llnew1dths of the methyl reso-

. , . * \ ( :
nance .of the dimethyltin complex appropriate for the data

collected on the diphenyl compilex., Similarly, the same T

-

data were used‘in the calculation of the rate paremetefs
t , ‘ ‘

’ '. of the methylchloro and phenylchloro complexes, however, the
@ ' <
‘ - kinetic data’ for these complexes were collected in the ;ihq

2

»

© «

\ Pproton region of the nmr spectrum. The reason for not .

uti-lizing“'I‘2 data from the ring. proton .region of the
dlmethyltln complex was due to a poor relative solublllty
"of this cqmpound. Consequently, this produced such a weak

’ -

signal in the rlng proton reglon that when the 51gnal was

~

: suff1c1ently ampllfled, in order to be read with some

v

degree of accuracy, it became noisy leadlng to unrellable

results. Thls, however, brlngs up -the questlon of our belng

justlfled in uéypg only the methyl region T2

. -rygg proton T LR yleld different lifetimes? To 111ustrate

the efﬁ,ct we chose thé’data from (CH')ClSn(acac)i in cDCl

o!

the dlmethyltln cémplex nmr spectra. These data were then'
‘a ¢ . AN

- plotted as Log k vé 1/T (Figure 12)" and are tabulated in-
Table xv As is ev1dent, the resu}ts are‘?ﬁulvalent using

eather technlque and are well within exper1mental error..

- - @

8. Would the .

N

Llfetlmes were obtained using T2 s from both regions of . -



BEen . r’_d
i

m;""’

Table XV.- 7*mepar1son of Lifetimes of Env1ronmental

A

Averaging Processes for (CH3)C18n(acac)2 in CDC13

Obtalned by U51ng T2 s from the Methyl

Proton Regions of (CH3) pSn(acac),.

Sl

and Ring

w . )
S ‘Tempe::ZGEE* 2t x 10t < 21 x 10t
: (T, from (Ty from
oc dc8c-CHg acac~CH=
"region) ‘region)
sec sec
-0.5 3.106 2.912
) 4.5 - '1.699 1.650
) 7.5 1.326 1.318
. 11.5,: 0.883 0.877 :
13.5 0.684 0.68%" h
"t 16.0. . 0.622 d.623 -
. 21.5 . 0.373 0.376
26.5 0.275 0.280
‘29.5 0.167 0.173-
;
T \ ¥ )
/ . - ; T




gure '12.- Graph of Log ) 3 vs /T for (CH3)C.‘LSn(acac)2
o . where Log k'w calculated using T,'s obtained
. from the‘acetylacetonate methyl region and :the
ring proton region of (CH3) Sn(acac)z.

N

vt
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) ‘
ThlS‘being the case, we felt justified 1n using Tz's from

0 I}
the methyl regiof of tﬁe dlmethyltln complex to calculata

4

+lifetimes from the ring proton reglonswof interest.
‘a . ) ' s L ,‘ . />
2. Activatiod Paramefers B . L
1 " N ! . - "

From the deflnlflon ‘of 1t (eguation 8), and from . .

the fact that T - Fb for a two-81te\§xchange process,
a ’ ' L] ]
‘““k - 1/2t , wﬁg?e k is the fisst-order xate constant for

It \ . . /; - ‘ -
ethange.'The temperature dependence of the rate constant -
can be'adequately represented by, the Arrhenius equation, . ;1
. s . M ; . (Y ‘s ' \ ! . .

. .to which the rate data y?xe gitteé by least, squares'
- v .

analySLS. Each activation energy was determlned from the S TN

slope of a linear plot of Log k vs l/T (Flgures 13—f§) v1a

- & .
the Arrhenius relationghip i 7. e .

) 1n k “i- iInd - ‘B . v ,
oo : : . RT ' :
EN (\ ¢ ! n“ . - , W

where Aviéithe preséxponentiéi factor and}ln A'cargesponds
to the intercept of the\plot\at 1/T = 0. Actjvation K

eﬂtrqﬁies at 25° were qstimated_from'ﬁhe,relatipn

A} a , « a- ®
r

lys* = R [}n A - 1ln 5%]%- R ) . o

N

.-

6“’E’ta‘.""*."e‘?'bY"1'30.(1.1<‘=1t-'1n<3 the Arrhenius. ahd ttansition state W

theorj preeexponential facgprs'YIOl): : E

- s‘o’ - _5?1 i )
‘% ., . g =, a'* C e
. in kx = ln RT *+ As - E_ 4 |1 ® '
, i —— = r aﬂ . - . i
i 1 'Nh 'R' m * v
r_.‘;,, : *, "‘ ‘ - 0 '
»where E_ "= RT = AH" . d - o -
LY »
. i ~ ’”” . N ' ) , ) -
¢ ] . N K ‘ e )
- v i 4 a 4
) . \ -t . ., ) » .
Y VP ‘ A____._“—U’“’
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Flgure 13.- Log k vs 1/T least squares plots for acetyl-
. acetonate methyl group exchange in (c H
(acac) in the<indicated' solvents.
- .. 1is the“first-order rate constant for the
C conflguratlonal rearrangement process.
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Figure 14.- Log k vs 1/T least squares plots for acetyl- _
) ) acetonate ring proton exchange in RClSn(acac) Q
(R = CH3, CgHg) in the indicatedr solvents.
: k = 1/2Tt . is the first-order rate congtant
. ‘- for the coniiggr\aéonal rearrangement process.
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. Figure 15.- Log-k vs l/T least squérés plots for acetyl-

acetonate ring proton exchange in (c H )C&M-
(acac)2 (M = Ge, Si) and (CH )ClGe(agac) '
compiexes in €DCl,~CCl, solufions. : i/Zr
is the flrst-orde% rate constant for the
environmental averagirg process. For the °

‘methylchlorogermanium complex k refers 'to the-;

second order rate constant for exchangé (see
text). . : _ -
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In order to compare the relative labilities of
: oy ! :
the complexes, the activation parameters were calculated

.at 25° aﬁd/or at Tc using the data from Tables xvi—XVII.

. . :
Also included for comparison purposes are the values ‘for

the éxcHange pfocesses in CIZSn(acac)2 and ClZGe(dpm)z

'(30) . Values of the activation parameters for the complexes
p

of interest are subject to appreciable systematic e;rors,\\q

owing to the-temperature dependence of the transverse

relaxation_tiﬁés'thxfughout-the temberatdre range at which’

kinetic data are reported. These errors were c§ﬁ%;nsated

. S

for and are discussed(iater. Errors in'the acfiyatiOn
parameters of Tablés ﬁVI and XVII»represent the random
scatter of the data points in Figures 13-15. Also, a
reasonable uncertainty in T, appears to lead to systemétic
errors cz_f.the order of * 1l kcal/mole in% activation v
gheréj'apd + 4 eu in g;e activation énFery (32). A

number of features can be noted from Tables XVI and XVII.

The rate of configurational-rearrangemeqt in the tin(IV)

acetylacetonates decreases in the ordern(CGHs)ZSn > (CH4)-

ClSn >(C6H5)ClSn > Cl,Sn. Interestingly, -the rate of
<intermolecular exchange of ace¥Xylacetonate ligands in the

systems'hR'Sn(acac) “Hacac decreases in the order (CH.)_.Sn >
. 2 - M /—\/ 3 2
(CGHS)ZSn > (CH4)C1Sh >.Cl,Sn (102). Evidently, replace-

ment of a chloride in Clysn{acac), with a phenyl or a -
methyl group leads to a significant increase in the labil-\;

ity of the acetylacetonate complexes. Substitution of the

~

- . . 3
two chloro groups increases the lability further. A similar -

-4

L N £y
- ) ..
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[~ - .phenomenon is exhibited in'the germar_lium(IV). and;‘fsi—li.con-

4 (IVYy 'acetyla,lcetonate“compléices-. The rate of configouratipn'al
| . - " rearrangen}ent of the germanium(IV) acetylaoei:onat’fe com-
’phlpxesj decreases in the/ ordfer (C6H'5)2
',(CGHS)C%ée > CL,Ge vhereas for the si'licon(IV) acetyl-

Ge > (CH3)QlGe >

7 . acetonate .complexes the order appears to be (CH3)ClSi e

4
(C6H5)ClSi-.',This,is the' same order as in the tin complexes
3 , and deflnltely confirms the order of labIlJ.tJ.es. It is,

. i therefore, not surprls:\.ng, cons:.derlng the greater 1ab1$l:|.z- \
- - ,

. ing effect of the methyl -groups Vs the phenyl groups én - -

N coordinated acetylacetonate 1igan'ds, thétt our effdrts to , - .
- ! - - - »

observe coalés‘Eénée‘behaviour in the (CH3) Sn(aca‘&‘:)z com~

. plex provad unsuccessful Although the activatién energy,
) L o
6, - -
\ ' w1th1n exper:.mental error, is independent of methyl and

. - phenyl groups in RClSn(acac)z, thj/actlvatlon energy,of , = A ' -
\' .
‘the diphenyltin. complex is substa tlally lower, by ca. 6

kcal/mole, and the entropy of actlyatlon is also 'lower. _

- . © . \

. - . = - c ok
If the activation parameters of the (C6H5)C1M-

}: (acac)2 (M = Sn,Ge,Si) complexes are compared there appear

some noteworth‘y features. The rate of environmental aver- -
- = . ' o , - 2
‘aging of -CH= protons in these three complexes increases

.-

as the metal varies in the order Sn % Ge << Si. The '

energy of -activation varies according to the series Sn = oo

Ge >> 8i, E, - for the phenylchlorosilioon complex being v
Q - : ‘ .
about 6- kcal/mole smaller.)This is unexpected if the A

rearrangement process occurs via a metal-oxygen bond rup—
¢ '

7
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ture mechanlsm. (v1de infra)- si‘hce metal-oxygen bond ‘-

strength increases (for gaseous diatomié molecules) iﬂn'the
' order Sn-O (125 kcal/mole). < Ge-=O (159 kcal/mole) < Si-O
(188 kcal/méle) (98) . ©Of signific'ance is the energy of acti-
vation (25.2 "% 1.4 kcal/mole) in the environmental aver=
aging of termlnal t- butyl g¥olps :Ln the complex C12Ge-

(dpm')z, where the favore&ﬁ mechanism for the rearrangement
4 .
. process is rupture of a germanium—oxygen bond (30). Fur-—

ther, as has already. been noted:above, replacement of a

chloro greup in the dichldrogermanium complex by an ar{zl N

or alkyl group appears to have a dramatic J.nflueﬂee on the.,

1

4

stereochem:.cal non;::.gn.dity of these germanlum chelates

(3 X 10"% sec™' for the dichloro comp)lex_; 9.4 sec_l for +

A}

*  the phenylchlorogermanium comple;c) . The' difference of ca. V!

12-13 kcai/xhole in the activation energies of these two

complexes may’pfohably be as_cribed to different mechanisms

for the exchange process. ) ’ . .

- t

- %ince both the phenylchlp;'otin :nd _phlariylchloro-

germaniuin complexes have nearl}} identical activation para‘l

+

‘meters, it does not seem unreasonable to expect both (CH3)-

e CISnA(acac)2 and (CH3)C1Ge(acac) "to ‘have sima.lar actJ.va- ;

tlon paramete;ts. In the case of ‘the former complex, ,the

- activation energy is 8.6 kcal/mole larger. This difference *
cannot be attributed to differences in electronic‘ efigets
of the metal in view of 31m11ar1t1es in the data of the

phenylchloro complexes; however, it is noy unexpected smée.

©



rearrangements in the {ﬁin complexés are intramclecular but
J.ntermolecular in the methylchlorogermanlum complex (vide

f‘ 3 1nf3a) oo

~

The ‘activation parameters) of . (CeHy) Sn(acac)2

. 'af)pear to k{é}nearly independent of olv'ent,- while Ea' for ,

'){ath'e phenylchl‘orot}n .Ecziomplex in brombform is 2 kcal/mole
. larger thalx‘l in deuteriochloroform,“ but o.wi.ng.'tno‘ the exper- .o

; S imental uncertainty in _mea;urements taken usinig che latt\er

B ' solvent any dlscussn.on of poss1ble solvent effec’ts is .

- tenuous. A“i‘i/added observation is that at the coalescence
. ) o

temperature the'RClSn(acac)z complexes are sllghtly more

Jlabile than the diphenyltin complex. The activation'energy\

_reported here ’o’for (CGHS)ClSn‘f”acac)2 does not agree with

.

the low value of 3 'kcal/mole.reportea by Kawasaki and

Tanaka (28).

he -
4 -

~

-

'\ . . . . (& ! N ' . »‘
Recently, a report (103) on the study .of inter- T8

» - molecular acetylacetonate ligand exchange between (CGHS)’Z- .
Sn(acac) and (CH ) S*n(acac) complexés has indicated that’

% .
the rate of exchange was flrst order in [(C H) Sn(acac)2]

/ , and the rate determining step was identified as rupture /’

‘of one Sn-0 bond in the diphenyltin complex; E, = 7 5% .

1.5 kcal/mole, ASQt = ~33 % 5 eu., °k25' - .8 sec (CDCl \

< solution). The activation. nergy fop" exchange of methyl
14 . .
- * groups in (C6H5)2$n(acac)_2 é.n deuterlochloroform solutlon . RN
(Table XVI) is 8.1 ¢ 0.3 kfl/?nole, AS* — -21 J. 4 eu .

{ .?t_' P -4).‘ - . ) .' ' .
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| - " and kye "= .369 see-l. The activation energy for the two , -
i o . : . ) ‘ , o N .
. Processes is nearly identical within experimental error. . o
. ‘t,/ & N

. 3. Deterpination of the Order of. the Kinetics of
. Configurational Rearrangements

. The phenomenon of byoa@enlng and’collapse of ~CH= :, s

° and CH3;proton,resonances into a 31ngle sharp line "in the ‘ e
high temperature\llmlt is ,ascribed to a conflguratlonal ‘
reerrangement process in the chelate rings which exchanges
acetylacetonate rlng protons and methyl groups between the

two and four, respectively, non—equlvalent s1tes in the

cis Cq isomer; eXchange of methyl groups.lh the dlphenyl

a

.complex occurs between the two non-equivalenk sites of the

ks C, isomer. To describe this exchange process, one first-

~order rate constant is required in the case of the C, ,

. isomer (methylriiggpsT‘andxgi isomer (~CH= protong); six
' independent firft-order réte;constants will define the

i

_ methyl group exchange process in thg C, methylchloro and
” M
phenylchloro compIexes. In order to confirm the order o

Cae K 3

the klneticﬁf the configurational rearrangemen,ts p concen—
. R 3 i Y I3 -

tao

M
v

tration dependence studies were ﬁndertqken. In the,cases_

@ . of’(CGHs)iSn(acacYé'ena (EH3)eISnfacac)2, solutions of " “‘?»
¥ five dif¥erent concentrgtions_of eacﬂ complex ih CDCl3 ‘ . .i
Wwere made up, in the ranges 0.04 M to orlz‘g_ahd 0.%6‘to’ o
0.52 M, respectively. The mean residence times.of these
two complexes were theg determined at a‘temperature below

" and above coalescence. For (CSHS)ClSn(a'caZc)2 in CHBr3 ’

v - ~

\ N : C o
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t;o\ht:.on only two coﬁciptfatlons were uSed°to obtaln life- =«

times at several temperatures in ‘the ‘range 23° to 72°%. \\F

>

The results’ are presented in TableNXVII-: ; i*f’
- (,ﬁ ot - “ ., ) PN

n order to determlne the mean resrdence tlmeg ¢

k]
of the various concentratlons of @ compound at any one-

A

,temperature,’ the procedure usedhwa!fas fo}lows. Initially

Ty

e év in the absence Qf exchange, s obtained for the tem>-.

a ""_.

perature at which the concentrailon dependence study. was

carried out. This 6§y is dete ed from the plot of av
vs temperature obtalned from the- lnyestlgatlon of the vari-

able/temperature dependence of §v (e.g . for (C6H5)2

V

(acac)Z,WTCH3)ClSn(aifc)2 and (Csvb)CISn(agac)z, the desxred‘/i

data are presented in Flgure 1l). With the~value of v and

2

_dthe appropriate Tz,va set of calculated lineshape para—

-

-meters were{obtalnedrus1ng program NICKA on -the S{r George
' w;lllams University CDC Cyber 70-72 computer. The experl-

mental llneshape parameters frqm each speétrum of the con-

“

centratlon dependence study’ were then compared to the cal- "
culated llqeshape parameters at the correspondlng tempera—
ture;. then, the mean-lifetimes were determlned (tH&, ’_ ’

detalled p@?cedure 1s descrlbed 1n Sectlon I1). 'If the

3

'rearrangement process were, for 1nstance, a blmolecular
process T _would then be. dependent on thé complei\concen— o .
ﬁndtlon. On the other hand, in a\flrst-order process, the

‘mean lifetime®™is lndependent-of concentration since Rate..

k[complex] . As ts -evident from Table XVIII,.for' the"qrgano-
s - ) . s s ,

- - A . 3
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Table XVIII.- First-Order Check on the Kinetics eof Configufa-

tional Rearrangements of Organotin(IV) Chelates.

(C6H5)28n(acac)2 in CDCl

3

\ 3
Conc. ,M 1(-50.4°) 7(=39.4%) /
sec *f . sec’
0.0405 / 0.101 . 0.057 .
. 0.0658 0.100 - , 0.052
0.0838. 0.102 0.047
0.1040 ° 0.096 0.083
0.1209 0.099 ‘ 0.058
. ) (CH3)ClSn(acac)2 in CDCl3
< * . )
e o
. ' o ¥
J cénc. M 1(22.47) t(10.17) ,
- sec secC
0.1602 0.025 0.045
r 002836 ' 0-024 - 0-043
0.3396 \ 0.023 - 0.048 :
e ,0.4259 0.024 0.045
0 5231 0.023 . - 0.043"
b,
A Y H ) '
; (CGHS,) ClSn(acac)2 in CH_Br3 )
: N\
N 08 ¢ 21, sec —_—.
o Téxg\p., 0.2414 M » B.3808 2*_1.
. 23,0 .0.36 0.373
b o 36. . 0.12 0.13
. \.' 37.2 0-16 10012_ s o
( 49.4 0.048 e 0.050
. 5%.6 ‘0.037 © 0.038 b
<< 63.1 0.020 0,020
/710‘9 - 0.011 ‘00012
, 2 oObtained by interpolatiqn at the apprdpgiatg
, temperatures from log k vs 1/T of Figure 1. h
. . _“n \
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. . , .
tin chelates the lifetimes are independenht of concentra-

‘ 4

tion ahd therefore the rearrangement process for these

complexes is first-order. ,
e l ’ !
- .

In the cases of (CGH )ClGé(acac) and (CH )ClGe~
"(acac)z, five concentrations of the former complex were

made up in CDCl3 -C€1, in the range 0.22 to 0.48 M and four

4
concentratlons of the latter complex were made up in the

{

range 0.27 to 0.52 M. The mean lifetimes were determined

at two temperatures (for the phenylchloro complex + 30 and
+55.3° aﬁd for thé methylchloro complex —51.5 and -2.2°)

one below and one above coalescence; however, Ehe method ~

of determination of the lifetimes for, these coniplexes had -

to be altér?d from the method described above for Lhe tin

complexes. This was necessitated by the résulting inconsis-
’ * o 1 - -

tent variation of mean lifetimes with concentcﬁ@ion on
AN ° .

-

“c‘ﬁsing program NICKA. Mean lifetimes showed neither first-

order nor second-order trends. i ' .

»
"

" .
\ For (CgHg)ClGe(acac), the lifetimes were first
.determined usiné'fhe same téchnigue as was used for the

tin complexes. The results are presented in Table XIX.

1

Except for a few fluctuations at both_30.0 and

bR

548 ° the!llfetlmes would 1nd1cate a flrstydyder process.
However, these fluctuations are suffhc1ehtl§ large to make
it dlfflcult to grrLVe at a definite ;OHClUSlon. Slhée
changeS‘iQ Sv refléct #hange; in-r,:it follows that if Tt

. 4
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Table XIX.- Variation of Mean Lifetimes with Concentration '

for (CGHS)Clée(acac)z.

Conc. ' &v exp 7( 30.0°) x 102 t( 55.3) X 103
g Hz sec sec
. N .
kl o ‘. ’ 1 .
(A) 0.4818  18.10 3.0 N 5.6 -
(B) 0.4331 . 18.69 : 4.0 6.0
(C) 0.3527 19.40 4.1 6.4 .
y __“! ') 1]
(D) 0.2970°  19.35  J 3.4 5.8 . ‘
) 3 .
19.81 3.9 6.7 )

(E)

0.2191

s

?

*

is® 1ndependent of conceatration then GM should also be 1nde-f
pendent of concentration. A plot of 6v vs concentration
} for (C6 5)ClGe(acac)2 at +30,0° (Figure l6a) indicates
| hat §v varies with concentration and coﬁséquently; the - .
:Z\\\\. ) :» mean lifetimes ought to be also dependent..It‘is; therefore, .
incorrect to assumevg priori that the &v ‘it‘the absence o
. - of exchénge ohtained from the piot of 8v Vs temperature
obtained from studies of the tempéfature depend;ncp of the
chemical shift((Figufe Zf is con;tant at all coficentrations
. , ofithe phenylchlqrogetmanium complex. In fact, a different
§v may be rdgquired for each concentration.'An alternative h
procedure was: then dev1sed in order to determlne the appro-
. prlate valuj//of év. at a pa&tlcular concentratlon. It .

(Was assumed’that lines drawn.through the differentév values

of Table 'XIX when these §vy's are plotted against tempera-

’ -~ . 1

A N b . ’
: 5 I
\

4




Figure 16.~ Graph of concentration vs &v

o . ~ .8 iu%lons, and
in CDC1

o ”perature study.

(Hzi for.Ca)

)ClGe(acac), at 30.0° in CDCl
%b) (CH3)C Ge(acac}
=-CC1l solut:ons. en recta
represegt coénected §v 's, solid triangles
represent experlmental év's, solid ovals
denote 4&v's from the original variable tem-

-C

fg

Cl,
at -31. 5°
les




CONC (M) *
L 1

= | : . 0.31 - 0.35  0.39. 0.43 0.47
: : ] | " I
(a) ‘(C-GHS)ClGe(acac)zr
%
t
"«5:;
J
\
T RN S NN BV N b

e

0.28 0.32. 0.36 0.40  0.44 ~ 0.48° 0.52°
.‘ N o ‘ ! ) . ’ -

CONC (M),




ture have the same slope as-that in Figure 2 for (CGHg)-

’

ClGe(acac)z_ Consequently, the §Vs obtained from the con-

centration dependerice study had to be corrected. This wa$
‘ acconplished by positioning tﬂf 6v obtained from the plot | .
i ' , . pf Ge. Vs temperature from th7 study of the temperature'
dependence of the chemlcal sh}ft (these are at conc. =
0.4603 M, §v =" 19.67. Hz at 36 0° and 19 09 Hz at 55 39)
on the plot of 8V ' vs concentration (Flgure l6a). Then a
- line/Las drawn through tA:s point (19 67 Hz) which had the
 same slope as that:of the concentratlon dependence study. | ’
A constant difference of 1.23 Hz (19.67- 18.44 Hz (Figure |
"l6a)) is obtained. The position ofthe new §y values for - S
each concentration was then determiped on the newly drawn
linet The new Galdes_are presented in Table XX. Owi?g‘to
the lack of a &v value at 55.3° it was necessary to extra-
poIEte the plot.up te this temperafure, again assuming that' the

s o
slope (F_gure 16a) of the 11 es; at this temperature was the N

‘//////'.same as that of thé 30 0% plot A Gv of 19.09 Hz was

//////" : obtained from the data§pf the original variable tempera-
( ' |
L J

ture study.-A Tine is“then drawn through this value of
§v(19.09) parallel to the corrected line at 30.0° (Table
- g XX). The constant difference between these two lines is ..

0.58 Hz (19.67 - 19.09 Hz). The corrected‘Values 4t 55.3° ‘/;

E'Y . - o> v

are presented in Table XXI. ! \\(/,

The new 6v's obtained for 30.0° aﬁd 55.3° were

then submitted to program NICKA to o%tain a new set of mean
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. (0 .
| ~. R
| ! Table XX.=- Corrected Values of év for (CGHS)ClGe(acac)é
| at 30.0° o 1 L
/- N ' !
. + Solution sv (*) Const. ) New 8v ' !
-O";‘ . : @ a Hz ¢ . ’ ] HZ
. CCol - |
' . , A < is.31 1ki3 19.54
- . B 18.61 1.23 - 19.84 .
;¢ ,€ . 19.07 T .%.23 20.30
D 19.44 1.23 20.67 .
” E 19.92 1.23 - 21.15
} ) 5 _
» . T o
' ' Z calculated from the least Ssquares line.
. s
‘ ‘e
"+  Table XXI.- Corrected Values of $v for (C Hs)ClGe(acac)2 ’ , i
‘ o at 355.3°. ‘ ‘
N . a . :
Solution SV (~) Const. New 6&v
g Hz ° Hz:
t . . i i
. A 19.54 ; 0.58 18. 96
"B, 19.84 0.58 . 19.27. .
‘ ‘ c * 20.30 - 0.5§ 19.72
- D 20.67 .  0.58 20.09
E 21.15 0.58 20.57
4 Q) /d . »

. 3 2 sy obtalned from the corrected 30.0°
lihe. , '

~

ER— g



Concentration  1(30.0°) X 10 7(55,3°) x 10° \
M ' sec. rec, :
(A) 0.4818 3.0 RS 5.7
(B) °0.4331 3.9 5.9 a
(C) 0.3527 4.0 | 6.0 .
(D) 0.2970 3.3 5.3 o
;3.6 ' 5.9 .

N -126~ o . =
» - . , . /~ \

lifetimes; these are presented in'Table XXIX.:The results

in Table XXII indicaté that the lifetimes at both tempera- ..
tures are'independent‘bf conceqﬁration. However, it is
possgbléithaé the above technique in obtaining a T value is
not justifiablé. Therefore, another meéhpd was implemented
‘using the curve f}tting programnNLXNQHfto access ; values

Qt the different concentrations. The §v's were allowgd

to vary in NLINGH for the ‘data at 30.0°, but the &v's at

g
+ '

'55.3° were kept fixed for reasons already discussed in

Section II. Values of <t from NLINGH are presented in Table

-

XXIII. Upon comparing the results from programs NLINGH and ' .

\ t ‘ 1 : ’ g

Table XXII.- Mean Lifetimes for (CGHS)ClGe(acac)a Obtained

from Program NICKA Using Corrected ©6v's.

¢

(E) 0.2191




'NICKA it can be seen that thg resulﬁg are nearly the same

Table XXIII.- Mean' Lifetimes for (C6H5)C1Ge(acac)2 Obiained,

Y

.

o

by Using Program NLINGH.\? : : '

PR}

¥

Concentration "r(30.0?) X 102 T(55.3°) X 103 A
M sec sec
= .s. N 4
(&) 0.4818 2.8 ‘ 5.3 '
(B) 0.4331 4.2 . 5.8
(C) 0.3527 3.3 . 6.0
(D) 0.2970 3.0 4.9 - v
(E). 0.2191 3.5 6.2
: & ‘ ~

s

within experimental error. Thus our earlier technique in

getting v 1is justifiable. The above T values for (CGHS)' Vo
. L . y T v
ClGe(ac’ac)2 are essentially independent of concenziation

L

s
1

3

and it is qongluded}'xherefore, that the rearrangément

£

process is first-order. é ’ -y
' ’

¥

For (CH3)¢1Ge(acac)2 in CDC13—CC14 solutions.a . !

similar technique was used to obtain §v values as used

for the phenylchloro complex. Residence times were initial-

”

.ly determined using the values from the original variable

)

temperature study (Figure 2) (these are at conc. = 0.5478 g

M, 8v = 12.70 HZat -31.5° and 6v = 10.76 Hz at -2.2°) © .

3 ae
o
.

. using program NICKA. These data are presentﬁgnin Table xxiv

.

- . ~
\ R M L]



from ﬁrogram NICKA. o

Congentration ' 8vg..  ®(-31.5% x 10° 7(-2.2°) x 102

"M . ‘Hz® i sec sec

. - _
(A) 0.5212 12.91 5.5 , 1.7
(B) 0.4283 13.63 - 8n £ 2.5

- .

(C) 0.3522 - 13.78 8.2 VAW
(D) 0.2671 14.34 12.7 , 2.8 4.

lnai variable temperature study at the approprlate tempera-
‘p01nt (12.70 Hz) for the -31. 5 data parallel to the .line
[.
- 16b). For the. data at -3l. 5° the constant difference be-

0.5478 M. 12,84 - 12.70 Hz). The neys 6v's are presented -

Table XXIV.- Mean Lifetimes for (CH3)ClGe(acéc)2'Obtaineq

4

. In this case the lifetimes vary with concdentra-

\
tion. Alsq'a plot of gy(experimental) vs concentration at
-31.5° (Figure 16b) shows that §v is concentration depehd-

ent. As in the last case a dv was obtained from the 'orig-
. ¢

ture and concentratlon\ K,llne was then drawn through the.

-

“for the data of the concentratlon dependence studx (Figure

i)

tween the two lines is 0.14 Hz (ﬁ}gure 16b at conc. = o

in. Table XXV, Similarly, for the data at -2.2° the same -,

technlque was used, but s1nce there are no Gv s available

at this temperature the slope is parallel to that at - ' r
-31.5 ¢ the constant difference between the two lines is

1.94 Hz (12.70 - 10.76 Hz). The corrected &v's are

' -
- b - » a
“ .
L} * *
. - *
- Y
”’ \\\ L.
v © vl “ .
R . .
- -
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Table XXV.- Calculation of Corrected v for (CH3)ClGe:' ///

) CoL . (acac)2 at -31.5°. , 7 o

1 ‘ 5

(W

. A . ¥ J [y
* Solution §v2 (-) Const. New 6Sv .
'_' - "~ Hz ' Hz L
. n . / : : 5 )
. , A - 13.98. 0.14 . 12.84 » 7
. B 13.47 | { ‘0.14 ‘13.33 -, :
- c 13.88 0.14 Y 13.74 '
‘D | 14.33- 0.14 14.19
i P L4
2 Calculated from the least squares line. ™

presented in Table XXVI. The new/sv's were then submitted

. to program NICKA to calculate a new set of mean lifetimes .

(354

(Table XXVII). At this boint the difference in the life-

M

times, especially at -31.5°, indicates concentfation .

~

dependence. Therefore, to further confirm this phenomenoh, i
. r

the lifetimes were also'detefmineq using the computer

digitization NLINGH. technique. The -results are presented

iA TaSle XXVIII. A typical series of matches of éxpgri-

mental and calculated spectra using program Np?ﬁGH for
(CH3)élGe(acac)2 at -2.2° is'illuétfgﬁed in ?igure 17. : 77
Figure 17a exhibits experimental spectra at sev;ral~concen- '
iirationé while Fiqure 17b shows the comparison between’ the

. , , 8
experimental spectra qu;id circles) and the computer-

( "

Y fitted spectra (solid triangles; open‘circles‘repggsent
) gowd £it). . : o -
. ’ M rS ‘ (Y
! ‘ /, Q ) - ~ ) ' : " P2 )
Shew " S SRR -
**A*i__;_;..%w.“




i -t Table XXVI.~ Calculation of Corrected §v for ( H3)ClGe—
N 1

(acac) at -2.2°. 1
'Vy - Solutid% ‘Gvi (=) Const. Jew ﬁ&
. i
L - . t - |
[’ - . ‘oj :
[ w A 12.84 .+ 1.94 10.90
) ° " s ‘ i
1 13.33 . 1.94 11.39° ©
o C 13.74 1:94 11.80
/ ‘ : .. |
) D 14.19 - 1.94 12%25
' o i

- 3

2 These are the .correéted 8v's at -31.5° Vo
S ¥ AN

v - . T - Y
. . / v \

=~ 8 "
- 4 - . '
. . .
1

Tang XXVWII.~- Mean Lifetimes for (CH3) Ge(aqac@z\Pbtained

~ \\g’ g by Using Progrdm NICKA. - N \ 
’ Concentration 1(-31.5°) x 102 1(-2.2% X 102
M ‘ sec sec
’ (A) 10.5212 ‘ 5.5 1.6
) .
(B) 0.4283 - ' 7.9 ) 2.2
’ (C) 0.3522 7.8 T 2.4 "\
- (D) 0.2671 12.2 2:4‘
i 1o
. b
P .
. f ) , . ° t ‘
" ;



. Figure 17.- Acetylgcetonate ‘ring proton spectra as a -
' function of concentratlon for, (CHg)ClGe(acac)
: in CDCl,-CCl, so}utions at -2%.2%:7(a) experi~
mental Spectra; (b) comparison of experlmentalr
) and calculated nmr spectra; solid circles -
represent 'experimental points, solid triangles
' - represent calculated points, and open circles .,

denote perfect fit of expenlmental and calcu~
lated points.
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Table XXVIII.- t Lifétj.mes for (CH3)C1Ge(acac)2 Obtained
n . : ) '

by Using Program NLINGH. .

'&L

i -

Concentratlon “T(-Bi.SD) leo2 o1 (=2.29) X 102
.M sec . ‘ sec !
(A) 0.5212 o 4.8 / ) 0.94
(B) 0.4283 © . 6.3 o 1.5
. (€)  0.3522 ' ‘ 7.2 1.6
{(D) 0.2671 ” 9.7 [ T

~ . —— ' “

From the results presented above. it becomes

T

evident that environmental averaging of -CH= protons for

(CH3)ClGe(acac)2 is concentration dependent and follows

second-order kinetics. This dependence 1¥ also exhibited

)
M

)
-in Flgure 18 whlch shows llnear plotg of Tp vs [(CH3)ClGe—

'(acac)i] at -31.5%na —2“§§. Thus, the rate of environ-

mental averaglng may be wrltten as; Rate =~k [}CH )ClGe—

(acac)é] ; sSince T Tl [(CH )ClGe(acac)é] X Rate =
k[}CH )ClGe(acac)i] From the slope of the linear plot

at -31. 5 (of Figure 18, k =19 ¥ “lgec™t, whlch is in good'

agreement with k = 16 M lsec—l obtained from the log k

vs 1/T plot (Figure 15). .

- * e o ,
. — \

~

. - The origapal variable temperature study for

T (CGHS)ClSi(écac)z’involved data from both below and above

coalescence; however, for the purposes of the concentra-
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tion dependence stugy and because of solubility limita-
tions, only one temperature below coalescence (-70°C) was
studied. In this case, as in the case of the'variable

o

temperature chemical shift study (Figure 2), the spectra

were digitiied and curve-fitted with program NLINGH as

described earlier. For these data the 6v's were allowed

' to vary and find their own values. The results are present-
. v

ed. in Table XXIX. An attempt was made to uée program

*

NLINGH keeping the dv's fixed, hoWevér, this procedure

ra

led to poor spectral fits. Mean lifetimes are independ-
ent of concentratlon and the rearrangement process for

(C6H )ClSl(ac}ac)2 is first-~order.
. / . .

/
S

. * * ,I\’ »
Table ﬁx%kf- Mean Lifetimes for (C6H5)Clsi(acac)2 Obtained
, \ by Using Program NLINGH. .

i

Concentration - T(—70.0°) X 102
.M sec
~0.3096° - 1.4
0.2798 - o 1.6 -
0.2178 © ~ : 1.5
o 0.1567 C 1.5 -
& . 0‘09496 M 103 ! !
o .
~ ' )
ks
s # ° ‘
<
A} ‘ "—. !

-~
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X S

4... Comparison of Results from Programs NLINGH and
NICKA \ i

-~

As has been previously described (Section II),

two methods were used to determine lifetimes for the

.

. complexe8 in this work. A method mainly used for the tin.
) .

and germanium compounds was one whereby parameters were
A} ‘ .

.manually determined from the various spectra. These para-

meters were then compared with a calculated normalized }
:;“7."-—‘ :

digital spectrum which was produced by prbgram NICKA on
the Sir George Williams University CDC Cyber 70-72

computer.‘The results of this comparison produbed the
‘appropriate lifetimes. On the other hand, many of these °

»

spectral parameters were no§ available in thé cése‘fﬁ .
(C6H5)Clsi(acac)2;.ana consequehtly, another techniQue

was utilized. Here, the experimental spectra wefe digit-~
~%zed by the Hewlett-ngkard 2£14A computer. The‘experif
mental spectra were thegﬁinternally fitted with praéram

NLINGH on the Sir George Williams University.CDC?Cyber 70-

o

72 computer. This progf%m also produced the appropriate

lifetimes. As is inevitable when using two different tech-
) -

niques to obtain similar results there may occur vari-

ations between these results. We wished to assure our-
o .

selves that the results we obtained from the two: programs

were indeed comparable and consistently valid.’'Also, we

3 4

wished to assure ourselves that the activation parameters

obtained for (C6H51018i(acac)2 were not an artifact of the

K]

)
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x particular method used. In otder to test this, a compouna
| was chosen for which we could calculate lifétimes by both
: methods. The compoupd“chosen was (¢H3)C18n(acac)2. Thé |
’lifetimes at each temperature were calculated'using both
the NICKA -technique and the NLFNGH'technique. The results

were then plottedqas Log k vs 1/T as illustrated in Figure\

11 ahd tabulated in Table XXX.'In the data using the NIEKA
techqiqué~theré is a great variation of points at the two
* extremes of the temperature range. Thié variation illus-
e trates’the conseqhences'of attempting to optain rate data
i too far from coalescence where_spectrql parameters are
1nsen§itive to changes in the rate phenomena and conse-
- quently., tiug_mean lifétémés become difficult to estimatem

" These anomalous data were not used for the NLINGH calcula-

; tion . as it would not have been any more fruitful. Never-
| theless, a linear'plot (the dark line in the plot is the
least squares line of the NICKA method) is obtained in
the optimum region. When the dame spectra were submitted
for célculation by NLINGﬁ the results are almost equiv-
ale}t to those produced by NICKA. The data were calculaﬁed‘
‘ with,FﬁINGH allowing %ﬁe progfa@ a) to find its own 6v'8'
/Wénd b) giving it fixgd Sv's. Both of these approaches

AN  yielded similar results. In fact they lie on the same.

least squares line drawn for the NICKA results.

The data would thus seem to indicate that within
N ,

\experimentgl error the results from both the NICKA and

N .

N
~

‘e
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1

Table XXX.- Results of the Compérison of Programs NICKA

and NLINGH

! P) B
' Température - NLII‘\IC';H NICKA
. . 2t x 101 | 2t x 10k
°c (v var.) (8v .fixed)
. . sec - secC sec
, - =44.5 - - - 7.545
-37.6 - - - 6.880
-29.3 - g - 9.33€>\\;\
-25.0 - 4"*ﬁ.' 7.870
) -20.2 - - 5.968
° -15.9 7 - 8,101
p -8.6 - - 4.382
0.5 2.700 . . 3.043 . 2.850
4.5 1.600 1.808  1.650
7.5 1.159 1.351 1.318
1.5 © 0.783 0.8922 0.877
- - 13.5 " 0.651 0.7472 0.684
| 16.0 0.554 0.6402 0.623
21.5 _0.344 0.396 0.389
26.5 L 0.243 0.302  ~ 0.284-
s ' ‘ D
29.5 0.149 - 0.186 .7 0.182
45.5 ;. - | 0.112
54.7 - - - 0.041

]

[N




* methyl spectra are poorly resolved. It is also hoted that N

© =140~ -

ﬁLINGH techniques are equivaient and both methods can be
used interchangeably, as' it should be. This also reassures ; ﬂ//
the valldlty of each technique as they both use- dlfferent
approaches to yield similar results. Therefore, these two

methods effectively check each other. . "

'+ 5.° Methyl Proton NMR Region

5
1

" A feature of mechanistiC‘significance concerns‘ o0 .
the fopr methyl 51gnals in Flgunes 6 to 10. The components

of the lower fleld and higher fﬁfld doublets in the (CH ) -

»

ClSn(acac)2 spectra (Flgure 6) appear to broaden and

AY

collapse simultaneously with increasing tempera‘pre to

yield a single doublet at 4.5°. As the tehperature is //

PO : ‘ 5 .

further increased, the components of thistoublet broaden
\' ] :‘.

and the doublet finally coalesces\at 21 5 . .The methyl
proton resonances in (C )ClSn(acac)2 (Flgure 7), (CH )~
ClGe(acacfz'(Figure 1Q), (CcH S)ClGe(acac)2 (Flgnre 8)., and
'(CGHS)ClSi(acac)2 (Figare'S) undergo simiiar‘coalescence
phenomena except that in the latter three.complexee the

1
(1

the -CH= proton signals undergo broadgning and céalescende .

o

in the same temperatureqrange as the metnyl resbnances, [-To)

that whatever the mechanlsm respon51ble for the ‘nmr coales-

\
f

cence behavxor, both the rlng protons and~methyl groups

are exchanged between thelr respectlve nonequlvalent sites }

“~

by the.same physical process. 4




r
.

The ‘magnitude of, the Sn~CH3 proton coupling %o
the loWfield component of the two cis methyl signals in
XzSn(acac) , (x'_ Cl, Br, or I) has been observed to be
larger than to the upfleld component (24,34). gh}s has led

to the assignment (24) of the lower field %esonance to

"the unique pair of CH, groups in the nonequivalent site

trans to the halo groups. Also the lowfield and highfield

~methyl resonances of CIZSn(acac)z are shifted upfield by

" surfigce of - the complex (104) and clustered about the C,

+

pa

‘bis (N,N,N',N'-tetramethylmalonamidatq)titanium(IV) were

T

0.62 and 0.54 ppm (24), respectively, on going from .o
deut’riochloroform +0 benzene solvent.. A solvation model _

with benzene molecules in tangential contact with‘the' : v

axis @f XZSn(acac)z predlcts that methyl groups trans, to

.

groups will exhibit the larger upfield shift. Hence, the _

lower fleld methyl signal has been associated w1th acetyl-
acetonate *methyl groups trans to X groups (24). Moreover, j\'

the methyl groups trans to the methoxy groups in dimethoxy-

assigred to the lower field resonance by;Weingarten and

coworkens (105) on the hasis of‘the more rapid loss of

. . " : , (AR
rotation of "the N‘CH3)2 group trans to the monodentate .. f

i

methoxy lig .ds. We have not, heen succeésful in estimatingf
an

the magnltudes of J(SALCHB) to the four nonequlvalent

° A

' methyls ow1ng to the brdadness, of the resonances and to _ - e

the expected low,values of Joh,z 3 Hz(90)) However, at

11. 7 the solvent shift on paSSLng from deuteriochloroform




downfield shift by 0. 19 ppm on going from deuterlochloro—

‘. &

cDcl, ' ‘
to benzene, ACGH63,.1S 0.50 ppm for the unresolved (at

500 Hz sweep width) lowfield. doublet in the (CeHg)ClSn~
(acac)2 ePectre while that of the higher field doublet is
0.41 and 0.46 ppm, respectlvely, for the downfield and
upfleld component In the methchhlorotln spectra at 13.8°.

32523 of the lowfield doublet (unresolved at this temper-

"ature) is 0.43 ppm, that of the upfield doublet is 0.36 °

ppm (the tin-methyl protoh signal suffers a diamagnetic

~. '

.
cform to benzene)./Accordlngly, we assign ‘the lowfleld

doublet to the unique acetylacetonate methyl groups trans
to, and equatorial with, the monodentate ligands igp the
phenyl¢chloro and methylchloro complexes which are repre-

sented in the case of the tin chelates 1n Flgures 6 and 7 .

and for the germanium and 5111con chelates in Flgures 8 to "

10. Coalescence ofethe four methyl signals to a single \

resonance in the spectra of both.complexes is attributed

'to a configutrational rearrangement process which time- .

averages the methyl-p;oton environments among the four .

3

nonequivalent sites of the cis isomers. The only complex

which ylelded sufficiently resolved spectra “that could be

‘used for ana1y31s was (CH3)ClSn(acac) (Figure 6)

'Inlt;ally, an- attempt was made to obtaln actlvatlon para-

meters for the methyl proton system using the two—51te

exchange pr&gram NICKA. To accompllsh this, the coalescence

.phenomena cE the lowfleld (AcB) and upfield (C-D) doublet

(

i



' (see Figure 6) were treated as two separate two-site

- \ . -
exchange progesses from -10.1 to 3.0 (see Table XXXI). -
- Above ca.‘4°, the methyl spectrum consists only of a

doublet (AB—~ CD) also undergmng line~broadening and coales-

T

cence with increase in temperature to yield a s:.ngle,

v

'sharp line (ABCD) in “the "high temperature limit. Using ‘ \( ”
this technlque, of course, involved certain assumptlons.
a) the doublet AB exchanges independently of doublet CD

and, b) peaks AB and CD exchange between each other withdut.’

. I
considering the exchange that might be occurring under each .

a

of the indi’vidual envelopes. Assuming uhis to be trhe situa-
tion the spectral and kinetic paraméters are presented in /
Table kaI. "As 1is apparengt, the ac%:ivation‘ parameters

obtained here axe far- from even similar to those presented

in Table XVI. Therefore, it would seem that the assumptions
made above for utilizing this technique may not be val,ld i:zx

» 3

~ this case. ! -

P

\Consider‘ing that exchange may be occurring among L
all four methyl sites it Was necessary to use a multisite -
exchange computer simulatiqn-curve fltt:Lng program DNMR3

(106)/ adapted fotr the’Sir George Wllllams Unlversn.ty CcDC
. 4
Cyber 70~72 computer (see Appendix). This program simulates

v £

a g,iven exchange matrix and produces the resulting calculat-
‘ ed spectrum within given parameters. These imciude, the

rate constant, fractional“populat‘ions of each site, trans- ' ’& \
verse relaxation time, T,, in the absence of’ exchang@. ’ ‘

o

- -




A

&

Table XXKI.- Spectral and Exchange Paraméters for the °

Acetylacetonate Methyl Region of (CH4) ClSn~

,A = B Doublet
"
C - D Daublet

AB - CD Doublet

E. (kcal/mole) AS#(e.u.) k.. (Sec”
N a 3 @« 25

?

+ 1.4 T =28 +
+ 1.2

-24

(acac) , Using Program NICKA. .
S
— b . . ‘
Temperature - A-B Doublet C—D‘Doublgt . m«3\ “[
° v T X 1097 7 sy - T X 10° QQCijfm
¢“% ~ Hz sec Hz sec .
w B ’
41%.1 ’ "1.91, 104, 2.22 88.8
-6.8 ©1.86 86.1 ., 2.15 77.3
w723 1-80 66.6 h z.o§' 75.'5
1.3 1.76 '56.8 1.98 53.3
.2.6,_ 1.74 46.8 1.95 45.0 , )
A 3.0 o173 49.1 1.94 . 47.3 T
i AB,- CD Doublet ' 2
17.5 " 9.38 )é 9.09 , - T
22.6 9.08  7.69 .
26.2 8. 86 5.96 -
33.8 8.41 4.06 r
475 7.59 - 2.19\' - | ,
» Activatién Parameters '

1, <
5 6.4 .
13 5.5 |
4 16 L
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chemical shifts from an arbitrary zero point of the expéri-

mental spectrum, description of the exchange matrix, and

the description of the desired plot parameters (i.e.

frequency range, ‘scale, height5 The program.then produces
t

\\g\plot of the calculated spectrum In our case, the plots

generated by DNMR3 were flrst wrltten on magnetlc tape by
the CDC computer; the actual_hard-copy plot,K was obtained
on a Complot digital plotter (model DP-1-5) interfaced

Y

with a Hewlett-Packard 2114A computer and tape drive. This

- 7

i

.plot was then manually superithposed upon the experimental<3&

!

spectrum to assess closeness of fit. If any corrections
were necessary a new set of values of the rate constant
were given to program DNMR3. ThlS technlque was  used with
the four- 51te methyl proton spectra of (CH3)ClSn(acac)2 in
the range_L?.S to 47.5°%C (Figure 19). The initial problem,

of course, was to decide on which exchange matrix to use.

Varipus pathways may begdescribed when going from the

-

LY » . 0 * . : : .
initial matrix, (1234) , to a-flﬂgi matrix, eg., 2134, l§4§
change may represent a

\'4 comblnatlon of 1234 Each

different mechanlsm, although it is 90331ble that two . final

o

* This matrix designation describes the four possible ‘sites
where exchange could take place for -the compounds of .
interest. Program DNMR3 allows for up to e~ght possible
exchange sites but this number was_pot required here.

o ~— g .

» oL .

L.

]

.
a
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' Figure 19v.— Compunter calculated spectra of ‘the acety]o-
acetonate pethyl reqlon of, (CH3)CISn(acac)
in the~range 17.5° to 47" 5°C using prdgram
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'

pathWays described'by 1234° + 4321 and 1234 ~ 3412

might be equlvalent, but produce dlfferent spetctra. It 1s
also possible that under various conditions of chemical
shifts and ratefconstants different pathways may yieid
identical spectra. Nonetheless, all exchange matriees weteu
evaluated to determlne the most reasohable pathway for:
(CH3)CISn(acac) . Pathways where only two or three 51tes '
1nte;changed (ggi;, final matrices 1234 or 1423) were
eliminated entirely. Only exchange matrices leading to o
random scrambliﬁg of.taegqu; metb?l sites are consistent

1

with the experimentally observéd coalescence behaviour

‘(but see reference 113). Out of the possible six random-

scrambling matTrices, four matrices) namely 4123, 2341, 3143,

\
and 2413 produced identical spectra (Figure 19) which were

<t

also goed matches to the experfmentai;zpectra. The random ¢

scrambling matrices 3421  and.4312 did hot yield spectra’

identical to thqgse from the above four under the same

N ' L . *
input parameters. Most probably these. latter two matrices
are not encounterea among the possible physical pathways.

The above procedure does not take into copnsideration the

possibility that additional .intermediate exchange processes

! »

s occur, consequently it may be overSimplifying the processes

N 1

that do take place. With thlS matching tfchnlque a rate

constant was detennlned at each temperature. A 11near least-

LY

squares plot of Log k vs 1/T for the best spectral fit

yielded thewfollowiqg activation paramet%rs:‘Ea - 12.0 .




' the pather poor fit in the region of the signals below
)

~agreement. co ‘ -

~149- S .
\ ' 4 A y

e - U

+ 1.0 kcal/n‘\ole, log A = 10.2 * 0.7, AH* - 11.4% 1.0

298
kcai/mole, AS%98 - -13.8 * .4 eu, AGigg_ 15.55 £0.03
kcal/mol%, k}gg" 25 sec-l.‘Only the overall rate'constant

for exchange between the four sites is reported. Rate -
constants for exchange between ‘any two sites were not
accessible with this method'of computér fitting. Differences
between the above values and th6se pPresented 'in Table XVI':

are probably the result.of using different T2 values and

v

one-quarter of the maximumfi height. Considering these limit=

ations values of activation parameters are in reasonable
Kl ™ i

- ¢
¢

6. . Mechanisms of Ehvirdnmental Averaging

"Vgrious mechanisms that can lead to averaging = - .
! [

of ring proton and, methyl group environments in neutral |,
. \

B—'ketbenolate,complexes of the type M’(dik)zx'z'have been
discussed in spme detail (1). The fo%lowing'processeés

could interchange the Rgroup substituents between the

two environments: (a) dissociation of a monodentate ligand .
\ N / 1

to give a five—coordinate inﬁermegliate; kb) domplete'diaso— - . .
- ¢ciation of a !diketonat;é' ligand to y::Lel‘d a four-cogrdinate &
. inteﬁediaﬁé; (c) _moméntary rupture of “one metal%ge(n
bond to give a t'rigonal bipyramidal (TBP) t:':ansi‘tion statejl b
with tﬁe dangiing; ligand in the Iaxial or equatorial posi- ‘ !
S o {- tio'ns, d;'a squar_é pyranidal (~SP) t(:ransition‘ state with 'a\ ) . ]
. Y , 'y, \ ' :/\
: o ? - —~
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basal or axial dangling ligand, and (dyjtwis; motions of
the‘ligahds to giye an idealized trigonal prismatic (TP) -

. . intermediate.

[

o In the discussion,of rearrangement mechanisms it
should be;;oted that only slight variations in the bond .

.angles. and bond distances are necessary in order to form 4

intermediates of differing geometry. For example, a twist .
;bout a Cq axis of an idea?"ML6 octahedral complgx to give

a Dy transition state must be accompanied by an increase

, ' in the M-0 bond length in order to compensate for- the

\ - inoreased steric repulsion in the transition state. :Simi--

9 ‘ ! 'larly, after'rﬁpture of one M~L bond of an ML_ complex

-y

6
‘slight rearrangements can lead to either of twe ML5 inter-

mediates. That is, the vacant coordination site permits

. : - ’ 2
relaxation of the bond angles (<LML) from the octahddral "
values. Such minor changes and also migration of bound {
- . . » l' ‘
ligand atoms to.vacant sites are quite probable and may , ,*\' i
o 1 . . - ' |
occur via pathways of low energy. Rearrangeﬁent 9f two . |
A .o~ < » . ) . - .
different ML transition states:is illustrated below.
. ' ¢ ' - _% ! '
T \ : T K o
i : . /
. C s . i . °
. ) . \ .
& ) \ ° ¢ ’
N - PR , S
- o by : .
@ o i . . § '
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We now look apnthezibove—meniibned four possible"‘
'.physical;processes'thaﬁfcould lead to eﬁvironmentai
averaging:of ~C§-.aE§/or?CH3 gfoués: (a) Configufational
;éqifangementé ixla}M(dik)zx2 or M(dik),XY can result from
xdissociation of a monodentate ligand such as a methyl,
.

- ,phenyl, or halogen gr®Bp

1

e -

) T ] +
M(dlk)2XY I————-—i-‘ M(dik) 2X + Y

If this were the case and if the dissociated ion became
part of the bulk dissociated ion concentration then there
.can form a five-coordinated intermediaée cqm@lex. As is

illustrated in Figure 20 the remaining coor&inated ha13pen,

. . » ) 2 /‘.
7. ® . . g :
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20.- Possible five-coordinate intermediates-as a

result of methyl, phenyl or halide disso-
ciation. -
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LY

alkyl, or aryl group may occup§ equatorial or axial posi-

:‘ R
| tions in both the TBP. and SP intermediates. Those inter-

i

maddiates lacking a mirror plane exist as enantiomeric pairs

(107) . Dissociation of a methyl or phenyl group in a medium
Y

3¢ OF CHBr3 is not likely owing to a

such as CH2Q12, CDC1
high bohd dissgciation energy (of the order of ca. 100

kcal/mole (108)); also, an equimolar mixture of (CGHS')2
YN

. (acac)2 and (CH ) Sn(acac)2 in CDCl3 lar CHBr3) yields SF

nmr resonances attributable to the mixed complex (C6H5)L
. ~
(CH )Sn(acac)zi"ﬂbwever, equimolar mixtures of xQSn(acac)z

and Y Sn(acac)2 ia 1,1,2,2- tetrachloroethaney(leld an e

equilibrium mlxture contalnlng the parent complexes as

‘well as the mixed cogplex XYSn(acac)2 (X = Y n‘F, Cl,]Br,v
. or I), butihalide'exchange appears to be slow compared td

\\\ methyl group exchange (30). In addition, 36Cl exchange

K ‘&

ot

between ClZSn(acac)2 and tetraethylammonlum chloride is-

slo&‘ (kyg = 0.0018 M"lsec l) (100) In the case of the germa-

.

ynium complexes it was foun? that Ge(dpm) I2 (30) was ca.'
8 to 13% more dissociated than the correspondlng tin
complex.‘However a disséciative mechanism was discounted
(30) because the rate of dlssoc1at10n was much slower ?han
methyl group exchange. Chloride exchange ms also expected

to be sIower than methyl group exchange in RClM(acac)2 '
. § .

(M = Sn, Ge or Si) compiexes;(b) It is possible that

/Nf,*g‘enviromental averagin%g%;dceed_via bidentate ligand | &

| di§;ociation: \ . ' . .
. M(di]l)ZXY _______,_ b{dik) x4 éi)_c— ' Q
N . L ‘

- - P ) -
.
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Howevef, available evidence argues against thié,mechanism.
Tin~-rihg proton coupling in both methylchlorotin and phenyl-
chlorotin‘compiéxes is‘observed before (v2.5-3 Hz) ‘and

after (v2 Hz)‘(90f coalescence: J(EA-CHy) is .too small to

be observed during coaléséénce. These data suggest that
acetylacetonate ligands remain attached £o the: tin atgm,

at least through one oxygen, even though Sn-0 bond breéking

may be fast (110). Faller and Davisen. (23) have also noted |

\

retentlon of J(Sn-CH,) and J(Sn*CH } in dynamlc nmr studies.
of ClZSn(acac?z. Addltlonal“syppori\{pr rejectlng‘;omplete
dissociation of an acetylacetonate ligand comes from a
‘recent report (102{ that the rate Qf intermolecﬁiar

exchange of acetylacetonaﬁe ligands between (CH3)ClSr}(acac)2
and Hacac in acetylacetone sglvent is a hundred fold_slower,

25

exchange causes collapse of the individual resonances of

k,. = 0.03 sec * (extrapolated; cf. Table XVI). Such

tﬁe freeland complexed ligand as the rate of exghange
1ncreases. Exchange between (CH )ClSn(acac) . and Hacac is
also slow in chlorobenzene solvent. No appreulable
exchange was observed even at ~110° (at ambignt tempera-
tﬁres, Wl/2’fo:.—CH= o“f‘(C?I:,’)ClSn(acac)2 is 0.5 Hz and of
Hacac (enol’ Wy, is 0.6 Hz; at ca. 110° then corresponding L
values are J.9 Hz and 1.3 Hz (116)) . Of importénce»is the
fac£ that ih the ekchange of~acetyl$¢etonaté ligands

betwg?ﬁ (CgHg) ,Sn(acac), and (CH,) ,Sn(agac) 5, the rate *

controlling step does not involve complete dissociation




Y

A
kS
>,

\&\Qie The prgposal by Harrod and Taylor (lll)t that
o

.

T

e

} l ) :
moagdentate anionic liygand across the surface of the

N — N
L —— . f .

‘mental averaging of -CH= and/or CH, groups in-XYM(a‘cac)2

-156~ ‘ ' ' o ' o -
of ‘a given bidentate ligand (103). .

Y

cular rearrangements could occtur via migration of a

cationic complex and followed by collapse of the tightiy
bound ion-pair to a neutral six-coordinate species, cannot

be evaluated with the data presented here. This mechanism
does not appear to be an attractive one for bonfigﬁrational

°

rearrangements in XZSn(acac)z and'XzTi(acac)z (X - C1, Br,
E,lor 1) comﬁ}exes (30). It is, therefore( concluded that
the\rate of excpange'of chélate ligands with bulk ligands

is much slower than. the rate of intramolecular‘envirenmen—

tal averaglng and that 'this type of dissoc1ative mechanism
-

(equation 10) does not appreciably contribute to the ,

- . f -

exchange. ; e

Two other mechanisms which may lead to environ~

.

are the intramolecular pathways (¢) the cleavage of a

single metal-oxygen bond in the heteroqﬁblate ring chelate
* A S

(112) and (d) a number of variations of mechanism3°1nvolVing

twisting (or non-Eond rupture) about real or imaginary p%

h

axes of¢the six coordinate compleXx carxied out singly or
N band
in a stePWise manner. A permutationhal analysms of a\?eutral

bidentate six-coordinate chelate of the type XYMjacac)z.

(M - Sny, Ge, Si; AA = a bidehtate ligand, e g. acac) has

- R v . o
S . i . L1
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///been ca{fied out (113)} Tﬁis analysis allows for tbe ‘

. mathematical -description of all the possible permutations. i
of. nuclei without having to specify how atQ?s move from ] :
one position to another. From such a descriptiqn it is
'possible to deduce actual configurational changes (dias~-
tereomerization and/or enantiomerizZation) and proton nmr- |, ’ .
observable>si§e interchanges. 'Also, the most probable :

3

physical pathway which produces a particular permutation
- ~

may be inferred pgovi@ed the observed site interchanges .

are unique to that one permutation; however, the pathway -

£l

‘need not be nnique to t‘hias} particulag permutation. From ‘ R

experimental observations reported here, evolve the follow= -

3

* ting constraints on the mechanism of the exchange prodess;

o

i) configurational rearrangement in RClM(a:cac)2 (M= Sn,

Ge, Si; R= phenyl or methyl) complexes proceed via a -

.

mechanism which "simultaneously exchanges -CH- protbns and

methyl groups between the. two and'fog?, respectively, non-
; L

equivalent sites of the cis isomer to yield éipglets-undef . 3

‘. i

condjtions of fast e;?%ange, and, ii)‘although not observed

for the complexes reported here, rearrangements most '

_Mpzqgabiy occur with inversion of confi@ﬁratibn( A% . A ).
J . T
' Q Momentary rupture of a metal-éxygeﬁ bond in
XYM(acac)2 yields tﬂf chiral Fnd two achiral TBP-axial
. - ) ! 3 . ‘
. intermediates, four chiral TBP-equatorial intermediates,,» . ’
. . rooo-
,and two chiral SP-axial intermediates. These dre illus-
"‘ » . ! . B “

. . M

o




- . //‘4 between the appropriate sitqiwaccorqing to constraint .(i).

~158- o o

TG e e

g yo

. . "
trated in Figure 21 . The consequences' of reattachment of

- . . «
-~ -
’ .

'the dangling ligand end to the central metal ion via the: .
above intermediates are presented “in Figure 22. Reattach-

ment of the dangling end to Ehe metal ion in TBP—aXialA

’

intermediates leads to_inversion of the molecular configu-

« *

ration but does.ﬁqt exchange ring protons and methyl groups

‘TBP-equatorial transition states afford feténtign of the
molecular configuration, contrary ta constraint (7, and

®
lead tq environmental averaging of only two qf the four

-:methyl group environments without, exchange of?ﬁiiﬁ'protons
* (cf. Figure 22a). Ruéture of th -ﬁegal—oxy@gn bond a in the
. S0
isomer cis-A (abcd;m) followed b:f;EXQCk of the dangling >

ligand end at the .four basal positions in the SP-axial
.intermediates (forﬁed and decaying through & primary }\

AY

process (1) leads to rearrangements identical to those from

' +

rupture of any one, of the remaining’threénM—o bonds.fReac—

- tions' involving SP-axial transition stétesf(Figure 22b)
7 v

are imbrobéble because, in theory,tthey could provide a
14
[+ .
- route for AS A interconversion and for simultaneous exchanig

of ring protons and methyl groups according .to constraints

(1) and (ii)-if the attack of the dangling end
' *

LN
«

ra. rour nﬁnequlvalent sites in‘a meplex such as

XYM (ac&e), re labeled as follows: the site trans to the
ligand Y Es always b, the one trans to X'is labeled c.

4 ’sites c and d are always connected with the‘same ring; L
similarly for sites a and.b. Thus if R, is in site ¢,
then R, is'in Site d, etc.. Site m for the ring proton
’Hl is the site’ Cis &0 X; site n is cis to Y.
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- '*Fasgune 21.-— View of a’‘cis- A 1somer 'o,f XYM(acac)2 complex
"along the threefold axis C,~i. R's:' represent:.
v, . the methyl groupsS on the acetylacetonate *
‘ : : llgands. Numerical subscripts label R groups’
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' the nonequlvalent environments.gThe letters .
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'Figu;e 22.~ ,(a) Example\df\configuigﬁional rearrangemermrts
R ﬁ‘%Toceeding thrdqu&TBP~éxial and TBP-equatgrial |
L intexmediates deri

¢

ved from rupture of the metal-
oxygen bgn@ a; (b) ‘Example of rearrahgements
oocurring ‘yia. a SP-axial intermediate derived
from ‘rupture of the metal-oxygen bond a in the - ’
isomer cis-A (abcd;m) and decaying to products
through a primary process (see text); (c) "Con-
figurational rearrangements for bhe iseémer cis-j
“(abcd:m) proceeding through prismatic jnter-
medidtes obtained.by rotations about the indi-
-ated imaginary threefold axes of the complex.
Note that rotations ‘about'C3-i'' axis may also
i h i - the tra sfiso r .
provide a pat’,to yield t e tran me ‘fee
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| . Qceurs at just one (or possibly two) basal positions. Such

¢ -

a case would, of necessity, require implausible discrimi-

- .

- - nation by the gttacking ligand . end between the four ligahd
atoms in the basal plane of the SP transition state.
Although, Erlorl, attack is. not expected to be equally
probable at all four bas 1 pos1t10ns,'espec1ally since the;

/ . atoms at these ppsltlon ' so different (Cl, O, C), . B

~ . neithér is it expedted that. exclusive preferential attack

will occur at any one specific basal pogitién since, for
. » <

e ample, cis—A—(Cdab;n) is obtained by attack at one of

\ the™two! basal oxygens in breaking bon@e a and b (cf. .

; ) ‘ Figure 22b). SP 1ntermed1ates with basal dangllng llgané\\~$

+*

, are kinetically equlvalept to TBP axlal intermediates, and
thussare not considered as p0551b1e routes to thé observed
configurational changes. .fThe TBP pathway ﬁgé also been .
analyzed ig terms of the eight ttehgitioﬁ states under-

e -
A ~

going pseudorotation (pr)‘ﬁbout each of the three metal-
\ '
..ligand equatorlal bonds. TBP-axial.intermediates 1d and 1%

T } .

und/rgo pseudorotatlon to yleld TBP equatorial interme-
o didtes which, upon reattachment af theadangllng ligand,.
% A either produces A ¥ A interconversion w}thout methyi‘

group exchange, qéntﬁgry to constraint (i),,oerrodyce'

methyl group exchange withanf'A $.A inﬁercenvéreion,

« 7

. - contrafy to constraint*(ii) Pseudorotatlon of TBP- equa-‘ ‘
s .
' ' torial 1ntermediates le ds t0, a mixtyre of TBP-axial and . . * ,
¢ —equatorlal 1ntermedﬂat s. The configurational consequences A
) , \ \ o
‘ . ) » <
\ ' K E .‘ A/

M .
PR N, B L o



, from these upon reattachment of the ligand “end o /pto the
<f ! i

"central metal ion is 1ncon51stent either with constralnt

%

(i), or with constraint (ii), or is inconsistent with both.

In add}tion,«configurational changes proceeding through
,/~’ pseuderotated TBP transition states are not likely in view
6f the extensive ligand motipn involved in such processes.

< oy

1

- Another possible pathway for configurational
rearrangemehts in XYM(acac)é complexes but which does not

. necessitate~metal~ligand bond fuptd%e?is twist motions
vabouﬂ the four threefold‘axes of the octqhedral framework.

. -1
-~ These twist- motlons, carrled out for the &idw

-

.\ (abcd;m)

. -
isomer, are 1llustrated in- Figure 22c. Rotations Rbout the ° ~ .

. 1mag1nary threefold axes of the cpmplex (Figure 21) are

q\—""—T.’,hought to occa; by keeplng one trlangular face of

!

octahednpn fixed (sQlld lines in Flgure 22¢) whlle

gpposite face(dashed linesY is rotated clochkwise

-

. about C3 1-to produce the idealized trigonal pris

tic | (( -~
\

achlral,tran51tlon state TPL Further rotation through 60°

in the sﬂhe dlrectlon ylelds the 1somer cis- "A(cdab:n).

"

. Rotatlons about Cj"l and C3—1"' glve the same net config- -

.uratlonal changes, cis- A(cdba n), con51stent with con-

L2
Y

- ,atralnts (i)-and (ii). Twists aboutvC3—' ' produce the
. —~ \,\4
'1(; chlral TPB/Antermedl te Whlch upon further rotation

e

rovides for A X A rinterconVersion as well as exchange

W t . . . ' - (\
of methyl groups Qg;‘does‘pqt tineraverage the ring proton .
‘ . : Lo et f"""_“" ’ . 4 |
F 9 3 ~ . -~ {
. a . : .
. . ; Cy .
t - - ) .;’ ' N ' ﬂ
e o . ‘;a,‘ Y . - EY
. f L . ) ' * ’k‘,:\ . ‘ )
' ‘ ' i . - ’r : L 4 .
v o . g s . L
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sush as the coalescence behavior of nmr spectra

eﬁvironments, (cis~ A(badc;m)) contrary to constraint (i).

Rotations about C3—i" also p&ovide a path for cdis-trans

isomerization since the bidentate ligands do not span
‘) r
opposite triangular faces. It is concluded, therefore, on -

the bas1§’of the above analys;s, that conflguratlonal

)

]
Si, except for (CH3)ClGe(adhc)2 vide infra) complexes occur

rearrangements ' in RC1M(acac), (R= cH. r CeH i M = Sn, Ge, ¢,

via twist motions ' about the C3-i' and/or C3-i"' axes

'2neg£ly identical steregchemicallY), though twists about *

t

R 1 ' .
C3-i(cis—A (cdab;n)) cannot be precluded’ for rea§0n7 noted

earlier. . RN

-~

' There have been varidus sources of support for

twist mechanisms, some of which come from direct evidenee :

v ' i r—hg ‘ -
‘owa.ng to .
the resolbtion of the nonequivalent nuclei, distortion

—— {

of the structure of crystalline complexes and’ the relatiop- ‘

L

\eﬁip\of optical inversion to proton exchange (113). Where

dlrect ev1dence has been uﬁbbtalnable in determinations of
‘QH‘

A}
the specific pathway for conflgurational rearrangements,

Pl

mechanlsms have generally been 1nferred from the magnitudes

>

of the frequency factors (or entropy of activation) \hd/or
the acplvatron energy. Negatrve activation entroples (low
freqéency'factors) have "long been\argued as support for a -

twist mechanism. However, it may be misleading to make

v ¢ .
claims about mechanisms on the basis of aativation para-

meters alone, especially on the basis of activation
- 2 ‘ A . ’,
N4

o

*{

~ ' n . : ~
: 3

1. . : -
Ly & . .‘{
' N




",

Y
*

\studled for which mechanisms have been deflnltely estab- -
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entropies. This is borne out by a literature survey (1)

q

whicH revealed that AS* values fall in the range -24 to
+20 eu for.about 40 compounds where rearrangements have

been thought to ocg%r.via a bond rupture process, while

in about 11 compounds, AS# falls within =23 to +10 eu for

rearrangements thought to occur v1a a twist mechanlsm

Significant is the value of =33 eu, the activation entropy

for the intermolecular liéhnd exchange between (C ) Sn

6
(acac) , and (CH ) Sn(acac)z,“where the mechanism has been
establlshed to be a tin- oxygen bond rupture process (103).
It appears that there has not yet been enough cases

‘

llshed to permit the use é& activation entropies, br

°freq¥ ency factors, as reliable indicators of mechanism

{114). Also,*although t&lstlng motlons may in prlnc1ple
be expected to give rise to low frequency factors, low ) e
frequency factors do not necessarily imply twisting

processes. Enttopies of activation reported in this work

\

(Tables XVI - XVII) are nelther inconsistent with a bond

breaklng process, nor with a tw1st mechahlsm. Nevertheless,

there are some trends which are' in evidence between the
- .
data from thp various tin, germanium and silicon complexes (

v

' which’may pessibly lend some su?port to a twist mechanism.
{

Al

.Y From a comparison of the different (CGHS)ClM-

+

(acéc)zcomplexes ‘(M = Sn, Ge,sﬁ) the -observed relative

Fad
order of the activation energy E, is Sn = Ge>> si.

O A




_wAlthough the bond strengths

—

. been pﬁegented in support of a éond rupturedpatﬁfj@O).

acetylacetonate in the hope that a mechanism»may be

for the Sn-0, Ge-O and $i-0

bonds are not avallable/for these or related complexes,
=)

the expected relative order of bond strengths is Si-0 >

Ge~0 > 8Sn-0. This is also the expected relative order of

the activation energies for these complexes for rearrange-

ments occurring through TBP and SP intermediates. Also, -

the very larde activation energy (25.2 kcal/mole) found -~

for rearrangements in C12Ge(dpm)2 as oppoged to the values

-

obtained (12.8 kcal/mole) for (CGHS)ClGe(acac) is sugges-

2

‘ tive of a different mechanigm for environmental averaging

in the two instances. For the former camplex, evidence has

\
' .

More important is the comparison between values
of activation Raramqters from the intermolecular exchange
process in the diphenyltin- dimethyltin system (103) with

those from the, intramolecular process in diphenyltin

¥

v

A}
1)

deduced for the latter process. If the sameé mechanism were
operative in both processes, na@ely a bond ruﬁture mecha-~
r kot

nism, it is difficult to understand reasons for a larger

3

entropy of activation ;(ll eu larger) and the greater 4
lability (100-fold) in the env1ronmental a&éraglng of v’
L) .

U
a
L 2 .

! ‘ -
{/ imolytlc bgﬁd dissociation energy "(kcal/mole) in diatomic
tal oxldes is; 188 (Si-0), 157 (Ge-0), and 125 (Sn-0)
(108). : o ' ¢

i

™\

ey



terminal methyl groups in the diphenyltip complex, espe-
cially since-khe species in-solutioﬁhin both studies are so -
l‘. )

related, unless, of course, different medhanisms were oper*“
’

?tive It is concluded~that intramolecular rearrangements <}

in (C HS)ZSn(acac)z also proceed through TP tran81tlon

states; for every 100 tJ&sts (k25 369 sec 1) a'tlh-oxygen

bond ruptures (k 2 = 3-8 sec l). Further, the free energy .
for the intramolecular pathway in this complex is yof lower

4
enerqgy (AG# = 13.95 + 0.09 kgcal/mole) than that of the
25 ;

i ~ . /
. intermolecular path 4AG# = 16.65 + 0.09 kcal/mole (103)).
25 .

The case of the (CH3)ClGe(acac)2 complex presents ,

a different problem. From the concentration dependence

‘studies it was found that the rate is dependent on the -«

concentration of metﬁylch]orqggrmanium complex and conse-
quently leaqg to the cggcluSion that the mechenism of
rearrangement for this complex occurs via a bimolecular

process. Dissociation of a methyl grdup is’highly unlikely

~as has been explained earlier (see equation 9); also, disso-

! .
ciation of the chloride ion is also discounted for reasans

already discussed (see equation 9). Im addition, the rate
of environmental averaging is second-order in the concentra-

tion of (CH;3)ClGe(acac),. A halide dissociation path would

. . *
be expected to be first-order in the concentration of complex .

s

* Consideration of several spathways involving a metal-

chlorine bond breaking as a first step reveals no rate

*expression that contains second-~order dependence on the
congentration of the complex. In all the cases we have
looked at the rate law was always first ordegr with

respect to{complex}
~

i)




<

Also, the entropy of activation, -30 *'1 eu, is iﬂconf .

sistent with a dissociative process. Brown (115) has
pointed o@t that AS# should be positive for a dissoci-
ative mechanism and negative for an associative,one, in t

the absence| of strong solvent effects.‘?hé latter effécts

probably amount to no more than about 10 eu for halogenated

.

organic solvents (103). \ -

A tentative pathwa§ involves the intermolecular’

exchangé of an acetylacetonaté ligand. The process is

. viewed in the séheme below where the primed ligand, acac',

represents a dangling ligand.’

14
x

N ‘ K .
(CH3 1ClGe (acac) 2 1 o— (¥3) ClGe(acac) {(acac')
— - ?

} - i e O ) '
K, + .(Q§3)C1Ge(acac)(acac')
' 0~rO
. ) ‘Y
(CH3)¢LGe(acac)(acac') 4—(CH3)Cl(acac)G : gg(adac)(SﬁB)g£ v
-(QES)ClGe(acac)(acac') ’ ansQ : -

> A
k] - -
. .
- { N ‘ : . .
.

- Ve

The equilibrium defined by K; must be'shifted '

g

Jargely toward the six-coordinate species as we observed

no nmr/fesonances attributable to the five-coordinate

4 Al

germanium species. The rate .determining sequence, k2, isq

thought to involve formatjon of the bis-acac bridged '

diteric species, but prior to thié, the five-c%@rdiﬁate

{




. PR ! . L /

species would have to be in tr_levcbrreci;cor,ier}tation (the
slow -step) for attack bﬂ( the dangling acet’ylacetonéte .

ligand end onto_ the "vacant" coordination dite (the "vacant”

v

site may be occupied by a solvent mélecule). The rate

~eﬂxp}:essi,on from ’the proposeé mechanism is R = k,K., |.(CH,)~-
. o -, . 271 3

v

)

2 M . \:. ! - : i
ClGe(acac)z:l consistent with observations xeported earlier
‘ - . [ 7 : -

'ip' this work.:
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A. Attempted Syntheées

H

1. Dimethfl and Dighenylbis(2,4-péntanedionato)

silicon(IV).- - 3

s
!

A Attgmpts'to syhtheéizé both these compounds pro-

duced the Same results. If a stoichimetric ratio of 1:2 of

[y

diphenyl, or dimethyldichlorosilane, (c6H5)251c12 or (CHj),-

SiClz, and thallium agetylacefonate, T1(acac), are reacted
in 50 ml of dlchloromethane for 30.minutes as in t¥e case
of dlphenyldlchlor0511ane or 10 minutes in the case of

dimethyldichlorosilane, a red solution results. This

solution was ;eduéed with a water aspirator and the appli- "

cation of heat from a hgat gun until the first signs of
crystallization. The stoppered flask was then blaced in-

a freezer (-4°C) for one hour. The mixture was filtered

&

through a fine modified frit funnel and washed with cold
hexane (-4°C). The residue was dried in vacuo overnight.

.Ih the cases of both dimethyl and@ diphenyl starting

materials the same red c0mpohnd°was produced. The melting

point ranged from 142° to-154° (with decomposition).

‘2. Dimethylbis(2,4-pentanedionato)germanium(IV) .~

—To 1.41 g of dlmethylgermanlum dlchlorlde,‘

_(CH3)2GeC12, (0. 00812 mol), in a solution of 50 ml of . /|

dlchloromethane was added thallium acetylacetonate,«
s 2 '
Tl (acac), (4.75 g, 0.01565 mol). Molar ratlaL of starting

. materials in which there Were excesses of either of the




L4

.

two starting materials were also used (similar results

were obtained). The mixture .was stirred for.30 minutesk

. and tpeh filtered through a fine modified frit funnel.

The yellow filtrate was reduced with a water aspirator .-

‘and the application of heat from a heat gun until -the °

&

first signs of turbidit%S The stoppered flask was léft
in a freezexr- ( j4°C) for” two hours.” The resulting yellow-

white compound was filtered and washgd with, cold hexane

‘(-4°C) to remove the yellow impurities afd dried over

a stream of dry hiﬁrééen. Attempts'toEdrj the compouhd

in vacuo Med to accelerated decom9051tlon. Meltingy p01nt,

' .on the,freshly prepared white\material was 104-107° (dec.).

Attempts to recrystaliize th

position. ’

The infrared spectfum exhibited no uncomplexed

¥

CO bands below 1600 cﬁ-l and ny OH bands. The nmr spectrum

'mlnutés in solutlon. Chemical shifts

- ppm (acac-CH

was difficult to obtain as the ¢ mpound decomposed withihn

¢

<4 g/ml; CDCL/TMS;
ca. 31° ) 6w—0 95 ppm (Ge~CH, ), 1.98 ppm,&é 04 ppm, 2.07
3 region) and 5.32 ppm, 5.53 ppm (-QH— region)-
The presence of "three met%;}/gig Als and two ring -proton

. / .
signqls might indicate the presence of‘avmixture of both

'c1s and trans isomers. This compound was not worked up

K

further in this -study owing to its. rapld decompOSLtlon.

~
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. ' SLREG : . o :
——

. o - ‘ ) P ’ N . )
", .+, This program’ performs a single linear regres-7, .
sion analys:.s for up to 49 sets of an[ J.ndependent and a -

o . L.

dependent varfable  (i.e. a x and )’ value) N

‘ « o : i o . N Y
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. FTN:B
PROGRAM SLREG
Z1) = 12.706
7(2) = 4.3027
Z(3) = 3.1825
T Z(4) = 2.7764
Zts) =2.5766
Z(6) = 2.4469
~ \FCT) = 2.3646
Z(8) = 2.3060
Z(9) = 2.2622
CZC10) = 2.2281
Z(11) = 2.201
Z(12) = 2.1788.
. Z(13) = 2.1604
Z(14) = 2.1448
.. Z(1S) = 2.1315
TLZC16) = 241199
Z(1T) = 2.1098
Z(}18) = 2.1009
Z(19) = 2.093
Z(20) = 2.086
Z(213) = 2.0796
Z(22) = 2.0739
Z(23) = 2.0687
Z(24) = 2,0639.
. Z(25) = 2.0595
Z(26) = 2.@555
Z(27) = 2.8518
'Z(28) = 2.0484
Z(29) = 2.08452
Z(30) = 2.0423

C ¢

COMMON, X(1083),Y(10@), 2(48)

DO 3
Zon
3: CONTI

N =@

31,35

2
Ue
= 3 -
'-(') 2002 ,
5 NT1NUJE -
2 DO 4 = 1,100
Q.

X(l) =

oY) = .
4 conT NUE
. CALL RESET

NA = @

XSU =
-YSU. =

WRITE

(2:!0)

\
"

N

. 1@ FORMAT(//"ENTER VALUES AS X AND ‘ﬂ'/)

T



v

/ ‘ . i \,A_,w' ’ ’ ; ~""
' -184~ - .

o >

VALUES ARE ENTERED AS "X , Y". THE INPOT I'S TERMINATED BY
PLAC I NGg/s9"* AT THE END OF LAST DATA EG. **X,Y,9' .SHOULD THIS
BE OMITTED THEN THE VERY NEXT LJINE SHOULD BE ©,0,9.IF lT IS
NECESSARY TO INPUT REPETITIVE X*S OR Y'S THEN THE -VALUE -
ENTERED ONCE AND THE NEXT LINE IS LEFT BLANK,FOR THAT VARIABL):.
EG. “2,4" IS FIRST LINE NEXT 'IS™,4' FOR A DHPLICATE X VALUE.
, ALL VALUES MAY BE ENTERED IN ANY FORMAT EXCEPT THE ",9". :
READ( 1 5*)AAL sBAL; NA
IF(NAL - B. mzza.zqa.zz(; -

IF(BAL- 0.0)220,210,220 .

IF (NA=1)22pP%T1S - / ST . *
N =N+l S A ' e '

X(N) = A » . /- : ‘
Y(N) = BAL = - J{) r‘\_a o N =

XSU .= XSU + X(N)
YSU = YSU +
IFANASL) 11,015 -
WRITE(2,412) \ « \j\ R E
.FORMAT(//"IF RESTART DESIREBJSET ssw/ 15" )

PAUSE’
/) T e " . I .,
. )/"’J/—_\\\\\ VR

3

UDF2 = N-'2
NY
.T(E chvs)
XM = XSU/FLOAT(N)
YM = YSU/FLOAT(N)
D025 I = 3,0
XY = XY + (CX(1)
XSA = XSQ+ (X(1)
YsQ = Ysh + (Y1) -
CONT I NUE -
B = XY/X50 &
A= YM - (BxXM) Y7 ;
VSA1 = (Bx*2 D¥kXSQ : Y, Ca
ysSQ2 Ysq - vsqf- o .
V2 & $S02/VDF2 N N L, ' &
TBET = T % (V2/XSQ)%%B.5S : ;
TAL.= T * (VZ**G.S)*((I.E/FLOAT(N)) +,o(;<m**z)/xso)*m S)
BY = T * (CV2/FLOAT(N) ) *x%d. 5) . . ) : v
WRITE(2,75) f., TAL - o . 4 ,
15 FORMAT ¢//" I NTERCEPT . L O MeE12.74" += ",E12.7/7) ,
‘RB = BY + ABS(TBET x xm ) oo L .
RD = YM + (B*(=X0)). ' A y
WRITE(2,80)RD,RB.BsTBET . L ' . .
8@ FORMAT (Y= (",E12.7s" += “,E12.7,") + (" ) .
1 E12.75" += “,E12.7,")X""//) - 2. : ~ /
WRITE(2,82), - S :
82 FORMAT ("FOR CORRECTED VALUES SET SSW 14v)
RAIJSE .
IFCISSW(14))85,11@ . ,
85 WRITE(2,86) - . ’ : ro
86 FORMAT(///"CORRECTED VALUES"//ex."X". wx."Y".. mx."DE.VIATlom + )

1
Ry 4 N . ¢

IFCISSW(1S))2,

X))k CYCT)=YM)) X .
XM xxk2 _ : ’
Y) kk2 . o R

\,
v/

)
- . A ' '
-
( . . . '
. P §
~ ¥ - . . - i
, .
o




- t

. -
‘ “w DO 9@° 1 = {,N y
RP = RD 4 (X(1) * B) -~
°  RQ = Y819 ‘ °
.~ _+ RQ = Y(I'>Y - RP

IFCXCE) = XC(I#1)) 91,98,91 (\ o ‘ .
91 WRITE(2,92)X(1)4RP,RQ o

~,

v . . ’ °
92 FORMAT(E12.7,4X,E12.756X,E13.7) e e

‘ 93 CONTINUE = . ; Tl
. 119 WRITE(2,112) : . - » >
R _F'ORMAT(//"'TO RERUN SET SSwW 15'), :\ )
o _ (CAUSE . ) L ’ - .
: (1SSW(15))2,150 . ' :
158 STOP * . ! N - . N
s END . : .
| ENDS ) o A
F S
| , oy
| , ) |
= | " o
j* ° .\J ' 1
! T . ’ ” - v.‘ - Vo
’ ) N \ B ) .
e ,., ‘ ’ ' ‘ .
’ .- . :
@ ' @ « :ﬁy' )
- . * N * % a ; .
v - .-'u
I ' n ( , ~ .
- ’ Te— - - -
' ! b - °;‘ ¢
ac " =
’ { ' e N ' .
. ?' .
4
! '\?.- ’ i N “. ' ': -
* . S '
s, N\ i 5 - ;
: - Lo ,"A'g
i u_, "\ - . i -
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. ’,‘ » N
. ® q v-.l-
‘ SR | i TAB oo v

| A A - y
- "‘ c s . "

« u .
This program calculates a nuz?ér of parameters

. - i
from a given set of T values and an appropriate temper

£ e
/////' the form of 1/T X- lOa, the average T value, the and
]
standard devxatlons and thelr “associa percentage devia- , -
. - tions, TAUA ( = 21 ), the rate k, ln k, the mean and ‘ F {:\~ )
. . - 5
'\\\, : standxfg dev1atlons of 1n X, and log k .and 1ts standard
.. . o ///
deviation.. T . - . T e
- .“ : e, B ! , . N
o Each®set of data is entered, as follows; ' ;
4 ) : - .
R ° . . [} . .
- . ‘ . “a o w N 2 ( ’
.- Line 1l:. Temperature ( C), and a single digit. If %%is .
) °dlglt 13 greater than O’(zero), then a set of ‘
. ~T log k's will bé/!roduced in addltlon to In k for . 9
. % the, follOW1ng set of Tt values, if not, only a set ' T
- ) of ln k's w1ll be produced. B *, ) .
[y N -~ ' ° - ‘b' ~ -
. . . v A = s 7 :
'Line 2: The .. T value in any format. . - .
< v ﬂ, - ) o ° ’ . /" L - ' . T
> Lo In order to terminate entermng T values the-
A K > . f‘j ;ast T val e f the get is entered as folldWs-
oLaEt y . " T Cos
Fine: ¥ The last ‘T value, and a 51ngle digit. Tﬁle/ T o
. . ’D :‘ i
> s " 51ngle dlglt should be greater ghan’ 0 (zerb) : S




_FTNsB °
PROGRAM TAB

’

a

o~

COMMON B(190):0(!0@)oTEN(éﬂ)aTAN(éG);CAVG(&D);AVKL(&G)o
1 DEV(éﬁQ;VKL(éG):DAV(bO) . 3 .o . ¢

.

o0

1 wwnrg;z.se> ’
ORMAT(///////////) o 0 :
K=0 J :‘ . '
K=K+1 : oL e ‘
. . KA = @. ’ ) ¢ A e
: READS1,%) TEM(K) XA an
TAM(K) = 1000./(273. 15+ fémc )
. | = 0 e
.Ig l l%] ¢ ’ : N - - : - MR )
N=0 - ' ° ' :
READ(]:*)A:N v

-

35.

49

.
h .
., [

“u

B(l) = A °
IF(N=1)5,10

JIFCT=1)9,9,

I =
-B(2) B(1)
SUN,= @.0°

DO 1S LA =

2

¥

. ) . ~ . N .
11 oo . ¥ , .. . t

[y

‘1.1 j

SN = SHUN+ B(LA)
CONT I NUE
SAVG =
TosM "0.2

DO 26 LA .11
T v}
CONTINUE |

e

FIN-= (TOSM/FLOAT (1 =1

DO 35 L&
D(LA)
CONTI'NU

=. 1:'

= ABS(B(LAY

« -

(SUN/FLOAT(I)) ¢

=, TOSM + <a§hf)-5Avs>**2 - o RN L,
j + ' . \

1 . S

‘ * . -.q' :'..P ’ ,v'.'

Rfe0.s. S .

-' SAVE).

rad

CAMD = 2.9 . i

_FIND

" DAV(K)

5

DO 49 LA % "L,
AMD ‘=N AMD +. D(LA)
CONT I'NUE
DAVG = AMD/FLOATC!)
CAVG(K) = SAVG % 2.
AVK = 1+/CAVG(
AVKL(K) = A
P _= FIN/SAVG
“UKL(K) = AVKL(K) * @. 4342945
DEP .= DAVG/ SAVG
DVK-
FING
CVKL
DYKL
FINC

(AVK) -

DER *'AVK R

STP *, AVK
ALOG(AVIc.4 DVK) < AVKL(K)
ALOG(AVK - DVK) ' -AVKL(K)-
ALOG(AVK + FINB) --AUKL<K>
‘ALOG(AVK = EINB) < AVRL(K)
(ABS(FING) + ABS(FIND))Y/2.0 .
= DEV.(K) * ©%4342945 .

Ls

PEV (K)

>

Lo,
[ -



be))

o , . -188- y :

: WRITE(Z.SQ)TEM(K)oTAM(K);SAVG;DAVG;DEP:FIN.STP.CAVG(K).AVK,
1 AVKL(K)sCVKL,DVKL,F INC,FIND
5@ FORMAT (/49Xs"TEMP = *',FTe2," C #ksss /38X, "RECIP = ",F6.4//
1"TAU"SEL7 .8, MEAN DEV*,E17.8," FR DEV",E17.8/ °
1 “STD DEV''sE17.8," FRAC DEV'",EI7.8/"TAUA"SE17.8," K',E17.8/ ' '
2 “LN K',E17.8," DEVS"SE17.8,E20.8/""STD DEVS",E17.8:E20.8///)
IF(KA=1)52,54 " . "

' 52 GO TO 3 . o e

Sq4 WRITE(2,57) . -

57 FORMAT(/////////"NO."~sx."TAUA",sx,"Tamp".sx."REcIP".nax.
l |ILN KOQ’lax,.!DEv(+ )O') ,
WRITE(2.62)(KB:CAVG(KB),TEM(KB):TAM(KB):AVKL(KB):DEV(KB): ¢
1 KB = 1,K)

62 FORMATc/lz.zx.EI1.5.3X.F7.2.4x.F6.4.2£17.1) ~ o -
WRITE(2,79)
19, FQRMAT(//////1//zx,"rzmp".sx."REclP".1zx."Los Ky 2
J 12X%,"'DEV (+=)%) v Y
WRITE(2.72)(TEM(KB);TAM(KB)aVKL(KB)aDAV(KBQ.KB = 14K) ‘
‘72 roRMAT</F7.2.4x.F6.4.2517 7) " ‘ . _ 1
GO TO 1 ,
STOP . n
END : . ] .
ENDS . . .‘ . L, . .
S0 | .
-~ ' ( o
Ce /
» \’ i < .‘ N “
\ . ' ey : g "A‘N
k‘ J o o R
“ 2 . » I3 - v . t
; ./ ° ' ’. ' *
b o - ' i < o - “ - )
M \' i
’ . i a . s . .
' 3 . o ‘ ' . " ! R - ' )
v ‘ . ‘
M . ’ o, . . “’J
\\\ ‘ ? & . -\ ' N . . s ) \'o. ‘ & . ,
a E R o ¢
' f ° & \ L
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This‘progggm calcqlatés'Arfheniué and Byring

activation parameters and 95% copfidence inﬁeivals-for
. "inputted lifetimes and tbmperatures. .




rROGRAN

——

EACTP -190-

G

PROGMAM ACTP <1mpuT.ouTPUT,Tnbe=INPOT,TAPF@;QUTPUT)‘

SIR GLORGE WILLLAMS UNIVERSITYs NOVEMBERy 1971
FORTRAN IV FQR CDC 5460,

CALCULATION of ARRHrNIUS ANU CYRING ACTIVATION PARAMETERS USING
LINEAR RtuthSION ANALYSITS, :

LTHtAH Rtoktsbr 04 ANALYSLS BA3EU ON , :
LARKs CRAVLN, AMND BOSWORTH,y 30k HANDLING OF CHEMICAL DATAG.

OO0 OO0 CD

uoNFTvuwtt—tTMrTq*wRE"HWSEU_ON“SEUPE‘1ND“TNTERCEﬁT OF“IRRFrNTUS_ETNE
K = A¥EXP(=EACT/RT)

DIMENDION LU!N(7)-TAU(bO)9TL(JU)9TK(HO)’TR(50)oREXP(SO)oRFIT(SO)0
IHbKP(Wﬂ)s&txp(5U),SrIT(SO)sb&AV(SO)oﬁFIT(bn)

DIMEND2LON ALKE(S0) sALRR(D0) ©o ?

GK=I»YHR40LE=3 o i
Brz=l.380490=16 ' ' !
PRK=602HGE=2T
RKH=BR/PK
L OALINREALOG (kK)o ] ' .
1 READ{(99100)NRUN TDEN - :

T00 FORMATIT I TAT0) - = 3
IF (RUNeEW,0) STOP 1 ) . ‘ RN
WRITE(belul) .

101l FORMAl(lbhlPRObRAM ACTPAR;///LAslS(IH?),* ARRH&NIUQ AND FYRING ACT
1IVATION PARAMETERS AND 95 PERCENT CONFIDENCE INTERVALS #,15(1H#)//

2/) s

I=1 , T
2 NIAU(D’IOJ)IAU(I), TC1l) .
103 FORMAI(3Xeer10.0)
IF (TAULL) e£QeDonNehiNDa TC(I).tu-U 0) Go To 3

I=1+1 /
Gl TU. 2 . - , '
I NDAYAST=T C _ <
- CLREADD1UC) TEMP T @
1nz FORMAL(FLIUL0) - .
L] C N £
.C WRITE OUT tXPERIMENTAL DATA v
WRITE(64109)NRUN e TDEN ° ’
> 105’rORMﬁTT* tAsF“VUAPER“W’TBJTUX,fAld)/?/) :
WRITE (Delun) l
106 FORAAT (/1Ar0 (Liidr) 4% tXPhHIMtNiHL LIF:TIMES, RATE CONSTANTS, AND TE
IMPERATURED #4,6(11%)//) -
- - WRITE(OeLllu)
110 FORMAT (SX9¥POINT#e5X oL IFETLMLY 99X #RATE CoNSTANTa,sx.»DEGthS c.#9,
VS XKy ¥PIEGREES Kr*/lbx"¥T§ECONUS7*va,a(1/SECOND)*/»
- DO 4 Lt=]NUATA . . . *
TR(O=IC(T)+2 7w 16 ) ' : :
. RE AP (L) =1el/TAUC(L)  ~ ' . , ' -
TROT)I=100U0ATA(T) -
wRITh(bolll)I’TAU(I)-HtXP(I),lb(l)vTK(I) , ) : ,
YT FORTATTEXY T2 0XIEI0 @9 DKIF LU P XyF6, 14 IXsFG e D '
| .
, C

4 CONTINUE . Ne/»_h—’///) | . " -
‘ &




. ‘ > _
PROGRAM B ACTP : v =191~
¢ |1NkAR REORESS [ O Cit.CULAT JUNY o . -
! , . WRITELe 12w ‘ . ‘
126 FORMAI(////71Xe21 (1A%) 3% LINEAK thR&sgﬁom TO ARRHENTUS ENUATION +,
“120 (1H%) /)
SUMAZSUMYZSURKKESURYY=SUMKY =0+ 0
-0 » 1r_f NLUATA
p ALRE (L) =ALUG(REXP (1)) |
S SUMASOUMA+ L, 0/TK (1) L .
SUMYS5UMY+ALKE ( 1) , .
SUMXXZSUMAK+ (16 D/TK (X)) #32 L°
o SUMAY=STHAY ¥ (ALOG (REXPTII T /TRTL)
ot . . SlmMYY=s SHMYY+(ALOG(RtXP(I)))**c
"6 CONTINUE . \
° NF SNVDATA=Z ) ‘
. F =ik
o ~ pfenuala

X AVESUMX /PN "
YAV=SUMYZPN : T

T CSUMXA=E sunAx-PN*(xAv##¢) : . "
COUMYYSSUMYY PN (YAVS#Z2) , : ,
COSUNMAY=SUMAY=FNSXAVHYAV ) . e
SLOPE=CSUMAY /CSUMXX . ’

YINT=YAV=SLOPEWXAV %
EACT==GK¥5LUPE L \ oo h
A = tAP(YINi) ‘ o

C . . ARRBENIUS FARAME TER CUNFID NCL 1NTERvAL CALCULATIﬁNS Z?
DSUMYYSCSUMYY=SLOPE#CSUMXY | : .

STERRZSDSUNYY7F N \
STERRESQRT (STERK ) ‘ ‘
ERSLOPE=STERR/SART (CSUMXX) ' . Ve Lo
WLZSUMAX/ (PN#CEUMXX) : SN ' T
_ T ERINTSSTERK#SURT (W) ' T, L ,
- EACTERSGKHERSLOPE - . . L
. v WRITEGY 121 ’ T
1?1 FORMAT (/% COMPARISON OF EXPERAMENTAL AND REGRESSION VALUFS, OF LN(R
. 1aTE LuwsTANT)“//vA.*PUINT*,bA;*LN(Kﬁxp)# 5X9*LN(KFIT)“oBXo#UIFFEHt
‘. ) 2th*,bx.wa?F/bTaRRuR*.bx.uUEoHth C. 4/)
e U0 20 Il=1shnalAa
o ) "ALKR L) =YINT+SLOPE/TK (1)

-~

’ DY=ALKE (T =ACKRTT) .
. RYSOY/STERK o . .
. WRITE (63 122)-TyALKE (1) 3ALKR (1) 90YsRYFTC (1) - o
R 122 "()RMA‘(!‘\XQLQ’,‘DK FRe3+45X,FR, J,OI\!FB._},dX,FE P.?X,F’H 1) ‘
2G CONTINUR" . L -
. : WRITELGy 123) :

) 123_?077NTT7777I ETTW¥§ * STINUAKU\hINEAR NEG‘E&STON ERRORS @ b(lH*)/ -
‘ 1/) .
wplrt(n.1d4)sTtwn - . =
124 FOKWAT(5Xe¥® STANDARY ERROR IN REGRESSTON ='*0F8.3/) _ )
O WRLITE(OG129)ERINT _ ; \"_
. 125 FORMAT{S X%  STANDAKD tRROR lN lNTtRCEPT = S4FBe3/Y -

WRITE (6, TZ0)FRSLOFE
' 126 koRMAT(lox,* SIANDANDJLRROR lw bLoPE = #,F8,3/)
$T=040 .

@ o - t




TROGRAM ACTP . -192-~ . Ty TonTTT oo T

. . S
CALL STUDEN] (NFyST) ' . o
| c - 95 PERCENT CONFLIDENCE INIERVAL In LN(K) AT .A CHOSEN TEMPERATURE
| W2zl eU/Prit{(1eU0/TEMP=XAY a*a)xubumxx ' ' :
| ERRY=DTERHESOKT (w2)' Z

»

- . CIY D!*EH"(Y. » N '}
| C Y5 PLRCENT CONFIDENCE INIERVAL TN SLOPE ' L
[ CISLUPL=ST%ERSLOPE :
| C 7> PERCENT CONF IDENCE lNltRVAL Iy INTERCEPT -
| CIYINI=ST¥ERINT . . .,
L CLOGAZYTiIT/2,303 o |
“CLOGIA=CIYINT /24303 T
C ¥y PERCENT CONFIU&NCE LNatHVAL IN ACTIVATION FNERGY

Cle=OnN¥CISLOPE
bl UsbACT-L L
twlztAcT+§1t‘ . .
YINTHISY TN +CIYINT o '
TYINTLOSYINT=CIYTINY _ e . r
ALOSEAP (YLINTLO) ! !
CAHI=EAP (Y InTiI)

a \ !

o

“

«  WRITE(64120) mg -
130 FORMAT(///71K 38 (1H*) g4 ARRAENL CTIVATION PARAMEThRS *.38<1H*)//
1% ACTIVATION PARAMETERS AND S ANUARD ERKOHS# /) , :
s WPITE (6, TS%) EACT, EACTER '4 T i
134 FORMAL (/5A»#ACTIVATION ENERGY = #,F7,3,5Xs#STANDARD ERROR = s
1F6e3) ‘ ’ ¢
wleE(boldb)YINT»ERIN1 ' ‘ 7
135 FORWAT (/78As#NATURAL LOG(A) = *of7.3,bx.*sTANDARD FRROR = #,F6,3/)
wiRITE (by130)

[36 FORGAT (/3% AeTIVATIUN PaRAMETERS AND anrthNCE LIMtfsu/)
WRITE (61 31)FACTClesbbLOsELL
131 FORMAT (/SAs#ACTLVATLION ENFROY 2 #4FB 4, 3Xett (+0R=)#,F7, 4.Sx.
I¥LOWER LINMLT = %4Fbebs3Xs#UPPLK LIMIT = #eFRe4a2X 9 #KCAL/MOLE®)
Y wRITE(O6«132YavhlngAn] ' .
132 FORART (/6K s #FREGUENCY FACTOR = FoE1044,9%Xe9#LOWER LIMIT = #,E10,49
- IBATF“UPPE”"ETMTT Wt 10e4) | ' '
WhITE(60137T)YINTSCIVINT =~ e _ :
137 FORMAT (/bXy#nATURAL Lub(A),= Yt 8,44, 0 (+0OR=)#9FT . 4)
: WRITE(b4133)CLUGASCLOGIA , . TTTm TR
133 FORWAL (/9XstCUMMON LOG(A) = Wabbada3Xea(+0R=)®4F7,4) p

i

’

WRITL (bglat) - c T
160G FORNMAT(///7/:X93) (1H#) 44 tYRlNu ALTIVATIOM PARAMtTERS *:31(1H¢)//)
\ WEITL (6 14d)
142 FLHMAI(bAD*POINT*obA;“LNTHALPY*'lUXv*-—---ENTROPY (E Ug) mmmmmiry .
LI0Xy%FREE LNERGY (KCAL/MOLE)#/1(Xy# (KCAL/MOLE) #99X 4EXP et s6Xy o

C LACFULKT CYRING PRWKWFTth . : Q{

aurTTwwsxz*rTrrzw“iIX“%EXP~a:Sx,*FTTWabx.nDIFF“%/)

7 DO 14 I=MaibATA , -
HEXP (L) 2R ALT=ORATK (1) ‘ j ‘

Otxw(l)_(bn*TK(I))*(ALNR*ALOO(IK(I))-ALUGLREXP(I)))

SEXP (L) =18060.0% (HEXP (1) =0EXP (L)) /TK(T) , ;

RFIT(L) =A%LEXP (SLOPE/TK (1)) ‘ °

—— GFIT UL = (ORFTR(T) ) W (ALNR¥ACOG GTR (Y)Y =ALOG (RFIT (1)) o
SEIT(L)=10¢0, O*GK*(YINT—ALNR-ALUG(TK(I))-l 0) '
o ulrrs SFXP(I)-SFIT(I) )

- s,




-193-

| PROGRAM ACTP

- "ux&ru GEXP(1)=GFIT (1)
WRITE {6y 141)19Htxp(1)oSEKP(I).brIT(I)onIFFs,GEXP(I),GFIT(I),DIFFO
141 roﬂmnf(ax.ie.lox,Fr 3,10x.FI.¢9ox FTle24FT7e249XeFB8e33F9.34FR3)
Y14 CONTLIwNUE o .
C ] s )
. CALCULAFE LYRING PARAMETERS . rUﬁ\A SP&CIFIC TEMPLRAJURE
, YTF«PPYINI*bIUFh/TEMP
YLO=YiEMpP-Cly .
. - © YRI=YTEMPeL]Y L - -
EYTENM = EAP(YTEMP) ,
< IYTEM = T1e/EYTEM - ) ' )
ACL -

= £XPYLO) ) ‘ Ty ~
ACH = cXP(YHT) - ; -
ALL = Tea/ACL , ’
' ADH = Lo/ALH - - S ¢
c 9 PehCENT CONF ITDENCE lwlthan IN°FREE ENFRG
RYEMP=ASEAF (SLOPE/TEMP)
OT= (ORHTEMKF) # (ALNR+ALOG(TEMP ) =RALUG (RTEMP) ) . ' ¥

OGLO= (LK&TEMPY# (ALNRPALUG(TEMP)=YHR])
bhl-(uA«TtNP)*(ALNP+ALUG(TtMP)'YLO)
) CERR=vRI=LLY
' . < e GERR2E=GERR/ & .0 ’ ‘ ‘
C 95 PERKCENT CONFIDENCE lNlnhVAL IN ENTHALPY
HT rALT OnETFEMP
RLO=ELO=GRITEFMP
HHI=ENI<GARTEMP --

e

-

.- HERR=HHT =1L
’ . HERREEHERR/ 2,0
C 95 PLKCE”T"LO&FTDENCF INTERVAT IN ENTROPY
- STO=lU000,vvGK# (YINT=ALNK=ALUG(TEMP)=1,0). }

SLO=1UU) aU¥OK* (Y INTLO~ALNP= ALuG(TnMp>-1 0)
SH{=1u0g0, “*bK*(YINTHI-ALNR-ALUQ(TEMP)-1.0)
SERKEDAT=5LQ
. SERHEZSSERR/Z.0 ‘ : °
WRITETOIDOITEMP ¢ 5
150 FORMA) (/7% EYRING KCTIVATION HﬂRAMEInRS CALLCULATEN FOR #4FSely,
1% VelGe K.“//44X9*(¢OR—)*96X9*1N|tPVAL“.va*LOWER*.RX.*UPPFRQI)
WRITE(64191)HTarNFRR2yHERR ¢ HLOs NI ]

151 FORGAT(TXe¥ENTHALPY = #3FR.4y4(2X4FH, asyzx *KCAL/MOLE*/)
. . , hRITt(6,1bc)STD,btRRZ,SERR,bLu:bHI
52 FORMATITXS*ENTROPY = #yF 8,494 (9AFE, 4).3x’*E uvey)

WRITE(O04193)GTeGFRR2yGERRyOLOgOAL
193 P(’)H \A[(Qk"”’RFf‘. ENERGY = *,Fadn‘i’“(SXqFQ‘“)Q?X’*KCAL/MOLE#./)

C ./ CALCULATE DATA FUR PLOTTING
WRITE (64160)
: 60 FORMAT (/774 ({H#¥ ) 4% DATA FOR—PnLFARNTIOM oF ARRHLNIU%QPLOT *o“‘lH*)
' 1//bx,*P01wro.5x.aLN(Ktxp>».ax,*LN(Kr1T)*.bx.*100n/r 7)
Do 60 I=]1oNUATA
: WRITE (64 161) IsALKE (1) 9ALKR(1) 9 THR{])
161 FORMAI(6X§12,5KeFBe395KsFBe3e+ArbE,3)
- © &y CONTINUE
,erTETﬁ.anO)YutMP.rﬁl.YLO,thhF”ICHTKEE“TVTEﬂ“KDH,ADL .
1000 anméTé//30(1H*).10A.¢RATt PAHAMtTtRs¢.lox.3o(1H*)//¢ LN K = #,
1 cQ,8y

,
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4 . . .
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PROGRAM - ACTP—= " e - T =
) , ;o - L. =194~

120K #ML = %4E2048910X92L0 = #9£2
2E20.,8910Xe7LO = 24E20,8/% ThAU
, 3 #LU = #erco0,8//) . . -
. WRETE(6,199) ) : .
199 FORMAT(//7/72(1Xe 110 (IN#}7Y) o \

2ER0.Re20X2HI = ¢¥
tHI = ¢QEZQ.8,10XQ

c
. C START NEXT CASE : . - A
- .60 TO 1 " ‘ . o ‘
S END . 0 g

] K s . .
3 | ‘
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B SUBROUTINE STUDENT ‘ T 2195~ - ) A
SUBROUTINE STUDENT (WF VAL);.
‘LIMENSION 2(48) € - - Lo
- e STUUENTS T VALUES FUR 95 Pgncz;wT @’bNrmENcy Lmns ’
4L 1) = le, 706 .
LT 2V = au30eT , - P
Z( 3) = SJluey ! , e
L1 4) = 2e(164 ' . ;
L( B) = R.97006 ' '
v LU ©) = Z2e446Y . ' -
L 7) = Z2.3AR46 ‘ -
s e ( 0). = Zednel R _
~—~— L( 9) = 2e2622 - T -
T L{lu) = . 2.2281 v
Z(1l1) = .g+20)0 : - S,
- L(12) = Cel1788 : . .
£Z113) = 50160“.\ —
7T14) = Z2elb4a N .
4(15) = 41315 ; - -
L(lb) = 2.1199 , Lo
L(LI) = 2el0ud_ J 0
) - "Z(las) = 2e100Y.
. L(19) =. 2epy3d e . . ‘
7023 = 240860 ; P —
2(21) =, 2e0796 . : . R )
2(22) =7 2vavay .- ; e
L(23) = ZeU6B/ A : ) v A
i L(24) = 2e0639 /7 ~ .
2(25) = deh9b . I . ' |
Z(26Y & 240555 .
L(27) = 2.0518 . ‘ /
Z(2a) = delubéb , . ‘
Li2Y) = Ze(452 - '
‘ 2(39): = é004£3
= DO 1 1=31%3%
[ Y A SR FT I . : T T
. 1 CONTIWUE .« ; : . * -
- S DO 2 I=3@s48 0 Tyl ¢ ~ ‘
: 7&(‘1) = 2eur " ° ST - ;
2 ConTINUE p
VAL = Z(NF) ;
. RETURW A B
END : : - i
. (. . / - a
- ; — -
] ¥ : ' a
¥ -
a — ¥ . '
s - \.\
R ,
; . \ o ( K
i R .
Y ) . " -
| b d . - L
~ - .
Iv‘ 3 n . “ i e :.:v 0
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u Lo NICKA \ T
. s . Ar‘ . !l
- o - fhis program computes a normalized lineshape
: , r S L | o .
< for-an uancoupled &wo-.srg:e exchange sys‘tem .given the peak
' separation, the’population of each site and the transveise'
P . relaxation times in the absence of éxcfxange. ‘ .
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NICKE . C197- -

o

. PROCRAM NICKA(OUTPUTINPUT,TAPLERI=TINPUT,TAPESL1=0UTPUT) ' -
CCO¥MENT.CARDS ON WHICH APE WRITTEN WRITS AND FQRMAT STATEMENTS ARE TO RE

c ,‘INCLUDEQ\AS FART OF THZ PROGRAM WHEN OMZ WANTS TO PRINT OUT ALL OF THE
C__DATA. MHOWEVER THFY_MAY BE OMITTEN WHEN ONS WANYTS ONLY THE TARULATED RESULTS.-
c O0GRAM HAS AEcN D;NQITTEN IN FORTRANIV AS OF MARCH 741968

+ INTEGER H
DIMENSION VIZILOU), N(BT‘CG), T(15UO) NI“'(ISOO‘O), TQH(l‘;Ub)\NSEP
1{1500), VMX(iBUO), WSP(i)UU) h
- TWOPT = 240%3,14159765 /
200 ? _AD (6~,"u) A,T2".7T21, PQJSTEPIyS?EP STFP?gSTEPQ,STEPS °

S g i S

10U FORMAT (RF10.3/2F10. 2)
IF (P +EQ. C.C) GO TO 47

1 READ {(66,50) QTEPx, STLPY, STEF7,TEMP -
) EG FORMAT (F1Je?yF10,2,F10,3,344LX,F6,1) , :
c WRITE (61,99) PA,PB,E,T2A,T29 . o,

G €9 FORMAT (;Hi,hPPA_:E}t,V,SH, P8 =F1G3.335H, B =F15.3, ’

C 1 7H, T2A8 =F12.3,7H, T28 7F19,3) . . "
K={ 7
TAU = 3.293%4 o , S
Y2 TAUSTAU+STEPL*1,(E=h . /;Lr_ ' . o ' N/
T IF(TAU=-1.3C=53 tyty39 : ' v
O 4 WRITE (bilﬁln%an L .
c 5 FORMAT (1H1,5KHTAU =£14,5) :

S 4 CONTINUE 2 O. Lo \ . -
A=(PQIT2A+PA/T2°)¥TAU+1.0 : -
Usi.u/T23=1.0/T2A
X= (1.5/(T2A*T28)+““‘2)‘TAU+PA/T?A+P8/TZB o

- Y=(PA-PI)*R
7=1 u+TAuz.2A+TAU/sz
6 I= . °
o 7 N’-;STEPX*THQPI
Q@ W({I)=W7 :
2 C SINCE PA WILL ALWAYS EQUAL PC FOR THE COHPOUNDS OF INT:REST TO US, THE NEXT
| C ' _TF STATEMENT IS NOJ NECESSARY ) S I
2t IF (PA .59, PR) GO TC &7 i 7
£4 TF (WCI)-STEFX*TWOPT) 141,11,17 ’
€7 IF (WCT)) 11,311,17
11 P=X=(W(I)*¥2)*TAU - .
O=TAU® (W(I)-Y) . )

u  RzW(I)*74Y - : )

V(I)*(Q*A+(R+(TAU¥U*R))40)/(P‘*Z+Q**2+(TAU‘U*B)**2+2 O*R“(TAU LN
1)) . . ~
15 I=TI+1
° 8 WZ7=W7+STEPY¥TWOPI . ‘ S
GO T0'9 3 C .
o i7 J=1 - - i d o '
W(J)=C. 7 N " T
P=X=(HM(I)%*2)*TAY Co T - - e .
Y Q=TAU(W(I)-Y) . - . : *
, R=W{I)*7+y ' ?
. V(I)*(P*A+(R+(TAU*U*E))*0)/(P“2+Q**2+lTAU’U*B)*‘2+2 0*R*(TAL¥U*S
- b R .
o D066 I=1,J . . , — -
€6 W(I)=WC(IY/TWOPI e R o S
C 27 -WRITE (61,98) (W(D),V(I), I=1,J) '
[
. -
. .
§ -
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C
c
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Ty . i
ﬁFTfD THE AJOVE WRITE STATEMENT 'WILL COME THF PLOT " STATEMENTS WHICH HAYF
s@ECW DELETED BEGAUSE THE ©LOT IS NOT AS ACCURATE AS THE MLMERICAL

‘NDATA WHICH CAN 8E CXTPAPOLTED , ‘
G383 -FORMAT (3{ALX 1HW, 1°X 1HV)/3(14¥ FiT.4,310X, F10 5))

i/ "¢

27 CONTINUE '

C- AFTER FCRMAT STATEMENT 98, INSERT THE SUBPROGRAM TC SORT OUT VALLES OF LINE-

WIOTAS AND OTHER EAPAMETFRS FOR MATCHING EXPERIMENTALZ TO THEORETICAL SPECTRA
| K=K+1
M=K P e
v L=3¥K-2 ' ’
‘ . T(K)=TAU ’ - ) ] s . .
IF(V(J) 6T, VIJ=13) (0 TO 20 ' ’ -
c POST- COALﬁSCrNCD*FﬂLLULATTgN , E . s
© GO0 TO 21 e ! L
20 VMAX=V(Y) P .
RH (K )=5 : ) ‘ . .
WIZPIK) =3, . ' - '
VART=VMAX/4, - : ]
! V2=VQRT o _ , v
26 N0 22 Iz4,J :
IF(VART LT, V(I)) GO TO 23 - . : ,
| 22 _GONTINUE '$~_-_ . - ; . e . :
T 22 WIN)T =(-2. CTHOPT)® "W (TY*TWOPT - EPYfTNOPI‘((V(I)—VQRT)/(V(I)-~
SAVLI-DI Y . , o N A
VIRT=VORT+VA . ' ’ o
IF(VORT «GTe (+8L*VMAX)'GO TO 24 ‘
25 L=L+1 , C oL v 1
. G0 10 28b . N e |
TTTTCT G WRITE (51,27) TAU,, WIO(IFK=2) ,WID(IFL-1) ,HID(FFK)
O 2T7.FORMAT (1HC,11X,83HTAU LINEWINTH AT  ONE FOURTH ONE HALF
c 1 THREE=- FOURTHS MAX1®UM AMPLITUDE/ - ‘
C 11HG,F1L.5,F30. 5,F13 5,F17.5),
24 CONTIMUE . ¢ , L .
o GO T0 2 . ' N
TG T PRE-COALESGENCE CALGULATIGON S ]
. 21 DO 28 I=1,J C '
. IF(VII) WGT. VI+1)) GO,TO 29 . : » .
_ 28 CONTINWE . : R
29 ‘ ) ' )
_ N=T = ' - .
WSPTHY SR (T=1)¥TWGPT . - ~ T ] '
yNUﬂ-MIi) r L . o '
74 H=H+1 g o ! .
WSP(H) =WSP {H=-1) +TWOPI*STEPZ K ) ' v
P=X=(VSP(H) +*2) *TAU \‘ ; ) SN
n _ Q=TAUX(HSP (H)=Y) \ ' - o
T REHSP(H) ¥7+Y ) ’
vwx<H)-(94A+<9+(Tnu*u*8)>*o)/(P**2+R'~2+(TAU4u*a)*42+ B
° 2JCHAR*¥ (TAU*U¥R) ) -
"/ IFz MX(HQ oLT. VMX(H=1)). GO 70 70 ’ , '
. - Gofto 71 . - : :
ot 7T VMAX=UMX(H=1) L A -
V“QT YMAX/ 4, a .. : . - '
=VORT T .
HMAg (-2, OITHOPI)‘NSP(H-i) , : oL .
. $ (\ Y ' ‘2 .




TPROGRAT T (. XYY — . -
' WSEPR(K) =WMAYX &
RHX=VMAX/V(J)

. RH (K) =RHX o QQ%@% : ‘ L
. B2 N0 13 I=1,J . o - : )
LF(VART WLTs V(I)) 50270 31 ' :
30 CONTIMNUE ‘ '
214 WIDi= {(W(I)*TWORI=- (STEPY*TNOPI*((V(I) =VQRT) 7LV (I} =V (I- 1))):)
DO 32 I=N,J . . .,
oy IF(VAPT LGT. V(D) ) Ge'TOo 34 : ) o
a . 32 CONTINUF ‘ :

S~ WID(L)= (=2, J*WIC1)/ TWOPI ‘ ‘
. 51 VORT=VQRT+VQ S : ‘ ’

L=L+1 V(x )
: ‘ IF(VART «GT. L-Sb* MAX) GO, TO 36 . , ~
- 60 TO 52 '
- . 34 WID2= (N(I)*TNOPI-((V(I)-VORT)/(V(I)-V(I 1)5)*STFPY‘TNOPI)

= ' TWID(LY=(WIDZ2=wID1) /TWOPI
- GO TO 51 . | . :
26 WRITE (biySu4) TAU, wID(z'K-z), HID(2*K-1), WID{3*K), RHX, WMBX
S4% FORMAT (1RU,11X,83HTAU. LINEWIDTH AT ONE FOURTH' ONE HALF
1 THREE-FOURTHS  MAXIMUM AMPLITUDE/. .
© 11H0,E16445,F30.5,61345,F17.5/77

11H0,12X,22HRATIO {MAXe TO MINe) =F1G..$440X,17HFULL=SEPARATION =
S 1F10.4) — : L .
26 CONTINUE . : L . -
GO T0 2 - . - o .
39 TAU=TAU+STIP2%L,0ELS o ‘ -
46 IF(TAU=-1,0E-4)b e ' C N

.

ooodoo -

s}

' 41 TAUSTAU+STEP=¥1,(E=4 i ; "
42 IF{TAU=L1.0E=-3) b, 4443 : . ' '
s 42 . TAU=TAU+STCPL*1:i0E~S
44 IF(TAU=-1.0E-2)4,4,45 .
- : L5 TAU=TAU+STEPS*1.0E-P v
46 IF(TAU-0.3506)4,4,300

| O

c VALUE IN STATEMENT 4€ 1§ LAST TAl FALC. - CAN BB CHANGED .
WRITE (61,207) : : s : -
FORMAT {1HR) : ¢ _ ‘ (} o

. . WRITE (61,97) B,;T2A, T2B,PA,PB,TEMP -

: ‘€7 FORMAT{1Mi,%2 B =#,F13.3,2% T?A =#,F10.3,2 T28 d2,F10.32 PA

N Gl
€
~

T OWRITE (81,55) s ‘
.58 FORMAT( 7X, 2TAU#,12Xy2RATIO ' FULL SEPARATION WEDE®H AT .
N , ‘ 10ONE-FOURTH %.E-HALF ‘ THREE=-FOURTHS MAXIMUME /)

. ’ : 1 "'14..,': pB =2, FlCo\.,ZCX,F‘TCMP = ¢ Fﬁgi,t Cz/77)

~

.ND0 301 K=1," . . :
WRITE (61,56) T{K) yRH(K) ) NSEP(K) yHID(I*K=-2) yWID(3I*K=1),KWID(3*K)
56 F__CB_.M_AT (iH )Ei3o“)F13039F1503,F2803,613-34':17.3)

3891 CONTINUE
GO TO 200 » ,
47 STOP : : . . P
¢ FND ) ' o 0

i
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- This pﬂ:gram alcxfiates tﬁe lineshape for a ' -
= 6 -
multlslte exchamge syst

glVen the number of sJ.tes, ‘the

\ inltlal chemlcal configuration, the final chemlcal cpnf/
uratlon, the chemlcal shlfts, the populatlons of each

site, the,,transve;rsge relaxation time in the.absence ‘of
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RO O T SRR T T T T

9 a ' -
paocRAM BNMR3Z (INPUT, BUTFUT, PUNCH,TAPEL,TAP» = INPUT,TAPEG =
o 1 OUTPUT) . - 2 o
C . ‘s, -
c G= NEPLL NM® LINt SHAPE PROGRAM - o e N
c WITH SYMMETRY AND MAGNETIC EQUVALENCE FAGTORING ]
C 8Y G. BINSCH AND D.A. KUFIRR :
c ANAPTED FOR S.5eW.U.  CDC 6430 BY K. HERSH
- C- VERSION D JUNE 1/72. - ~
INTEGER P . e : -
LOGICAL TWICE £ o~ . -
© REAL YME «
/7 CDIMENSION WS(5),AJS(4y5) ‘ :
COMPLEX A(4B8,48) yCR{4B,48) CLtqa,qe:,Frstas), 0(136) D(136) ,TEMP ,
. COMMON /PAR/W(’,B),AJ(3, y5)
COMMQN /SUR/NOL7) ,LL(7) ,F2{32, 5),Na,ISY(7),P(32)
COMMOM _ZHAMZHU3 f#252) ,HT (32,32) ; -
* COMMON /INmxxIRow(ziur,Jcouaim,It(oe,sa) ' o
., COMMCN #VEC/V(210),POV(210) IR : N c
COMMON /NYNPLR/RC(2,3),T2 - ) g
COMMON /VECT/G,D i JE o
: COMMOM /ZIVEC/CR,CL,EIG . - S
- " COMMON_/PLTPAR/SCALE,HEIGHT), FR1,FR2 : *
COMMON /PERMT/IE (3,5),P7(2,22, 2),Mu . "
, COMMCN /MAG/IME(6,5), wF"(a: o - 4
y COMMON /NAME/NTEXT(7) ~ ‘ .
COMMON " NyNPyMAX s MAXM;NE yNMyNEMy NENSNMES vnssm NNMtS(S).NSYN MRC
£ EQUIVALENCE (CR(1,1),8(i,1)) - , T
Shid " _DIMENSICN POP(3) N ; .
N PRINT 1073 . . B
100 FORMAT (2 X SBUTION BEGINS 2) A . . .
K D0 601 I = I32 - . - -
. 00 6CC1 J £ 1,5- e ¢ ) N ‘o :
) FZLI,d) = 0.0 o , . , '
* 6001 CONTINUE. : . N
D0 AOG2 J 54,3 : N
* DO 6202 J = 1,5 - ) g ,
SIS =0 . ‘ .
. "6362 CONTINUE- o . \
e:. DO 60(3 I = 1,7 : o j. v .o
CLLAI) = 3. ° i - .
] 6aC3 PONTINUE- . T - s -
) cr IREP = 0 TN T B - ' e
., - . .4 CALL STAUAT Ty * _ v ~
] ” KEN = @, . ) Y ,G‘
\Dq 5004 I = 1’32 @ “ n” ‘.
P(Iy = 0 : ~ S L '
ﬂ50(31, CONTINUE ‘ ) : . : :
NSAVE =-N S T : :
N NSYMS = NSYM v
© MRC = ¢ , -, : . [N A
RAIN = W(L,1) . R ) -
L MAX =" W{l,1) N . : - . -
RMAXY = 40 : _ : T
DO 221 s I =1, NEN N ‘
. ‘D0 222 -J £ L1,4,NMES * ' : '
- LN Y s
I A . 4 . o ,
, " ~3 - ! ¥ ]
< J ’ - a ;
.« . J
. o o . ° .
¥ o 1
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PROGRAM ONMR3 . .\?202_
RMIN = AMINL (W(I,J),R MI&) o - B .
RMAX = AMAXIAR(TISJ) sRMAXY . : S

- aNe _JP o= +1 . : . :

< i

. NO 21 K = JP, NMES
C AR = ARS(AJII,J,K))
P SE L RMAXL = ANMAXL(RMAX1,AD) _— _

TMIFQIP. W GT. NMES) GO _TO e_e . ‘ o ‘ ;

v " 21 GOMTINUF . .
» .. " 222 CONTINUT .
\ 221 .CONTINUE !

" . RMAY = RMAX = RMIN E .
S RMAX = AMAX1 (RMAX,RMAX1) ‘
IF(N.NEJNMES) GPHTO 12
CWF(1) = 1.8
2T no A7°X =1 , NMES - Y
: 67 IME(L,1) = G.5 .

G0.To 26 o
12 COLL MAGEQ(NIC) -
. 20 NP = N + 1 . ‘ —
T ' MAX =_2%*N G S -
| SN MaxM 3 mAx - 1 v - |
-8 ) NEM = NE - 1 ‘ ,

READ(S5,1301) ARS,LPUNCH, LFLOT,NPS? FR1, FDZ:SCALE,HEIGHT
1004 FOPMAT(I&,ZIi,IZ BWXUFLL L C),
: WRITE(6,1002) FR1,FR2, SCALZ,HETGHT
A 1002 FORMAY(1X/////% PLOTTING PARAMETERS#//10X#LEFT PLOT FREQENCYZ,
. 111X#2=#,F8.F,2 CPSE/L0X2RIGHT PLCT FREQUENCY 2,10X2=#,F8.3,¢ CFS#/9)
22SCALEZ 25Xy 222, F,3,2 MM/OPS2/10X2REICHT 2, 24X 422 ,F843 42 MM2////)
IF(MU .EQ, 1).G0 TO B . ~.
& WRITE(6,1515) h I
1310 FO?MAT(#POPULATIONS:) :
o REAN(5,1963) (POP1I)  I=1,NE)
g 16¢3 FORMAT(2F13.3) :
. WRITE(E,1004) (T ,POP(I),I= L,NE)
164 4 fonMA.ti,x:pOF(x,Ii 1) = #4FB.
& IF(EOF(5)) ZU?U, 68 \-
G WRITEL(B,2053) 'N,NE NU,NMFS,NSYM ¢ )
2 FORMAT(SIS) . - #
STO@ . o :
soce reands, Y01p 12 . f

.

“;fnf’roamaroqlu.t) . L .

) T OWRITE€6,1102) T2 , -
. 112 FORMAT(ix///: RELAXATION TIME -:,Fs 3,2 SEC?//'
D IF(YELEQ.1) NRS = 1 . ° x

- 2 . ~

-4 no « NIR = 1,NRS’ ' . > |
. ‘ K= [0 o ‘ o .,
) - - , IF(NL LEQWL) GC TO 27 7 : -

: Q \ - WRTTE(6,1005) ' , v
1605 FORMAT(1X///# RATE CONSTANTS "IN (1/sac;¢//) T
IF(MU +EQs ) GO TO 190
READ (5 1uqs) RC(142) S Ce |
RMIN = RC{(12) . ’

~Js

WRITE(6,2009) RC(1,2)
1609 FORMAT(? K = ‘2,F15,.6///) - T
< IF(N.EQ.NMES) /GO TO .16 - -




PROGRAM

no 19 I
DN 19 4 =1, NE

19 RGH(I,I RC(1,2) , .
GO 70 14 ) ’ :

14 NE

— . 10 DO 2 T = 1, NEM X
- o O IP = 1 1 . - '
- o 00 2 J IP,NE _—_— ¢
B ‘ CQEAnks,1aae> RC(I,J) C
N : 1006 FORMAT{(F1lL.0) e
RC{uyI) = RCUI,JI*POF(I)/POP(Y)

W+ K

e T IF(ILFQeLt CANC Y T J. «EGe 2) RMIN = RC(1,2)
: PMIN = AMINL(RMIN,RC(J, 1) yRC(I,yU))
2 WRITECH,10687) I,JyRC(I,U '
1067 FOD\MAT(1'3)('#'('(?,117#);’11,1’ = £,F15.6)
: 13 WRITE(6,10089)
1038 _FORMAT(1X///) o

>

16 IF ((RMINARMAX) = L.CE+03) 57,87 428

. 28 MRC = 1 o, !
NENS = NEN
NEN = 1. ‘
JIF(MU .EQ. 2) GC TO 36

. DD 27 1 = 2,NE

Y00 2R J = 1, NMES ¢ \
L = IE(I,N ~ . o o N :

. 38 WII,L) = W(1,J) L : i

’ DO 37 U = 1y NMESM “ v

’ i JP = J +1 ,

L = IE(I,J) -

oo

. K1 = K
: Do 37-K = JP, NMES
- CM o= IE I,k g
SR "IF(L +LT. M) GO TO 29 .
e AJ(T,MaL) = AJ(L,J,K) ~ ¥+
go TO 37

' JUIZL M) = AJ(1,J,K)
~ 27 CONTINUE ' : . ,
) K = Ki | .
T 36 00 29 I =1 , NMES . '

'\\7 . W3TI) = W(i, D) - -
- e IF(MU_GEGy 3) W{1,I) := POP(1)*N(1,I) )

. TF{MY L ERe 1) W{1sI) = (1./FLOAT(NEY*W{1,1)) . \
v DO 33 J = 2,NE
?* TE(MU +EQ. 3) GO TO 34 " \\f-
WL, T) = (1./FLOAT(NE)) * W(J,I) + W{1,T)

G0 T0.3n .
b _W(L,I) = POP(J)_*W(J,T) + W(iyI)

1

, "0 CONTINUE _
- TP =T + 1 . v
’ IF(IP ,GT, NMES) G0 TO 27 .
”f*\\\\,_\gz N0 29 KK & IF, NMES
CAJSCI,KKY = AJUL4I,KK) .

TF(MU o ENa0) AJL1,I,KK) = POPL4)*AJ(4,T,KK)

IF(MU LE0. ‘1) AJ(L,I5KK) = {1./FLCAT(NE))*
D0 29 J = 2, NE : . ' i
IF(YU EC. 07 GO T0O 35 ° -




PROCKAM

35
29 1
2T’
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ONMR3
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AJ(14T,KK) (1. /FLOATINEDN) . * AJ(J,I,KK) +,AJ(1,I,KK)
G0 T0 29 ' . Do
AJLL, Iy KK} = FOF(J *AJ(JyIKK) + AJ(1,I,KK)
CONTINUE ., - .
IFAN.EQ < NMES) NIC = 1
DO 4099 ITE = 1,NIC . *
IF(MRC «NE. 1) GO TO 4497 b b
GO TO 15
IF(NJEQJNMES.ANDNIR.GT 41 . AND.MRCS.ER.0) GO TQ &
IFINJEQ NMESLCRMULEC,U) GO 7015

KD = IE(I,J) - ‘ ‘ | . - R

D0 11 I = 2,NE
no 11J = 1,NMES

IF{IMECITE W)
CONTINUE
NEN = 1

+NE,

IMECITE,K0)) GO TO 14 ‘ :

GO TO 15 . T .
NEN=NE ' c : .

IF (IREP.EQLN) GO 'TO 3 .

CALL PASIS(IREP,ITE) o o
CALL MAMILT(ITE) , ;
CALL PRUECT(FOP,ITS) - \

B

17
18

IF (MUJEQ.3.CR.NENeNE.Ls OR MRC ., EQ 1 GO T0 &
CALL FERMUT{KEN)

IFIKEN JECQs 1) 6O 70 1 ' '

KC = 1 : . ‘ ' ;
K = K+ 1 )

Nﬁ;@ o

TNICE';-FALSEQ

ND = N

IF (NeNEJNMES) NO = NS-1

NOSS = @ t A

NOS = §° - '
0O 51 TI=4,NO

NOS = NOS + (nMNO{II)) ®*2

IF (NSYM.NE.U) SO0 TO 63

NTR=NO(TI)*NC(IT+1)

GO TO 64 |

IF (TWICE) GC TO 65, ‘ 8
NTK*((NO(II)+ISY(II))/2)*((NO(II+1)¥ISY(II+1))/2)

TWICF=. TRUE.,

GO TO 64

NTR= ((NO(TI)~ISY(II})/2)* ((NOCII+1)- ISY(II+1))/2) »
TWICE=,FALSE, o
IF (NTR.Z0.9) GO TO €A """if”\\
IF (NEN.EQs1) GO T0 5 . ;
NT=NTR*NE . 1
GO TO 6 '"\

NT=NTR

CALL TRAMAT (A,NTR,NT,NB,ITE,NOSS,NOS, II)' b
CALL ALLMAT(A,NT,CL FIG, KEN)

“e

IF(KEMN. eNZsp 3) GO TO 1

CALL CONVEC(K,KCyNT, ITE) }

N3 = NP_+ NTR . s
IF (TWICE) GO TO 63 ' .
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DNMR3 : ~205-

66 NNSS = NOS ° : ey g "
51 CONTINUE o

K=K -1 :

IF_(ITE,NE.NIC) GO TO 4C99

BuCe WRITE (6,1021) -

- 1021 FORMAT (IX///17X16HCONTRACTED SHAPE1 OX19HCONTRACTED SPECTRAL/24XBP

LVECTOR21X6HVECTOR//Z/Y

1

KM = K =1 - ‘
DO 24 I = 1,KM
IPL = I+1
N0 24 J = IP1,K L
IF (AIMAu(D(I)).Ln.AIMAC(D(J))) GO TO 24
TEMF = Q(I) . . S . . O
LIy = () L : ' o
TQ(J)Y = TEMP ’ . ‘ ‘ )
TEMP = 0(I)
D(I) = D{tJ)- : , .
D(J) = TEMP . ' ' : -
24 CONTINUE . ~
J = 1 o
DO 62 I = 1,K . .
IF (ABRS (REAL (Q(T))) . LE, 1._-L3) GO TO &2
QEJY = Q) -

n(Y = 0D
WRITE (6,1322) J,0(J),080) °
abee FoaMAT(Ib,squ1q.6) N

J= J + 1 v
62 CONTINUE . )
J = J=-1 _ : - o

IF(LPUNAGH +FC. ©) GO TO 4989
PUNCH 13432,NTEXT,,RC(1,2)

ﬂ1382 FORMAT(a4Xy7AL{4yF6H2)

IF( NPSR .LT. 1) NPSR = 1 . , o
» D0 45283 IAR = 1, NPSR _ __, ~ :

PUNCH 1024, J, NTEXT. , RC(1,2)

PUNCH 13523, (R (JAR) ,N(JABY, JAR = 1,J)
1523 FORMATL(4£E23,13) . . , ’
1024 FORMAT(I3,1H1,7A1(, F6.2) . : .
49388 CONTINUZ { . B

4089 IF (LPLOT.EQ.L) GO TO 4599

CALL SPECT (U . : -
4089 IF (NIC.NZ.1) IREP=Q , ‘ -

MRCS = MRC . ) ’ ///

IF (MRCJNZ.1) GO TO 5000 - ‘ ' .

MRG = o ' : :

IF (IP.GT.NMES) GO TO 500U ; #
00 32 J = IP,NMES : S ‘ ‘
22 AJ(1,I,Jd).3= AJS(I,J) ' » | R

| 4

5Cup (‘ONTINUC . ‘
WRITE(6,7070) - ~ . )
7370 FORMAT(#THIS IS A ERROR?) . A |

v . f
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SUBROUTINE

STACAT

SUBROUTINE STADAT

C-
* c THIS SUBROUTINC READS AND PRINKS THE STATIN PARAMETERS'
X C '
| ' COMMON N,NP,¥AX,MAXM,NE ,NM,NEM,NEN,NMES y NMESM,NNMES(5)  NSY M, MRC
| COMMON /PAR/Y(345) 3AJ(354,45) ) . -
| . COMMON /PERMT/IE.(3,5),PT12,32,32) 4MU
COMMON  /NAME/NTEXT(7) : , ' ¢
REAN 101y NRUN,M ML, MU, NMES,NSYM
1301 FORMAT(IZ,SI1)
IF (NRUN.EQ.J) STOP
IF (NJEQ.NMES) GO TO 15 !
READ 1007, (NNMES(J) ,J=15NMES) *
L7 FORMAT (SI1) o )
- 15 READ 1811, NTEXT .
1041 FOPMAT(?AiC) e
RITE (5,1021) NRUN,NTEXT ;N,NE,MSYM :
T 1021 FOQVAT (1H113G4RUN NUMBERT4,5X7A10//23XI1,12H NUCLET I1,24H0CHE
> AMICAL CONFIGURATIONS,6X,I2,# SYMMETRY PAIRS%////)
NEN=NF o
IF (MULEQ.1) NEM=1 oo "
00 1 I=1,NEM { - B
READ 1002, (W(I,J),J=1,NMES) | M
‘ 1002 FORMAT(5F1d,u) ~
NMESM=NMES=1
IF (NMES.ER.1) GO TO 1
DO 1A J=1,NMESM
| (aJP=J+1
READ 1633, (AJ(I,J,K) yK=JP,NMES)
1303 FORMAT(4F15,.2)
18 CONTINUE
\CONTINUE
IF (MULEQ.3) GO TO 21
DO 2 I=2,NE , o
REAN 1uf4, (IE(I,K), K 1,NMESY -
1504 FORMAT(S5IL) \
NRITE(B,6) I
/ FORMAT (9H THE NC. I1,16H EXCHANGE VECTOR) .
. DD 7 K=1,NMES :
T W2ITE (6,5) K, TE(I,K) .
TS5 FORMAT (4H IE(I&,QH) = ILyT T
2 CONTINUE
IF (N.EN.NMES) GO TO 13
DO 22 1 = 2,NE P
D0 22 J =1,NMES . :
I - JT = IETyd) .
: W(T,JT) = W(1,d) :
Jon'-' J + 1 . : .
IF (JP.GTL,RMES) GO TO 23 .
00 24 K = JP,NMES
, KT = TEA(I,X)
N CAJCI LT, KT = ghd,tg K)
‘ 24 AJ(I,KT,JT) = (TyJdT+KT)
23 CONTINUE
z2 CONTINUE #
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TSURROUTINE STADAT B -208-
z1 IF (N.EN.NMES) GC TO 13
" WRITE(6,4305) ,
1065 FORMAT(29H MACMETICALLY EQUIVALENT SETS//SH SET 5X16H NO. OF NJCLE

: ) 1I)
s D0 14 J=1,NMES ,
IF (NNMES({J) +EQ.2) NNMESCJI=1

14 WRITE(694C000 Jy NNMES(U) ’ =
"40L6 FORMATI2XI1,14XI1) o

13 DO 13- I=1,NEN P
_ WRITE (p,1022) T L : - y ,
1022 FORMAT (1X//7/7274 CHEMICAL CONFIGURATION NO«I2///10X15HCHEMICAL ¢
. 1HIFTS//) - -

© DO 11 J=1,NMES | .

11 WRITE (A 41023) JyW(I,d) , '
1023 FORMAT {43X2HW(I1,uH) = Fe.3>ﬁ&§5
’ WAITE (6,1024)_

71324 FORVMAT {iX//1CXLRHCOUPLING CONSTANTS//)
““‘] IF (NMES.ZQ.1) GO TO 44
DO 12 J=1,MMESM
B JP=Jd+i o
N0 12 K=JP,NMES ' e,
- V- N“ITE_}ﬁl;ﬂZE) JsKsAJITI 9, K) v
1325 FORVAT (13X2HJ(I1,iH,I1,4H) = F1B.7) 7
N ) 44 CONTINUE ' \ : ’
16 CONTINUE
RETURN -
END

e -
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SUB 2CUTINE

MAGEN

"T;' ~209-

SURROUTIkaMAGEQ(NICQ

THIS SUBROUTINE GENESATES THE TOTAL SPIN QUMNTUM NUMRERS AND
WEIGHTING FACIORS FOP THE VARIOUS COMRINATIONS oF GOMPOSTTE hNUCLE .

NIMENSICN BI {2) ; -
REAL IME ‘ -
COMMON /PEPMT/IE(?,6),PT(2,32,32),MU

COMMON -NyNP y MAX y MAXM,NF yNM, Nsm NEN,NFES,NMESM NNMES(B),NSYN,MRC
COMMOMZMAG/IME(6H35), WF(6)

DO 1 I=1,NMES

f °

¢ \1

2
i

IME (1, I)-(.S)*(FLOAT(NNMES(I))Y ) . - i
I = 1 2 , ) -

J=¢ .

J=Jd+1 )

IF (J.GT.NMES) GO TO 11 . o , ’
IP=T+1_ ‘ -

9 JP=J+1

1%

T D0 8 K=JP,NMES ,
) 8 IMZ(IP,K)=IME(I,K) . - . -
° 4 I = oo : -

TMZ€IP, NETME(T, JI =1, © ) i
AFE (IME(IP,J)WGELG) GO TO 9

IHME (IP, J)=IME (1, J) K

GO TO 1N

IF(JP.GT.NMES) GO TO &4 - } L

I+ 1 - R
Gh TO 2 o
NIO=1. -

IF (MU.EJ.C) GO TO 17 . i
WF{L) = 144 , S . s
NF(Z’ = 1.0 e

IF (NIC.LT.3) RO TO 17 | .
K = 2 : ~ , L
00 18 I = 3,NIC ~

00 49 IS =2

-

-

et

24K
D0 19 J = 2, NE
Do .22 L =
LT TE (J,L) ,
IF (IME(I,L)Y = IME(IS,LT)) 19,2(,19 .
CONTINUF : . !
WF(IS) = WFLIS) + 1,0

\/
14 NMES . -

GO TO 13 ) ) - 7

19 CONTINUE

17 0O

1

el
18

€00 3 J = 1,NIC , .

K= K+ 1 ' o . Ht
WFLK) = 1.9 a :
DO 21 M = 1, NMES’

IME(KyM) = IME(I,M)

CONTINUE ’ :

NIC = K . - . o
T I = 14NMES '
IF (IME(NIC,I))
CONTINUE
NIC NIC -

7,7512

1 : N

IF (MU.EG.1)

GO TO 29 ‘ : '
WE(JI=1, ) .

‘-

v

N
> -
.

N

N\
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SUBRUUTINE

MAGEQ T -210- | ‘

29 D0 3 T.= 1,NMES

N = 2.¥IME(L, 1) ° ST ‘ -
00 5 Kz1,2 , ¥ )
- ﬂ,Lﬁé(l,ls-Iv&(urn+-FL0AT(K) + 1o S
| Ic (K EQ.1.AND.M.EQ.C) GO TO 3 7 : :
| NPIN= A o - . -
| NBIC= o . : |
| IF(M.Eo.,v 6C TO 5 o Sy
DO 6 L= i4M B 7 T6
- LL=L"1 -_'____P' ’ ) . -_":j
NATN=NBIN¥(N-LL) - , ) : -
6 N7ID = NBIN¥L . Lo
5, BI{KY=NSIN/NRID ) : .
COWF(I = NF(J)*(BI(1)~EI(2)) . \ )
3 I CONTINUE , \ .
RETURN - - - . -y
END - N T
R &Q \ s " a’
! !
:\ \ (u_ : . ;‘ ? > . . '
.- 4 ~ : K
° o' “]
-
] ,
L3 ' ' . ° T
13 ” .
' ) 7 .
; . —~
\?‘- B K ’
:. o v | ! 'D ‘: . ' - . N }
. ! ) L &
v \\ Ty 1
- ’ - i‘
¢ , ' v “‘
. . A '
1 a4 \ ,
3 : > -l’.)
o l . : x;‘ o




SUBRCUTINE BASTS . - =211~

SURROUTINE BASIS (IREP,ITS)

SPIN BASIS FUNCTIONS ARF GENERATED, ORDERED, AND THEIR
17 COMPONENTS ACCUMULATEN, DIMENSIONS AND INDFX VECTORS

t

onooo

FOR HAMILTONIAN SUBNA;R}Cfb ARE COMPUTED.
COMMON/MAG/IVE (6 5>,wF(é>, : i

. ‘ INTEGER P 3

COMMON /SUB/NO (7) ,LL (7) yF7(3245) s NS, ISY(7),P(32) ’
COMMON N,NP,MAX,MAXM,NE NV, Ngm NEN,NMES, NMESM, NNMES(5) ,NSYM, FRC

K REAL -IME ] _ :
CC ' u b -
. " IREP=N ' ‘
, ° . NO(1)=1 . , , o
/ LL{1)=1 <
' LL(2y=2

If (N.EQ.NMES) GO 0 70 .8
/ ° RMAX=1
° DO 1R I=1,NMES
18 RMAX=RMAX* (2. *IMF(ITt,I)+1.u)
MAX=RMAX+.1 ~ o |
MAXM = MAX - 1

3 00 1 I.= 1,NMES \ ,

1 FZ{1,I)=IMECITE,D) . N )
NS=2 ‘

tI=2! ot
KT=1 . .
KrsP=2 ‘ '

KK=1 , , .
K=Q . ! 3 o,
- .2 00 3 J=1,NMES ’ ,
T T FI(ILZJI=FLAKK 5 J) \
K K“" - . ' ] -
FI(I,%)=FZ (I, K)-i. N - .

. IF. (r?(I,K)+Ir~(ITr,K)) 55676 T -
. . 6 Iu=I-1 -
’ © . IF (IM,LT.KTSF) GO TO 17 '
00 19 J = KTSF,IV - .
DO 16 JJ=1,NMES : ' , t.

IF (FZ(JyJJ) o EQ, FZ(I,JJ)) GO 10 16 ] ;
. GO TO 19 ] . T ]
16 CONTINUE , T ,
) I:I-i . ; ' i ’ ' .
60.TO 17 . : ' ' ' : -
19 CONTINUE . , . o

17 IF (T.EQ.MAX) GO TO 10

IF (K,EN.NMES) GO TO 5 ’ _ R A ..
2 4 I-1+41° ’ '

66 TO 2 , - . : * : -
S K=( - - ot ‘
IF (KK.EQ.KT) GO TO 7 s - ‘ ,

-

KK=KK+1 . : i ' L
I=I+1 _ ' . - -

GO TO 2 . -
7 NCINS) =T - KT




. SUBRCUTINE

BASIS ' ' -212=

LL{NS#1) =L L (NS) +NO(NS) . oo
KT=1I

KTSP=KT+1 o
NSENS+L, . 5

—ctw,
o

60 TO 5 v v :

4 IF {K.NEJNMESF GO TO -2
I=T-1 ,
GO TO 5

10 NOCINSY=1

IF _(NSYMsEQ.J) GO TO 28

~
T
e

L

o

ISY (i)=1

ISY €NPY=L ‘ .

PILY =1 ' B ' .
~ P(MAX) = MAX : Co

N0 21 I=2,N
24 ISY{1)=4.

> NC=2¥NSYizdi ' — ;

N0 22 'I=2,N ° - g !
NA=LL(I) P

JI=LL(D)
JFELL(D)#NO(I) =1 . .
00 23 J=JI,JF - - - ' o

7

TB0 24 K=L,NG,2 =
IF (rzu,m-qu K+i)) 23,a¢u23

Z4 CONT INUE. .

© D0 26 K=1.N. _ .
FIT=FZ(N3,K) ‘ “-
FZUNA,K) =F Z {J,K) .

)

~

26 FICJ,KI=FZT .
ISY (I)=ISY (I)+1
PINA) = NA ,
NA=NA+L . : =
23 CONTINUE C » o '
KI=LL(D) +ISY(I) : ~ . Y

' 27 _KFM=KF=1 '

KF=LL(I) + (NO(L) +ISY (1)) /2-1 , P
IF (KF.NE.KI) GO TO 27 ‘ /
PIKI)=KF+1 v '
P(KF +1)=KT ' . , »

G0 TO 22

NA=RFeL - : o
DO 24 K=KI ,KFM . i
KPI =K+1 : .

N0 27 KPEKPI,MAX ‘
"00_29 L=1,NC,2 B \——-/
CIF T CFZAK, LY =FZ(KP,L+1)) 30,31,30 -~

31 IF (FZ{K,L+1)=FZ {(KP,L)) 30,29,30 : . e
26 CONTINUE ' L
00 22 L=t,N . . S o
FIT=FZ(NA,L) ‘ »
,FZK—NA;L’_‘—'FZ(KF)L) to

32 FZ(KPyL)=FZT s
" 60 TO 33 — -
‘20 CONTINUE “ , ‘ R y

33 PIKY=NA - T




\

4

SURRCUTINE

~

28

PINA)=K
NAa=NA+1 - o - :
KK = K . -
CONTINUE ' )

cmmarto— e

PK+1)y = NA

K = KK 3 «

PINA) = K+1
CONTINUE .

CONTINUE R
RETURN ‘

, END . .
o .
.
- -
°
)
'
. \\ f
N
. ' y :
- !, .
§ ) ‘
~ 1 .
N
) .
N
i ! ¢ °
- -
~— L .
o
\ ...\\
’ B
.
- N - "4 ! ’ /
.
»
L}
.
B
, \
i R
N
» -
I
4
.
¥ s ~
- [
e .
. i v -
s '
R A
» .
R .
-
'
) C
- .
» N
! ©
\ ' '
¢
o
.
.
. - -
N ¥
»
'
1 — . - .
3 .
., ! ' !
'
« - ,
’ L}
i
- n
L. , RN . ‘
\ .
R o .
) © £ B
N
- NS - B
' B
1 ) .
. + ‘-
' . * ’ . N
e .
. +
\' . + ~ : ¢
‘ ' . .
. LV
e - .
4 . ° .
kY o - * 3 ' ] ' -
0 s - 3 N . -
. P : :
- ) ’ [N - .
- ‘ s . . 1} 2
¢ . - A )
s RS o R > ,
¥ T . g ' ”
\ . i
¢ M M b B * L
. . . ' ,
L. [ [ , B ' - . ¢ ;
20, t L L L) ' &
. ° ¢ R
. . , .
2 ' 1} P AL
; X SN X N
R . . Vo
~ ' 1 oy 7 L R




TTSUBROUTINE

%

o<

-214-
SUBROBTINE HAMILTC(ITE) / : .-

o . . Q

HAMILTONIAN MATRICES °-\ '

»

THIS SUEROUTINC AS Emﬁth THE

HAMILT } : 1A - T ' ‘“:%r”” ot

Pasin B /1_7
COMMON JHAM/H(3,252) ,HT ¢Z2,32) Co
INTEGER P s
COMMQON /qu/u007>,LL(7) F2(32,5),NS,ISY(7),P(32)
COMMON /PARZW(3,5).,4J(3,4,5) - > ]
COMMON/MAG/IMECR,5) 4 WFLB) . . . .
REAL INME ) f

o

COMMON NyNPyMAX, MAXM Nn,NW NEH;NCN NMES, NNESW NNHES(S) NSYM MRC

MAXT = § t K r ai
If (N. Nt.NMEQ) NP =ﬁNs . _ i N s
DO 43 I = 1,NP ‘

4

D3 22 J=i,MM

MAXT = MAXT + (NO(I))®*2 . e
DO 20 1 = i,NEN s S .
N0 2G J = 1,MAXT A _ K
20 H{I JY = 0.0 » ° (
DO 42 I = 1,NFN X
» LC = ¢ »
NOS = ¢ ) = ¢ N
00 &1°K = 1, MAX ) : '
J 00 41y = L,MAX . : ,
41 HT(K,J} = 0.0 ' .
DO 42 IA=1,NFP
MM=NO(IA)Y - .

P2l

IR (e ECWKY

B0, 22 K=JyMM

JJ=LL (TR +J=1

KK=LL (IA)+K~1
Go T

K ¥y=g ,

N0 2 M=1,NMES

0 23

Y

IF” (F?(JJ,M)-FZ(KK,M))— 39252

KINV=KINV+1

AIMAY *FZ {KKyM
281)

td INF
€. %

IF (KINV=L) 2,4,5.
4 MA=M ' ( €t “
G0 TC 2 - v )
5 IF lK{NV-Z) 246,22 - e
6 MP= ’ — !
2 GONTINUE
IF ({FZ(JJ,MA) =-FZ(KK, MA)%“(FZ(JJ MB) =F Z(KK MBIV +10) 22,7722
‘ 7 AT(JJLKK) = AT, MA, MB) *SORT(IME (1 TE, MAY *YLINMECITE(MA) 4 ) =F70JJy

‘SPRT(IME(ITEyMB)‘(;ME(ITE,MB)?i.L-FZ(JJ,MBE:fZ(KK,M‘

HT (KK, JJ)=
GO 10 22
po 3¢ M

=HT (JJ,
x 1, NMES

IF(NMES.EQ.1) GO
B0 21 M=1,NMESM

KK)

TO 22

“

| HT (0 JUREHT LUdy Ud) =FZEJJ o) SHT , M) L

£

o I

\

L

MP=M+1 ‘
DO 31 NN=MPy NMES

HT{dd,Jdd)= HT(JJ,JJ)*FE(JJ MY *FZ(JJ, NN)*AJ(I M,NN)

-
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4

' ‘ e : . ' .
\ P) I . . n . [ ] 1 "
- + - - - — - - — e

~ T TB15- . T

22 CONTINU:

S IF (NSYHM,EG.3J) 6O TO 21

MEUT = LLCTIA) +. (NOCIA) + ISY(IMY) /2.

.s (s

\EF (JTLT.NCLT) €0 TC 3b

-

= LL(TA) ‘ (-~ L S

LL(TAY + NC(IF) = 1.

00,35 IT = ITI,ITF /. . a "
35 JT 3 IT,ITF 7 ' ;
NOS & (IT - LL(IA))*NO(IA) + T = LLIIA) .+ 1

(ITiLT.NGLT) 60 TC 33 ™ o v .

Io=PITTY ’

*~w“~1§ JP‘P(JT) e _*___*! -
T UHLILLC) =+ (1./SORT (2T ) ¥(H ( UT)”+ HT(IT JP))

PUFEE (UT) . T N
C) = 5% (HT(ITyJTI4HT(IP,JR) =HT(IT,UP) =HT (JT,IP))

, 1 ‘37 . T ) : ‘ r
2 IF (TT.GELNCLT) GO TO 32 J L
_IF (PUJTILEQ,JT) GO TO 37 . a ,
(P(ITVY.EQ.IT) GO TO 38 . -
I%=P(ITY) . ‘ .- . o
JP= P'JT) ' S ‘ .
H(ﬂ = JG¥(HTAIT, JTI+HT(IT,UP) +HT(JTHIP) +HT (P, JP))
33‘5 . T .

GO TO 23 . ‘ L. -

"37 HIILZLC) = HT(IT5JT)

-

= NOS + (UT- LL(I k)‘NO(IA) + IT - LL(IA) +1 0

35 HEL,LCT) = R(I,LC) .

= NOS + (NO(IA)Q'*Z X eo b '
RLEKH . ' :
:29 J = 1’MM \- ) o
29 K = 1,¥¢M . /
= t—c"l e
= LL(IA)Y + JU - 1 . b
. = LL(IA) + % = L .
29 H(I,LC) = HT-(JJsKK) - o -
“42 "CONTINUE S - . T
RETURN : N .
END- . C S T e
) ) , . 2
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SUBRQUT INE PERMUT(KrNa . :w

i S
| PERMUT GENERATES NECESSARY PFQMUTATION MATRTCES IN CASES o
OF NUTUAL EerANcE : '

A

L3
.
3
i
0000

commo. N,NP,ch,MgXN;NE;NM,NEM,NEN,NMFS,NMESH,NNMES(S)'NSYM.PRC

COMMON /HAM/B(3,252) 4PTEMP(32,22) y L

COMMOY /PEMTZIE(3,:5) JP (25325323 yMU -

COMMON /SUB/NG(7),LL(7) FZ(32,J),NS,ISY(Y),PX(32)

INTEGER PX : }

c ) ]

: DO 1 NPR = 2,NE- ,

| NPRM = NPR = 1 ' , -

N0 2 I=1,MAX ' '
N0 2 J=1,MAX . .

| _PTEMP(I,J) = (el

‘, 2 p(NPRM L,J) = Jel .

| SoM= 1 Ve

e 00 12 T = 1,MaX e Sy . *

¢ “p IF CILLE.ONO(M) + LL(M) =1)) 6O 7O 3 L, :

M= MEL TS e '
3 00 4 J = 1,NMES - : .
T JT = IEI(NPR, D) T '
, ﬂ,/ I5 (FZ(I4Jd) - FZ(I;JT)) H91446 i

. 4 CONTINUE _ , . -

PTEMP{I,I) = 4.0 _ v - .

60 TO-12 - . , Ce :

LB K = LL(MW . g ‘ -

11 0o 7 t'”-ITN¥ts ; T~ , , o
LT = TEC(NPR,L) ‘\\~ : . ' ’
IF {FZ(I,L)=FZ(K,LT)) 9,7,9 . , ‘

9 K = K+1 . - ' .

. IF(K JLE. 32) GO TO 30 ) ' |

., -~ WRITE(6,204) ° SN

- _ 204 FORWAT(/7/#ABORT OUF T0 INFINITE K IN P=RWUT¢) .

KEN = 1 _ , .
RETURN . : . L .
20 69 TO 11 ‘ S v v
7 CONTIMUE S : n . |
_PTEMP (K, I) 1.0 ° L o : N
12 CONTINUE S - ) , o o
IF (NSYMJNE.J) GO TO 13 , ‘
D0 4% I=1,MAX, |
0 iw J=i,MAX .o e - .
16 PUANFRMy T,d) =PTEMF (T, J} - e

.13 P(NFPM 1,1 = 1.0 - ,
‘ P{NPRM, MAXyMAX) = 1.0 . o PR
0015 .1 = 2,MAXM " | ‘
IF {PX{I).EQ.I) GO TO 16 : : o
00 19 J = 2,M8XM ' ' ‘ S
o L IF_(PTEMP(J,I)) 20,19,2°C ~ - '
19 CONTINUE . . - K
20 IF (PX(D)oLT.I) so Tﬁ 18 .
e IF. (PX{J)eGTed) PINPRMyJ,I) = 1,0 ' ‘
. AR , ‘ 5




v

SUBéGUTINé\)

PERMUT -217= °° " A

o . ‘ i P T
JS =;Px<j¥~ . S ' '
IF APX{J)elT o) PANPEM,US,I) = 1.0 ' '

, GO TO 45 ' , T
18 TF (PXCJYelLT.d) PINPRMyJ,I) = 149 .
‘ JS = BX(J)y - ' ‘

"16

‘w5

CIF (PXCSIeGT.J) PANPRMyJS,I) = -1,0

-

GO T0 15 : . / ‘ '
D0 17 J 7 1,MAX ° o’ :

"PINPRM, J,I) = PTEMO(J,I) N

CONTINUE

CONTINUE.
RETURN
END & ° ) S
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S SURPQUTINC PRJECT(POF,ITE) °

* "THIS SUFROUTINE GTNERATES VARIOUQ AUXILTARY INDEX ARRAYS,

6

(\ \

CJ. NTEQEU~EQR_Iﬁ§wEEQgEQIION 0F THE DENSITY VZCTOR INTO THE

c PROPER LIOUVILLE SURSPACE, AND COMPUTES THE POPULATION

(o VECTOR

C

| COMMON /INDEX/IRONW(210) ,J00L(224),IT (22, 32)

| . COMMON /VEC/VI(21ig)53P0vV(21D) ‘ .
INTEGER PI,PJ,P

™

COMMON /:UB/NC(?),LL(?),rZ(32‘5),NS I§Y(7) »PL32)
COMMON /PZRMT/IE(R,5),PT(2,32,32),MU -
COMMON/MAG/ INE (A, b),hF(a) . . ' .
©REAL IPL

COMMON /HAM/H(3,252) ,IPL(32,32)
REAL IME o
COMMON N NP 4y MAX y MAXM 4NE ,NM,NEM, NENyNMESy NMESM, NNMES(5) 4 NSYV, MFRC
NIMENSION POP(3)
LOGICAL TWICE

POP(1) = 1.0
IF (NEN_ = 1) 2,2,3

2 PS = POP(1) R :
’ GO TO 5 !
3 IF (N.ECJNMES.ORGMULEG. 0) GO TO S
No 1‘% I = 14NE
. 18 FOPAT) = 1./FLOATINE)
5 DO RO I = 1,M8X

, DO a0 J=1,MAX . -
o - 8L IT(I’J)=G . ' . - . ¥
L=1 i : e A
Na=N . ’

IF (NJNE.NMZS) ND=NS-1 J//'\

00 51 I=1,ND T T

—— — > w— Sl N [ A

TUICE = LFALSE. R ' T

52 K={ . T ‘ -
IF (NSYM.EQ.2) GO.TO b S I . ) ‘
IF (TWICS) GO TO 7 ' <
IA & LL(D . e A
JA

i 4

JA = LLCI+4) . e
IEE = TA + (NO(I) + ISY{(I))/2 - 1° ,

- JE = JA + (NQ(I+1) + ISYLI+1))/2 = 1
., . GO TO A : o
' 7 IA = IEE+ L - . '
JA = UE + 1 . ‘ .
IEE= LL(I) + AUTTT“‘i . : o
~ TJT = LL(I¥1) + NO{I+1) = 1 ) _ '
. IF (IA.GT.IEE.OR.JA.GT4JE) GO Ta 51 . -
' GO TO 3 , o |
6 IA=LL(T) . _
JASLL(I+1) . ,-\\/J C o

L IEc = IA + NO(I) =~ 4

JE=JA+NO(I+1) -1 ‘
. '8 DO 50 Ii=1A,IEE
. DO 50 J=JA,JE v




T SURROJTING

Lt d

pRJCuT

L=L+1
IROK(L) =11
JooL (L) =4
K=K+1

z

6 IT{Ii,d4)=K

. IF (NSYM.EQ.Q)
IF (IWICE) GO
TWICE = JTRUE,
60 T0 52

51 CONTINUF

G0 TO 51 :
T0 51 ‘

- =0
R0 9 I-LyMAX
00 9 J=1,MAX
a IPL(I,U)=l.0
‘ N /2 IT=1,N0
IB=LL(IL)

-

IFSLLID+NO(T
JB=LL(IT+)
JE=LL{IT+1) +NC
DO 62 I=13,IF
D0 /2 J=Jf, JF
KINV = &

-

DO 63 M=1,NMES

Iy -1 . . iy v

(II¢1) =1

.
y . .
'Y '
» R . ~
.

k:‘vl _

IF (FZ{J,M=-FZ(I,M)+1.) b8, 67968

& €8 IF (FZ{J,M)-F2
67 MS=M
KINV=KINV+1
IFAKINV 4GT41)

(I,W)) 85 »6 3,65

i

.p.‘ .
GO TO &5

CONTINUE

IPL (I,J)=1.0
&F (N.NE W+ NMES)
10d,MS) -+.'14) )
GO TO 62
€5 IPLLI,J) =040

' €3

IPL(I, J)=SGRT{C(INE(ITE MS) ~FZ(J,MS)) * (IMECITE,NMS)+F2

€2 CONTINUE
TWICE=,FALSE.
DO 69 TI=1,ND
+  IF(NSYM.

....o)

Yo MM=NOUIDI *NO(IT+1)

MA=LLCAUIT)

GO TO 110

" ME=MA+NO (TI) -1
MX=LIALII+1)
MY=MX+NO {II+1)

- DO 78 I=MA,ME
' DO 70 J=MX,MY
SL=L+1

-1 s -

TV =IPL T,
7¢ POVALIZ,5%V(L)
G0 YO 71

$c IF(TWICE) GO "TO 17 -

TG0 YO 11
17 TWICE=,FALSE.

¥POP(:L)

-,

MM-{(NO(II>~IQYPII))/2)*((N0(II+1)-ISY(II+1))/2)

IF(MM.EQ.L)

L

GG TO 6O
NA—LL(II)+(ISY(II)+N0(II>i)a

.
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ME=LLCII)4NO(IT) ~1 ' ) ' '
MX=LLCIT+1) + (ISY(IL+4)+NO(ITI+1))72

MY=tL{TIT+1) +NC(II+1) -1
DN _12 I=MA4ME

1

. OT=P(I)

D0 15 JEMX, MY . T —
L=L+1

PP (J)
VIL) =, 5% (IPL(I,J) +IPL{PI#PI) -IPLIPI, 3 ~IPLAI, P
POV (L) = (5) #EOP (1) *V (L)

i1

o8

TNIC" oT'(U ¢ -
MM'((1SY(II)+NO(II))/9)*((ISY(II+1)+NO(;I*1)>/2)
MA=LL(I]) .

MI=LLIIT)+ ({ISY(II)+NO(II})/2) -4

MX=LL(IT+1)

MY= LL(II+1)+((ISY(II+1)+N0(II+1))/2!-1

DO 13 I=MA,ME : )

DO 13 J=MX,MY ' - B
L=L+1 ‘ (

IF (I. LT.(LL(II)+ISY(II))) GO TO 414 *©

IF (JuLT. (LL(II+1)+ISY(II+1))) GO To 15

- 60 TOQ 12

VL) =

o
PT=P(I) {
PJU=P(J)

viLY=1(. 5)*(1PL(I;J)+IPL(I PJ)+IPL:

RL,J )+ IPL(PI,PJ))

PI=P(I) '

l6

13
71

(10 /SCRT (24).) *(IPL (I,J) +T8
GO 10 13 ]
IF (JoLTo(LLIT+D) +ISY(IT+1))) GO
PJ=P (J) '
VIL) = (1./SGRT (2, D) HIPLLT, W +TPLAT, PUY) ST
GO TO 13 , ‘
 V(LIZIPL(I4J) ‘ e .
FOVILY = (+5) SFOP (1) *V (L) .
IF (NEN,EQ.1) GO TO 72 | : ‘ .
N0 73 JJ=1,NEM S

JMz=Jd-1 l : } ‘ |
LA=L+2+MMEINM , : |
LEZL+MM*JJ

c2

N0 73 LX=LA,LE

LY=LX=MYM ' ,

I (POVILY)) <€2,91,92 \ o

POV LX) =VILY) * (. )*(POP(JJd;)) : : ‘
GO _T0._93 . -

'A

€3

73

72
€9

€1 |

POV (LX) =0 - e

VILX)=VILY) -
CONTINUE
' L=LF . A
IF- szIc~> 60 TO 10 v

CONTINUE, . ) .
IF rNrN.NF.r) GO TO & } .

FOP(1) = PS o —
CONTINUE ' ‘
RETURN

~ ER v
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SUBROUTINE fRAMAT -222-
y .

SURROUTINE TRAMAYPR, NTR,NT,NB, I TE 4NOSS.,NOS, ID)

c ,

C - THIS SURROUTIAE CONSTRUCTS THE SURMATPIGES OF THE LIOUVILLE

c MATRIX. _THE_TRANSITION SURMATRICES INCLUNING EXCHANGE AND

c- RELAXATION TERHS ARE ALSO GENERATED, )

c -
COMPLEX A(4LB,43) N o .
INTEGER O ™ B .
COMPLEX 1IN ' : ;

B "COMMON_/SUB/NC(7) ,LL(T7) sFZ(22,5) 4NS, ISY(7),0(32)
o COMMON /INNEX/THOW (210, JCOL (2100, IT(32,77)
COMMON NyNP,MAX, MAXM,NE ;N M, NEMy NEN sNMES , NHE SM, hNMfS(S),NSYM VRC
COMMON /HAMZ K (3,252) JHT (22.,32)
GONPON /DYNPARZRC (3, 2), T2
COMMCN /PE:’;{MT/IE(3’5), P{2,3243 21 4MU * ‘
N INTEGER U,V
. C ’ 7

5

2

CIMECMELX (G e 9 d0)
PI“\'. l"isq
N0 52 TE{,NT .

DN 52 J=1,NT . s -
ACT, J)—CMPLY(u..O.) ‘

INC= , N
no 53 KK=z1,4NE '
DO 4 I=1,NTR . . .
IT=I+NR - Y ‘ 4
IC=I+INC o

IF_(NENJER.1) GO TO 43

DO 55 IR=1,NE * ‘ s
IF (IR.EQ.KK) GO TO 55 oo
A{IC, IC)==RC(KKyIRI+ALIC,IC)

CONTINUE , ’

DC & J=I,NTR .
JJdzJ NP :

~

€

5

2

S

JC=J+ING ‘ .

IF (JCOL(II)JENLJCOL{JJ)) GO TO 59° ? \

IF (IPOW(II) JEQ.IROW(JII)Y GO TO 63 ¢

GO TO &4 -
U=IROW () 4
Y=TROW(JJ) -

£

"

LC = NOSS+NO(ID) *{U-LL(IDN)Y+V=LL(ID) ¢ 1 -
ACIC,JC) = =2, *IM*PI*H(KK,LC)+ A(IC,JC)

GO TO 62 -~ A, .
U=JCoL(IT) ”
V=JCOL{JD)

LC= NO<+NO(ID*1)'(U “LL(ID*1)) +V=LL{IN41) %1

n
(s)

A{IC,JC) = 2.*IM¥PI*H(KK,LC)+ A(IC,JC)
ACJC,ICY. = AC(CIC,JC)

IF(MRC.EQ.1Y GO TO 5 , ,

IF (MU.2Qe1«AND.NEN.EQ.1) GO TO 15 “
INC=INC+NTR \
CONTINUE

[WY
n

GO TO &
00 6 NPR=1,NEM
DO 7 I=1,NT




TSURROUTTWE T TRAMAT ‘ 2030 T )
V4 -

| II=NB+1 N ‘

- : U= TROW(II) . ' o <
. V=JCOoL (IT) - ) .

DO 7 J=1,NT 1 - ’ _ N

fdd = NE + J - ¥

K=IROW(JD) !

— L=JCOL(JD) ‘ ' "

. 7 A(I,J) = AC(I,J) + RC(i,?)‘P(VPR,U,K)‘P(NPQ,V L)

‘ 6 PONTINUF
CO_ 44 = 1
DD 14 J = 2

16 ACI,IY = A(

1

(

*

-

oNT i ,

s NE ) . .
I,I v RC(i,Z’ ' !
oNT U .. ‘ (:;)
I . .

L > '

e 5-00 S4 I =
VB =1./T2
GO TO &1

| L A(I,I) = A
‘. IF {(NEN,<Q
NA=1
IF (NE.ZQ.4) GO 70 61
NN 56 IR=1,NEM -
NTRP=NTR*IR . :
. D0 57 I2=NA,NTRR : o ’
I2P=I2+NTR ‘ )
I3=JR — - (
. D0 R T4=T2P,NT,NTR"
: I3=73+1 , .
W - C ONIR,I4)=RC(IZ,IR) . . ' .
12)=RCUIR, I . :
58 CONTINUE b
£7 CONTINUE
. NA=NA+NTR
, . 56 CONTINUE _ - -
7/ 3 €1 CONTINUZ . : - o
T RETURN . ’ . ,
END _ ) . . : -

Le

P




SURRCUTINE CCNVEC ‘ -224~
, . i
: .C
, C
¢ o
C o
C I ' .
COMDLFX Pk(ba AR).CL(+d,u8) EIG(Aa)}Q(iza),Dtiae) '
COMPLEX CQo,CL:» - 5 K i
COMMON /SIVEG/CR9CL,EIG" ) -
c " _COMMON _/JVECT/G,D : (e .
COMMON ZVEC/V{21C) ,FCV(216) - .
COMMON/MAG/TME(6,5), WF(G) . , o
' . REAL IME .- : T o )
Cc ' ) . . 9 , . v
. Ki=1 .
. ] ‘KK = KC - 1. : .
&2 Q(K":CMFLX(J.’GO)‘ / oo
\ CQS‘:CMPLX(G' 10.) . ¥
DO 91" LA=1,NT : ‘ o -4
' LAK=LA+KK - o L.
€1 GRS = CRS + 2,*V(LAK)*CR(LA,KL) ! .
CLS=CMPLX{0e yl4) '
L N0 92 NU=1,NT . e
| NUK=NU+KX, ‘
€2 CLS=CLS+POVI(NUK)Y*CL (K1,NU)
Q(K) = WF{ITE)I*CRS*CLS & o
D(K)=E TG (KL) ‘ R - v
« . 'KC = KC +1 . - - ' '
K=K+ 1
Ki=¢1+3% .
IF {K1.LE.NT) GO TO 82
RETURN . o )
. END i T e
' - 5 <, “ o -
%
v ! . ' o 2
] 7 AN
0\ , :
[ 4 f ‘
. ' N i ‘
1
- ° ¥
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SUARQUTINE SFECTINTOT) ; N
THIS SUGROUTINE PLOTS THE SPECTRUM o
SeGeHJU. VERSION, '

COMPLFX 091136),D(13R) ,V,G, fM

DIMENSION KRAY (H)

COMMON /PLTPAR/ °PALE,HEIGHT FRi,FR2
COMMON /VECT/ Q.0 . !

CCHMMON /ETVEC/ Y19312)

COMMON 70YNPAR/ RC(3 3);@2;

COMMON_ /ZNANE/TDENLT7)

IF (HFIGHT ,GT+250+0) HEIGHT=250.10
PI=3.,14159 v .
IM= CMPLX(O.,i.) ;
BENS=130.3 . f
XNAX=SCALE* (FR2-FR1) /254

- NPQOINT=DENS*XMAX !

STEP=(FR2-FAL) /NPOINT . | : AN
FR=FR1-STCP . .
N0 15 L=1,NPOINT : ' /ﬁt\
FR=FR+STEP ,

GZCNPLX (U s (o)
V=2, *P ¥ TMEFR

700 15 K=1,M7CT ¥ ~
15 G=G+C0{K) /(D(K)=V) 3 . : -
16 Y{L)==REAL(G) - , v

YMAX=Y (1) . . .
YMIN=Y{1) ‘

DO 21 I=2,NPCINT— - T

IF (YMAXL,CT.Y(I)) GO 71O, 22 , N
YMAX=Y (1) -
22 IF (YMIN.LT.Y(I)) GO TO 21 . ‘
v YMINTY (D) ~c T . !
¢i CONTINUE ' -
FACTOR=HEIGHT/ (25, u*(vnax YMIN))

DU 23 I=1i,NPOINT s - . M )
23 Y(I)=(Y(T)-YMIN) *FACTOR ‘ '

LY=XMAX+ 149 o~

YL=(FR2=FP1) *FLOAT(LY)/XMAX

CALL SAXESX : { ~ 1920,LYy1,0,1G40yYLy0405040,040,0.0)

f‘ALL PLOTXYX(L,-C)-.L ’11{:) T

CALL PLOTXYX(Cot,YL,1,0)
CALL PLOTXYX (13.0sYL 91,Q)
YT¥ = YL ) .
28 ¥YT=YT~5.1 / ¢ - .
IFL YT «LTs 340)GO TO 38
CALL PLOTXYX(1)4CyYT41,0)

o CALL PLOTXYX(G,95,YT,1,0) ' . .

CALL FLOTXYX (1040,YT y150) | .
YT=YT"5Q3 ' . " e,

IFU YT oLT. £.0060;TD 36 ‘ ,
CALL PLOTXYX (10.0,YT 31,0) ) Ce
CALL PLOTXYX(9.90,YT5150) C -

CALL PLCTXYX(iGoU,YT,i,C) . . S
G0 T0.30 - ‘
236 CALL PLCTXYX (Ce0y0eL91y0)

o
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110 FORMAT(16HRATE CONSTANT = ,FR,2,% T2 =2yFR.4)
S ) Yi= YL*(FLOAT(LY)-O+2)/FLOAT(LY) . o ’
IFR1=FR1 . '

IFR2=FR2 T S
IAF=n >’ :
. ILF=¢ ' ﬂ

. 'ENCODE(43111,IRF)IFRL . S ) . |

nNcooE(u,ill,ILF)IFaz , . . T s o

IMAT(I4) Ry ' ‘

T

. ENCOﬂE(HB,liQ;KRAY(l)) RC(1,2),T2 ' |

(2
[ ol
e

e —n———-———....

. _ CALL PLOTXYX (LedByls Cyll) ‘
CALL LA]CLX(Q’N’V,ILF) '

. CALL PLOTXYX(14G924G,ylyC) |
=7 T CALL LAPELX(7C,y2,49IDENCL))
- CT X=(e .-
P L YYY=9,85-Y (NI F_ CINT)
v T CALL PLCTXYX(YYYyX,0,3) : -
- B0 24 I=2,NPCINT : ' \
'  TTU=NPOINT-T+1 N SN .
X=X+STCP ‘ ) c : *
- YYY=9,R6=Y () ' R ' ’
B T 24 CALL T PLOTXYX(YYY X31,2) . ’
) 2=YL*(FLOAT (LYY -0 46) /FLOATILY)
. CALL PLCTXYX(GuG,Y1l, 0,0)
= - T CALL LABELX(A;,S,Z.KRAY(1>3 :
CALL FLOTXYX(0.15,Y2,0,0) .
CRLL LARELX(Y4,3,32,IRF) . ) c .
CALL FNOPLTX
WRITE(E ,127) ‘ . .
FORMAT (/ /7294 SUMMARY OF PLOT CALSULATIONS/) .
. NRITE(E ,102)NPOINT

o~
¥

A ) 102 FORMAT (254 NO. OF POINTS PLOTTED = ,14)
; , WRITE(6 ,185)LY . ! . ,
_ 105 FORMAT(27H _LENGTH OF FREQUENCY. AXIS. (INCHFS) = ,13) -

WRITE(H ,1G6)YL , ]
106 FORMAT(34H LENGTH OF FREQUENCY AXTS IN HZ = ,F7,2) .

T XG=FRA+X . , ’
&. WRITE(6 ,107)FR1,X6 Co
‘ - 107 FORMAT(27H FREQUENCY RANGE PLOTTED = ,F7.2s4H TO ,F7.2,3H HD) \
I RETURN . - &
‘- . END . N } % )
1 £ . ‘ -
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SURROUTINE ALLMAT (A ,M,CL,LAMANA,KEN)
ALLMAT NIAGONALIZES THE NT PY NT DIMENSTONAL A MATRIX. THE

EIGENVECTIORS ARE CVERNQLTTEN ON THE ORIGINAL A MATRIX. THE INVERSE OF:

THE_ETIGENVECTOR MATRIX IS CALCULATED A4S THE CL MAJRIX, THE EIGEN-

QOO0 OO0

VALUES ARE CONTAINED IM THE OME NIMENSTONAL LAMBDA ARRAY,
PROG. AUTHORS ~JOHN RINZFL,PELFUNDEPLIC,UNION CARBIDE CORP.
NUCLEAR DIVISION,CEMJIRAL DATA PROCESSING FACILITY,

O0pK RIDGE TENNESSEF

/

DIMENSICN INT(49) ’ ,

COMPLEX A{4B,48) ,H(4E,48) \HL (48,4A), LAMINA (44), : =
IVICT(4B) ;MULT{4R) ,SHIFT(Z),TEMP,SIN,COS, TEMPL, TEMP2, -
1CR(4S, 48),CL(u8yh8);-IG(48) TRACE,SUM:IG

INTEGER R,RP1,RP , - .
LOGICAL INTH(55), f&xcs : -

COMMON_ /"IVCP/ CRyH,EIG

COMMON/TEM/ KL . =

KEN = § .

N=M .- ’ o ) v
' TRACES ‘ ” ' . -

00 61 yNY ¢ 3 R -
€1 TRACE CE +, A(I,I)

oo
qllc
>54w1
~ -2

NSAL=N . : -
IF(NJNZL1)G0 TO 1 . ‘
LAMBRDA(L)=A(1,1)
C. A(i,1)=1. ‘ .
Ci{l,1) =.1.¢
GC 70 57

i rff“'::

1 ICOUNT=4 ‘ ,
SﬁIFT {1) = 10eyCe) ) B
SHTFT(Z) = (UO’SQ) ° ’ | '
SHIFT(3) = (Daylia) : . ¢ i
IF(NGNEL2YGO TO 4 ' ‘ oo
2 TEMP=(A(L, YT$A§272)+CQQRT((A(1 1)+A(2,2))**?' a

P

T ih,*(A(2,2 )*A(¢,¢)-A(2 DI*AL,2)))) /72, ‘ ‘“>\1
IF(REAL {TCMP) JNE 43+ e0R, AIMAF(TEMP).N 04360 TO 3 + 7 |
\\QMBDA(M) =SHIFT (1) .. ”
MPDA(M-l)—A(1,1)+A(Z 2) +SHIFT (1) 4 . '
60 TO 27 : . .
T LAMNDA(MY= TLV€+SHIFT(1)

[

1) + SHIFT(I) )
GO Y0 37 - .

REDUCE MATRIX q T0 H;SSEN%E%? FORM -

_ & NM2=N-? : Ly ot

v

oo T157R=1,NM2 - = ‘ : )
R""l i ~ " N ¢

WA : - L u
A“‘!IG.:(" a ! - ' ° v , »
| INT (R)=RPY , ﬂ -~ W

N0 5 T=RPi,N » i N

' AQSSQ“REAL(A(I RY)Y**¥2+ATIMAG(A(I,R) ) *»2 :
IFCABSSQ.LELAEIGIGO YO 5 | | ’ e

INT(R) =1 PR . ‘ . .
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ARIG=ARSSQ

CONTINUE ; e
INTER=INT(R) . . ‘
IF{ANIG.EQ.G.7GO TO 15 - o 1

‘D0 6 I=

IF{INTER.EN.RF1)GO TO A . .
R’N . R '~—.” S
TEMP=A(RPL,I) .
A{RP1,I)=A(INTER,I) « . - T ,

AC(INTER,T) =TEVP » Lo .

Ny 7 I=1,N

TEMP=A(T,RP1) .

ACI,RPL) =A (I, INTER) : . ' T
ACI,INTER) =TEMP . e
D0 9 I= RP2 4N _ . coo =
MULT(I)=A(I, R) 78 (RP1,R) IR .

S0

A(I,R)=MULT(I) _ : g

D0 11 T1=1,RP{

TEMP=(Q, .
00 16 J=RP2,N _
TEMP=TEMP+A (I,J) “MULT (D)
ACI,RPLI=A(L,RPL)+TEMP

DO 15 123P2,N . . -

& ’
.

12
13

TEMP=C. ; ) N
00 12 J=RP2,A\ :

TEMP= T&NP+A(I.J)*HULT(J) .

AT, PPi)-A(;,RP*&+T:NP-NULT(I)‘A(RPigRPi) L
DO 14 TI=RP2,N , -
07 14 J=RP2,N . 3 .

14
15

ACI,NHFA(T, J)-HULT(I)‘A(&Pi J)
GCONTINUE .

CALCULATE =pSILON .-

£PS=6, A |

“wd

16

00 16 I= 19 St )
EPS=EPS+CABS (A (1, I)) -
Do ‘8 I=24N : S . .
SUM= ' . ° '

ML= I 1 : - . A
DO 17 U=IM1, N 3 - :

-1

17
18

DO_19 J=1,N__

"IF{NJEQ.2)1G0 TO _

sum-cUMIcKH‘YA(I JnN

IF(SUM.GT. EPS)EPS=SUM I

EPS= SCRT(FLOAT(N))*fPS41.E-1g o . e

IF(EPS.EQ. 0. EPS=1,E~12 . DI o’
00 19 I=1,N :

N -

He¢T,d0=a(I,4) . N
IF(NNEGLIGO TO 21 ' _
LAMRDA (¥)=A (1,1) + SHEFT(1Y , : e
50 TO 37 :

e .

MN1=M~N+1

7’

IF(QEAL(A(N,N)).Nﬁig:.OR.AIMAG(A(N;N)).NE.D;) GO TO 99

GO TO 23

IF(ABS{BEAL(A(N,N—lﬁgA(N,NQ))+ABS§AIMAG(A(N,N-1)/A(N,N)))'iﬁE-Q)

Y °

2
*o
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22 IF(ABS(REAL(A(N,N= 1)))+ARS(AIMAG(A(N N= 13)).GE EPSIGO TO 25
26 LAMIDAGANL) = A (N, N‘+SHIFT(1)
IGOUNT=Q : 2
. ONEN-1 ) o
GO 10 21 A / e -
. . N . : K" . z zt'"
Y. - . . - e
yDETERMING SHIFT . s -
! L}

! cﬁ SHIF f(;)*(A(N 1, N=1) +4(N, ﬂ)+GSQPT(tA(N~1 N=1)+A (N, N) ) **2"
}”‘ & ey (AN, N A (N-1, N~ 1?}A(N N- 1)‘A(N—1,N))))/2.
TF(REAL(SHIFT(2) ) o NE & Py e 02 ATMAG(SHIFT ¢2)) ¢NEd .)GO‘TO 26
. t SHIFTLX) A IN=1,N=1) +A(N,N) , . ’ .
“6n T 27 -
s 26 SHIFT(™)= O N N) %A (N =1 N=1) 2A (N N= 1)’A(M-1,N))/SHIFT(2)
27 %F(PARSlSHIFT(2)-AXN 2N ) o LT CABS(SHIFT(ZI-AIN,NI)IGO TO ‘28 _
o NDE s ! ' ’ v . Ty
G0 to 20 - B , o I -“?ég
28 INDEX=2 e oo ¢ : N S+
29 'IF (CABS(A{N=1,N=2)).BE.EPS) G0 To~o3 g
LAmnnAth1>-bﬁxFTc2)+smIFT(1>
‘ LawfoA(*N1+1) SHIFT¢3}+SHIFT(1) . N
L T TN TTICOONT=TN 7= 7 7
. ) 7 N=N=2 * )
- GO TO 20 o ' . -4
3 SHIFT(L) = SHIFT(1) -+ SHIFT(INDEX) . :
" o L0 31 Ist,N YT R , : IS
< 23 A(I,L) AT, I)-QHIFT(TNDEX) -t ) r <ij ‘
. M c . i N N §
_ 5?" ¢ ;ﬂsoap GIVENS ROTAT;ONS, ﬂQ ITERATES . " - \\\ N
: ¢ . .- . _—
, TF (ICOpNL:LE.iO) GO T0O 32 e ' ¢
i " NCAL=MAN, P C P :
. L GO T 7. P , e »
N N I2 NMIEN-3 ~ . T i o
> TEMFLI=R(1,1), " ‘ - b ‘ - y
‘ } TIMP2=A(2,1) T
. Lo JN0°36 R=i, M1 . _— . T
"RPL=R+1 .- ' . ' .
» L oaguﬁoarithpijégfi)**2*A1MAG(T&MP1)**2+ — ,
. IRIAU(TENPZ) * 24 ATMAG (TEMF 2) ¥%2) e , '
- . « IF (RH0O.Z0.,%3) 6O TO 261 . ' .
, COS=TEMFL/RHO . . ; o
. - - . STN=TEMF2/RHG oLt : A ;1‘.:
T IND@X=MAXU(R=3,1) P S . :
DD 32 I=INDEX N ‘ ) ‘
. TEMP=CONJGICOS)¥A(R, TI+CONJG (STNI *A(RP1, T3 . " -
& o e ALRPY, I)--SIN‘A(P I)+F0¢“A(R91 1) . : ' .
. © 23 ARDI= TX@“; - '
. 201 TIMPL = A(RP1,RP1) o IR .
- M JIF(R+2 WGTLN) GO 19 203 +_ . ' -
. o, *TEmMP2= }(R+2JR : . -
- i IF (RH ad) TO ?6 \ . : B i ° TN
‘ ' 202 DO 34 TR , A )
‘ ‘ TEM -cokvA(;,R;+sIN~A(I RPi) s
P | T
\<".\/ ” .\\ ,".' . ‘ e o A\ ‘j -
RIS — TN ER - T . A
\ / . * 1 /} '4 . o ., L g ’ . i
l“, J ‘:‘ A} . .‘ ) % ) . (‘\ uls
/- T [
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- : A(I,RP1)=~CONJG(SIN) *A(I, R)+CONJG(CO:)*A(I 'RP1)

34 A{I RI=TEMP, .
“INDEX=MINZ(R+2,N) ' : .
00 35 I=RPL,INDEX . v

. A(Iﬁq’=SIN‘A(I’Rpi) ! ‘$
. 35 A(I,RP1)=CONJG(COS{*A(I,RPi) )
36 CONTINUE : 2
. ICOUNT=ICOUNT+1 ’
'S . GO TO 22

2y A
PR

C e
C CALGULATE VECTORS
C

27 IF(NCAL.ZQ.0)C0O0 T0 57 oo ' T

M(,NCALM = NhAL - 4 .
,~<(D0 €8 I = H,NCALM ¥

IPL =1 + 1

/ K = WCAL .
. DO 58 J = IP1,K

e
o

£9- TEMF = LAMRDA(I) e
LAMEDAYTY = LAMPDA(J) !
LAMBOACJ) = TEMP

LI}

IF (CABS(LAMRCA(I)) - CABS(LAMARDA(J))) 68,68,69,//'

€8 CONTINUE ‘
DO 70 F = 14NCALM
v L PPL= I+a ' .

. -, . D0 71 J = IP1,NCAL z : \ : ‘
' IF_(CABSILAMPOA(T) - LAMBOA(J)) = (34GE-G7)* (CABS(LAMARDA(INIY 72,

7% LAMANE (1) = LAMBOR(TY = (3.6E-07) *LAMBDACT)
. JIM = I-1 - . . '
) " D0 73 K = 1,Iv  °F® -

1974471 . a
74 LAS&DB(I-K) = LAMBDA (I-K) = (3.4£=-G7)*LAMBDA(T)

[ 4

IF (CABS(LAMBCA(I) - LAMBOA(I-K)) -(3.0%-ﬂf)#(CAB§(LAMBDA(I))))

o 73 CONTINUE %
71 CONTINUE
7C CONTINUE
N=M
! .- NM1=N-=T , ,
o IFIN.NE.2)GD TO 28 '

TPSEAMAX1(CABRS{LAMBDA(L)) CABB(LAMQDA(Z)’,'l £-8
F(EPS EQT.)EPS=1.L~-12

LiI=A(L1)

2Y=A(1%2) » N -

T HO2,2)58(2,2) , . . -

H{2,1)=4(2,1) » . , T

.

338 N0 56 U=1, NCAL ¥ .
. N0 49 T—LyN ]
i D0 29 J=1,N , , :
~ 29 HL(T,J)=H(I;J) { Ve N

08 44 I=1, NM1 - e’ . a

4C HLCI,I)=HL(I, I3 =LAMBDA(L)  °* S

" T MULT (D) =3, . v .
INTH(I)=.FALSE. . .
IPL=I+1 - S

@
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- - 1
IF{CARS(HL(T+1,1)) +LE.CABS(HL(I,I))IGN TO 42
INTH(I)=.TRUE. .
. DO %2 J=I,N’ : ‘ '
TEMP=HL{I+1,J) | . \,

HC(T#d, D =HL(T,0) . ,
41 HUL(I,J)=TEMP * :
42 -TF{PEAL (HL{I,T)) «FQulas AND, A}WAG(HL(I I3) «EQ.L)GO TO 44
MULT(T) =- (I+1,I)/HL(I I)
200 43 g=1 '
B3 HL(I+L,J)=] PL(I+1,J)+MULT(I)*HL(I 2

L4 CONTINUE
DO 45 I=1,N )

45 VECT(I3=1., . : :
TWICE=.FALSCY ° ' ]

46 IFIREAL {HL (N, N)).EO.L..AND RIMAG(HL(N N)) eECCoYHL(N, N) EFS
VECTIM) =VECT(N) ZHL(NGN) , e
- DO 48 I=1,NMi :
K=N=T . '

DO 47 J=KyNM1
47 VECT(K) = VEFT(K) =HL (K, J+1)‘VECT(J+1)

IF(REAL (HL(KyK)) +EQ. D..AND AIMAG{HL(K, K))+EG, L)HL (K,K)=EPS .

48 vi CT(K)~VtCT(K)/HL(K K -
SSS = S - : °
DO 1004 I = 1,N

1ty SS3 = SSS-* (FLAL(VCCT(I)\l:}Z + (AIVAG(VCCT(I)))**Z
SSS = SART(SSS)

DO 51I=1,NML

‘PIF(.NOT.LNTH(I))GO TO 514 .
TSMP=VECT(I) ‘
VERT(I)=VECT(I+1) .~ ¥ :
VE CT(I+1)—TEVF ' o

DO S I = 1,N — .“ , o . \:\
Sy VECT(I) = vtrTir)gsss » N
IF(TWIC")GO TC 52 ' - _ ] \\;

s NM2=N=?

i VICT(I+1)= VEFTiI+1)+VULT(I)*VECT(I) . 4 '
TWICE=« TRUC,
GO TO 46 .

€2 IFIN.FQ.2)GO TO 55 ) : : .

DO &4 I=1,NM2 ’ L
NTi=N«T+1 SR
N0 53 J=NI1,N Y -
53 VERT(J) =H{J,N1I) *VECTINLI+1) +VECT (J)
. INDEX=INT{NIT) i ,
TEMP=VECT(NLII+D ’ - .

VECT(NLI+1)Y=VECT (INDEX) ° ‘.
54 VICT{INNIX) TREMP ' :
ES D0 56 I = 14N . .
Sb  A{T,L) =VECT(I) . o

IF (MCALW.NEWN) GO 7O 64'

' CALL NVRT{A,CLN) o
SUMEIG = 0.6 '
D059 I=1,NCAL . ,
. 59 SUMEIG = SUMCIG # LAMGDA(T) S L
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SUBROUTINE

o ALLMAT

.WAITE (6,60) TRACE,
60 FORMAT (OH TRACE =
1475 4HD)

SUMEIG | )
El4e743H + flb 7y 1HIIDH SUMEIG‘ =

ElLoe7,3H + EL14

)
GO 70 57 ‘ _ (
&L NCALP = NCAL + 1 - T o RS _
'WRITE (5 465) NCALP - N -
o . €5 FO"’HAT (434 CONVERGENCE FAILURE IN CALCULATION OF NO. I2,28H EIGEN
1VALU': - RUN TERMINAT:D) . . .
KEN = 14 i y -
€7 RETURN ,
END —
. S
- , ) |
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SUBROUTINE NVRT{C,QNV, N)

NVRT -ENVFRTS THF tIGENV ECTOR MATRIX GENERATED BY ALLMAT

DO OO

COWPLEX J(LB,48) ANV (48,48) , TEMP (48, kB),ﬁNV(&ﬂ,QS),P(QS)

COMPLEX TFR )
COMMON/TCM/ TEMP

IF (N.NE.1) GO TO 4 3
GNV(1,1) = 1./0(1,1) . .

G0 TO 124

1 NC 418 T = 1,N )
L0 4fc J=1,N . ’ '
TEME(I,J)=0(1,J)

L 410 QINVI(ILJ)= CMPLXQG.,O.)

N0 11 I=1,N

11  QUNV(T, II=CMPLX (1. ,C 4)
K=1
92'I=K .
L=K
S=CARS(TeP (I,LK))

0-

26 L=I
i0 IF (I-N) 3§
3L I=I+1

GO TQ
lh. IY‘ i ___0.__.{'3_»9__’_6&)50

50 Jz

$HP (L)) =TER
(J=M) 8,7,8 ,

Ky INY=QGQAVI(L,IN)
€9 CONVIL,IN)=TFR
€0 TI=K+1

71 TFR=TEMP(I,K)/TEMP (K,K Ki
TEMP (I, K)=CMPLX{G o0 4)
J=K+1

TEMP (T, J)=TEMP(T, J)-TFR‘TEMP(K J)
IF (J=N) 5,4,5

J=d+1 °

fa)

N

GO TO 3
DO 39 TN=1,N ,

4
29 GONV(I,TN)=QCNV(I, IN)-TFR*QQNV(K,IN)

IF (I=M) 7,80, 7m4
70 I=I+1

€0 IF (K=N+1) 9C,91,90
S6 K=K+1 : .
GO TO 92 x




SUSROUTINE

..2‘3_4.. T i ’ - oTrmtemtem T
DO 758 IN=1,N !

aNv (N, IN)-QQNV(N,IN)/TFMP(N,N) . \

I=N=-1 ) , '
J=I+1 -- .

N0 751 IN={,N « 1
PIIN)I=CMPLY(Coylo)

DO 752 IN=1,N . o
PLIN)=P{INY+TEMP(I,J)*ONV(J,IN)

IF (J-N) 100,161,1C¢C

D J=Jd+1 oy -

T 60 TOo %2 . .

DO 7583 IN=1,N K
ONV{I,IN)={QCANV(I,IN) P(IN)‘/TEMP(I,I) .
IF (I‘l’ 11¢ ’120 11¢ : .
I=I-1 . ‘ -
G0 TO 99. -

RETURN . I
END : ‘ .




