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o YLt ¥ PREFACE — o

" e ‘intetal introduckion t6 the thesis outlines the basic ©
5 philosophy which prompted the present investigation. Prjor to ' ; ;
éaxrying out meastrements which could prove definitive in the :
; cvnsuieratmn of substituent effects on equilibrium isotope
rdtios, stud1es of the protium acids and their correspondmg
.~ * .deuterium substituted analogues were cond.ucte‘d with a view to 5w
examining their suitability. for measurement. »~This investigation :

led to ‘a closer ‘examination of the chemical and hﬁysicai proper- .

ties ‘of phenylsulfinylacetic acid and some related, camou_nds\ e v
This additional investigation was not anticipated in the or»iginal R .
scope .of the work, and to accommodate the resulting lapsg.;in . :

* continuity between the two areds of study, the thesis is conven- )\
iently divided into Part I and Part II, each pre‘s’enting’ separate -

fhtmductién, Experimental, Results and Discussion chapteﬁ's. X
3 ! w T e ~. 5
o .




! The themodynamic equilibriwn constants, xt(H') , of five
mn&substitu;cd aceticva;cic}s, RGH,000H,- where R = C, Ph, PHO, ‘
PhS, and PhSO,, have—been measured condl.ictimetricauy * The
syntheses of gve 1sctup1cally substituted acetic acids, RCD, -

CO(H where R = Cl P'hO “PhS, PhSO, and PhSQ;.,, are: described and

the t d ic equlhbmum c :1 i Kt(D), of three _nf
these, R = CL, PRO, and BS, are reported. The calculation of
secund.axy 1sotope effects of the second kind for the ‘three iso-
tapm acid ’alrs, R(HZQX}{/RCDZUX)H, where R = a, PhO, and PhS,
has‘ been accm!phshed by the ;pprupnate comparison of the‘mlo—:
dynamic equilibrium cmstants, /K (D), and by the comparison.
uf 1sotop1c slopes mt(D)/mt[‘H) These slope's, mt(D) and mt('H),
are derived” from lmear least squares treaﬂnents of the Classical
and Shedlovsky conductance equations, and their comparlstm is

demonstrated as a superior method in the calculation of i_sotape.

’ effects. . . O

A lmear least squares mterpulanon to minimm dev:atmn of "
Shedlovsky K values thh varlatmn of llmltmg equwalent con-
ductance (Ao) is tested as a sultahle method for the calculatwn
of Ay, The effect of substxtuent variation on the isotope effects
reported here d1squahf1es the smple mdu:tlve model as a leglm-
mate, defgrlp}lbn of sewndary. 1so:tupe effects of the secoml,kmd. N

. S




¥ g2 The correlétion of diminishing isotope effect per deuteritm atom -+ . ¢
. w1r_h mcreasmg acidity is also mvahdated by the presem: Te-
sults. v T ot . o g o

eRTIL . LT i

L e symtheses of é-'thia-s 1o-dihya phenarlme‘ne 9-oxide and

thmxanthene 1(2 -oxidé are described. szh e conlpomds have been
parually deuterated at theéir respectlve methylene pusnmns by

dissolution in.alkaline deuteriu uxlde. Spectral evidepce indi-

cates stereoselectivity of the methylene protons iprthe exchange e
: }'eactims of both compounds. ilnlike phen) sul_finylaéetic aci{i,»

interchar;ge of the methylene proton chemical 'ShM does not.”

i : occur for either campomd vhen the solve%‘)‘ediiim is varied from

3 dunethyl sulfoxide-ds to trifh ic acid. The d o
] cmfomatmnal change of thmxanthene 10- ox1de from the pseudw 5 | : - :

equatorial arrdy in-chlorofgm-d to the pseudqaxml array in’_ . -

trifluoroacetic acid is’ considered. = ’ :
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- with the corresponding, reéct.ivity changes denoted‘as isotope
3 : R e

1-1. ON THE ORIGIN AND xMﬂxw OF xsumPE EFFECTS™" .
Thé correlation of s;ructuralr changt; with con‘espmdhgv
'reaccivicy Change has renained & topic of interest in the field i
of oonte:porary physical-organic chqmsl:ry. Stnlctural variations
alh’acmg a mde reacnv:ty Tange haw been statisncally tmated

Cc.f. (1)1, and the philosophy of the;y mterpretat-xo‘n has been

_carefully considered [c.f. (2)].. By definition, hoever, the

% ‘mot 'subtle variation in structur must be isotopic substitution,’

effects!".

oL s « :
In the interests of clarity and continuity, this presentation -

will be restricteé to fh:;onsidex_‘atim of only one isntopi:: pai-r,
naitely hydrogen () and deuterivn (D). In the case of chemical
ethbna, an xsotope effect is kfmed\by Lhe ratm of K(H] to
K(D), K(H) being t.he ‘equilibrium constant pemmmg to the pmtm

substituted structure and K(D) the equilibrium congtant appropriate

to the deuterix_n analogue. When rate measurenents are of i.ntérest,
the isotope eﬂ(:c(\,is designa'ted as the ratio of ‘the .correspmdingt
rate constants k(H) to k(D). When the i;so’top; 'e-ffect is greater
than wunity,'i.e. KGD /KDL o KID/KD 21, it is said to be'a
@'nomal" effect, and when-less than Umity, fe. K(H)/K(D) <1 or |

k(H)/k(D)<1, it is described as an "inverse" or 'reverse" isotope

e.£féct.‘ : < g < 4 - X ~
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A further classification of tope effects ﬂeq;erlds upon a

cunsxderatwn of - the effect of the chemcal process, on the bmd
u lmkmg the 1sotop1c atoms to .the molecular resxdues. 1f thls
particular boné) is mbfured or part;ally ruptured, a “pnmary“ B

1sut9pe effect Tesults; but 1£ the bund remains mtact in the

. reaccants transition states, and products the antope effect ) .
is. "secmdary". Equations. [1]* and ;[2] serve to illustrate a e -
primary and a sebmdary isotope ‘effect respectively. -
. ) L
; “Ph - Gha.- coot’+. 10 K8~ pp gy, - 0000 + 0
LR 1 N ’ .

) Ph - GHa.- 000D + D20 " K@= pn’ cit, - el +Dy0(") -
G ® Bat g Y Tt s
) Cph< @l - oo+ 10 £ o ph Nai, - 000l w0t ;
Bes S T : :
X “Ph - D, - oot + ;0. K@ pn - cp, - 000 + 1,00
Secondary isotope effects in which the bonds from the iso- R

s topic. substituents ‘to the molecular residues imdergo spatial '
¢ reorientation have bgcn describednhy,stteitweiser (3) as second- .
MR ary isotope effects of the "first kind". Secondary isotope -
. bl :

r "Smce hydroxyl protiun and deuterium atoms excha.nge very rapidly”

“in aqueous medm, K(D) must‘ be detemmed in Dzo l:cnsequently,




- ir

effects of the "second kind" are those in which no spatxal Teor-
. 1entatxon of the, bond occurs m the equilibrium or rate process
ﬁndeg'canslderan‘on. Examples of secondary isotope effects of .
- the first ‘and second kind are respectivey given by Equétimé fS]’v
‘ald [4].. These examples form part of a series of reactions in-

vesi:igated by Streitteiser-and Fu~workers .

u RO ;
Ph-Co-ma O Ky et e

B L
Bk~ g i i © e
e o . (). )
ph- ¢ -nsp0) KOS gyt
ks o gl o
I, .
'Ph-(lI-H+B() —&>ph-c" “+ B
5 Sl _ Yat
ia1 i . " oy
W S ey
Ph- ¢ -ne () KDL gy e Ly
' Dy ¢ s
@y ¢ .
5 Y <

Mayer (5a), Bigel‘ei’sen (5), Melander (6), and others'(fc, 7 A
have put ‘forward rlgomus theories based on stanscxcal mechamcs
*‘and.the Redlich-Teller pmduct n\le [see (8)] which allow the
acmr?te calcu}ation of isotope effects in chemical reactions.
Although these' theories may differ slighﬂy in emphasis,"the )
:dlfferences are of little consequence in the present dxscusslon

“The calcuilation of isotope effects in rate pmcesses lrequues a




1 knowledge of the mlecu}ar vibrational frequencies of the isotop- '
ic‘a’lly s‘ubstitutqpl species’ m both the ground and transition ..
states, and in the case of equilibria, these frequencies must be ' .
available for both the reactants and prodicts. Hence, the theo- *

retical approach proposed by Bigeleisen and Melander is of limited”

value in its final form, for the situation seldom occurs in which \
all the vibrational frequencies or the related force constants

can be empirically determined [c.f. Bigeleiden and Wolfsberg (5c)1*.

A n&ablq exqe?tion» is the investigation of the formic acid system

by Bell and Crnoks (12). The‘:pl(a difference between HCOOH and

DOOOH observed by thcse workers was, in-good agreement with the

theoretically computed value using only emplncal vibrational fre-

quenciés. Huwever, the measurement and assignment of vlbratlcmal
f're'qﬁend‘es of more complex isotopically substituted molecules in

a conden:ed phase, m which rates and equilibria are usually ex-

amined, is an exceedmgly difficult task. ‘Thus, an accurate cal-

culation. of iSotope effects for equilibria and rates is generally

impossible. =

*rﬂis is not possible for rate processes since the vibrational
frequencies or related bfdrce constants of the transition states
are not bbser;ables. However, several serious attempts have been
made to calculate kinetic isotope effects by erlélaying |||u11:i(:enterv
eransition state models [c.£. Westheiner (9), Bell (10), and Vore

0'Ferrall and Kouba (11)]



" In this equation only thie sums of those frequengies" primarily

. N : Y )
po. s ' - ) . 3 )
. If hv in a pair of H and Dwsubstltuted %nalogués is large
relative to KT for all frequencies, the compley theoretical ex-

. presslons can be suuphfmd to a depenaence on zero-point energy

R R e , Ll =
i T Mgy WIS, 6

where '.'h" is Planck's constant, K is Boltzma.mi‘s constant, o

is the absolute temperature, and "IAV'' represents the difference -
in the Erequenq' sums of the respecuve products and reactants.
Eq'uanon [5] implies that isotope effects .are quantum effects and
that they depend largely on M\double differende between the vi- |
brational frequéncy sums of the products and reactants of the

‘ isotopic analogues.

By applying further apprbxnnatmns Equatmn £53 ymay be

slmplz.fxed to give . 2,

6] XD e D alhy ey

© kD) 24T

* associated with the motion of the hydgpgen atom atﬁﬂ:e@sitim

of interestin the non-deuterated product and' reactant are re-
v s
quired, and these-sums are represented by Iy, and Ivj, Tespec-;

tively. These approximations were employed by Streitweiser for

-. : \..
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the calculation of isotope cffects in rate processes. llowever,
since k(H)/k(D) can'be related to K(H)/K(D) (13)#, then isotope
effcf:ts arising from equilibrium considerations may be calculatéd |

using Equation [6]: The constant "c" in Equation [6] has a theo-

retical value of VZ®*, but Streitweiser (14) has detcrmined the

Value of “e" to be about 1.35 from a Consideration of suitable
“spectroscopic data. By employing Equation [6] to approximte an
isotope.cffect, the suns of all the vibrational frequencies in
both pairs uf,isotopica]ly substituted reactants and préducts’ n‘ré
no lyonger necessary, In extreme cases the sumations may Ee re-
duced to a consideration of two or three vibrations or even a
single vibration. [llowever,‘ for more detailed calculations using
the complete theory, sec Wolfsberg and Stemn (15) and Willi (16)].
It is generally accepted that protium-deuterium sécondary
isotope effects are primariiy dependent upon zenro-point energy
:dif_fercni:es incurred in going from reactants to products. . °

. %
#k(H)/k(D) is actually related to [K(H)/K(D) ]+ in which K(H) and
B &

K(D) are the quasi-equilibrium constants between the respective

reactants and their transition states.
**The theoretical value of vZ  results from the applic:{i‘on' of

the "infinite mass-diatomic oscillator'' approximation, in which
the hydrogen atom is asg(med to be only Vibratihg in conjunction

with the much larger mass of the molecular residue.



Thes'c. difference‘s are in turm“dependent upon force constant

changes which can be attx:ibu;ed to steric intaractioqs (14, 17, L ’

fis, 10,.20, 1, 22, 23) and such electronic cffects as hypercon- .

jugation (14, i7, 28, 25, 26, 27, 28), hybridization (14, 18, 19,

20,29, 50), and induction (29, 31); o >
Strmtwcner (32) has ascnhcd sccondary isotope cffccts of

the flrst kJml to hybridization changes, but dc<cuhcs cffects of

the ':ccund kind as those.which "behave like mduct)ve cffects'™ * ’F

These criteria have been criticized by Halevi (29) who s;a(cs, A‘

classification scheme based on the presence or absence of signifi.

cant structural changes in the region of isntopi;: substitution isv.r
likely to survive longer thar; one based on theorct'ical concepts,
no @tter how well established r_hesz seem to be at the time".

;l'his 'criticism‘mqy well be considered t)‘ivial since structural
changes are themselves u;\mlly based on theoretical concepts (e.g.
postulated.rﬁqchmisms)._ Tndeed, -in his review (29), Haievi
attempts elaboration and interpretation of secondary isotope
effects .in temms of qualitar_i;le theoretical concepts related to * i ¥
changes which are electronic in nature. He statés, ""deuterium

bonded to carbon is effect;vely more electropositive, but less
polarizable, than protium. ’I'hz’)principal factor responsible

(for this electronic difference).seems to be ﬁe anharmonicity

of the vibrations involving the motions of the hydrogen atoms,

which leads to different average bond lengths and angles in



deut’crated and noymal molecules', and hence, a different charge-
g narg

distribution. This hypothesis that' secondary isotope effects of

the second kind behave like inductive effects is supported g}' the

effect of deuteration (at po;itions o-and B to the carboxyl gmuy;)

on the equilibria of the carboxylic acids listed in Table I. In

 the .case of a fev ammonium ion acids (33, 34, 35, 30), which show

. behavjour similar to that of the carboxylic acids in Table I, the o E

effect is more marked; but this has been rationalized on the basis
of .‘opposing ‘inductive and hyperconjugat’i’va cffects in the carbox-
ylic acids (29). . =

If secondary isotope effects behiave like inductive cffécts,
the m‘agnitudc of such effects might be expécted to 'va:ry with
structu{e and with. positiqn of deuteration, and cz;psequently bé

amenable to a linear f{ree energy treatment in much the “same

" manner as Taft's (37) treatment of "large scale' ind,uctive'. .

effects.. ‘Indeed, Streitweiser (32) has suécessfully applied the

Taft equation to estimate the magnitude of isotope effects in

- certain aromatic ring compounds from the isctgpe effects of an

aliphatic serie's.

Using the premise that ‘inductive effects are additive,

Scott and Barnes (38) have modified the Taft. equation (37) from

71 logieK = (1721 +0.025)0* - 4.76

o .
(8] pK, = -(0.550 % 0.059) Zo* +-'5.200 + 0.014

a
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ISOTOPIC PAIR

- G15000H/CD3000H
(GH5) 3CO00H/ (CD5) ,CO00H
" HOOOH/DEOOH '
G15CH2COOH/CD Gi,000H
" G11,113000/G13CD,000H
PhCH12CO01/PhCD; 00N

®. .. H)
Q3NH; /CD3Ni 3

®) (@)
(G5)2NH2/(CD;) 2NH,

*#The recent measurements of the K()

) K /K(D) .
OBSERVED (REFERENCE) ~ CALCULATED

1.035 (32)

“1.04

1.08

" 1.01

1.08
1.12

(32)

o
(34)
(34

(36)

(36)

1.03

1.014
1.021
1.021

'1.083

1.18

3 SGEPRE‘DICI'EDAND‘OBSE;!VEDimPEEFFFm’S [TAKEN FROM (38

'

J

for R~l"ﬁql,COm/R-PhCD,(Ix)(-{, where R = H, 4-McO, 4-NO,, are given

in Table III, p. 28.

*

/K(D) values reported in (38)



N

-‘where o* is the Taft inductive parameter for a Substituent e

atmchcd to the cnrhuxyl group f a curboxyhc ncul thn "y

o .
can be. cons;dcred as a suhst;tutcd methyl group (- CXiXaXs) then -

To* is dcfincd‘u;: / N
[9] " Zo* = o*:(Xi) * a*r(X2) + o (X3)

This modification is similar to Hall's (39) relationships, which

" are given izy

1100 pk, =13.23 - 3.14 Io* .
-~ : ’

for primary ¥ines and -

1l Pk, = 12.13 - 3.23 1o

for secondary amines. In 'these cquations the Io* parameter refers
tothe sum of the Taft constants for the groups attached to the
nitrogen atom. - The Yo* values were calculated by Sco}t and Barnes
(38) for twenty-three carlgox;'lic acids’ listed in Table II, and
used in the cDrrela‘tion ‘o[ Zo* and p;(a shown in Figure 1. The
torielatiun nf o* and Io* (see Figure II) gives.a straight linc

whlch docs nat pass through the origin and the slope of whxch is

not umty. Ho_wever, this plot indicates that the prmuse upon
o . . which the modification of the Taft equation is dependent, namely
that inductive effects are additive, is by and large a good one.

- * * Although the correlation of Ig* and pK, based on the modification



TABLE I
St

190?\

ACID STRENGTH DATA RELATED TO THE TAFT, CORRELATION

AR NSV I Tt Rl S0 L e L, QORILAT IO

FOR SUBSTTTUTED ACETIC ACIDS ‘§HAKEN FROM. (38)]

&

. ACID (X-CO0H)

|- CF3COCH. |
* CC13C00H

(Br300QH
szCOOl‘}
G‘IC].}C“’H
(a3) !);U'lzm:l
NaLC00H
CH, FCOOH

CH (000H)
(}lzClUJ?H
CHzBrCOgH ‘
CFAGH 000
CH5001,C00H

CH, 10004

CH30015000H
HCoOH )
NO Gt G2 COOH

F

Pkl

0.23

0.65

-0.66
e

1.24
1.29
1.83
2.43
2.59
2.83
‘2597
2.90
3.07
3.12

3.18

3.53
377
3.81

X = CXiXeXs

X X; -
F F
c1 c
Br Br
F F
c c1
(62]
- (QHy)sN H
[} H
F " H
Yoo oH
a w7
Br H
CFy H.~
PO H
1 H
0" B

lmom om o=,

z =z o= = o=.=m ==

X zorT
F 9.30
c. 8.7

Br't 8.40 i~
6169
6.29 /

4.62
4.08

3.88
3.78



X Ex,x;)(: >

ACID (X-COOH) Xa Xz, Xs zont
(Celts) 2GHOOOH ‘. 3.94 -0.45 Cels . Citl H 2.45
(Cels) sCOO0H ‘ 3.96 Cetis CeH¢ CeHs  2.94
* @H2C1GH2 COOH - 4l08 '0.385 GH.Cl  H H.  2.52
CeH 5CH2C00H 431 0.215 CHs . H H 1.58
CF 3 CHCH2 C00H 4.49  0.320 CF:Gf, H _H 1.50
C4H 5 CHy T2 COOH 4.66 .0.080 CeHsGl, H  H 1.195
Q43CO0H 4.76  0.00 H H H o 1.7
(@:).GiC0H = 4.86 -0.19 al aH,8 H .29
Gl!(}iszH . ‘ 4.88. -0.10 Ois . . n -~ 0,98
QG000 A.82 -0.115 GG -H H 0.88
QILGH; (GH)0I000H 4,78 '-0.21 ; GI:G; Gl i 0.39 -
(Gita) 5C000H 5.05 -0.30 CH, CH;y “CH;  0.00

e 1 "
TAl1l pk, values were taken from (41) except those of the
" monchalogenoacetic acids, which were taken from (42).

+

The Zo* values are taken from the correlation given by Equation

[8] (see Figure I) and are not deriled from Equation [9].
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(see Flgure I) is mfenor to. that orlgmally gi by Téft a
more extenslve range ‘of structuges 15‘ eml?raced by Equauon [8}
than was used to establish Equation [7]. Deviatio fmm ' the

strlct add1t1v1ty of 1nducuve effects mdy be a consequence of »

stenc effects but these should ‘be neghg)ble in the casg of /‘
H, D, M, and (@, suhsntuonts [However see, Barceu‘s mvest1-
gation of nonbonded mteracnons (18, 19, ZD)] .' : X :
The value of . a’ (D) was obtained fron equll\)bnum constant T
measuranents made by Bates et &l (40) onythe m,mm/cn,m_m Ll
X o 2

system, 'and sm\uarly the valve of o* (CD;) was #btained from an
investigation of the (Gi3)CO0Y/(CD}) ;000 systen by Streitweiser = -
and Klein (33}, Substitution of the pK,'s of CD,000H and

(€D4) 1000H into/Equation 8] allowed Scott and Bames 69) to, "\’

calculate values of 0,482 and -0,011 for o* (D) and u" (CDy), b‘

A rqspecnvely These values “of n’ (D) and c)‘ (CDy) were then used J@

.’, in L:un]unctlon with the values of o* (H), o* ((}l ) and o* (Ph)

(see Table II) to calculatedthe Io* values of the. fnllowmg nso- N TR
topxc acid systens H{IJC(-I/D(XXH o5t LH;(]I)H/CD UizmQH, "

G, H oom/(}{,cozooon thzmt}{/PhCDzCOOH msM“z/CD—,NH,, and
o
(Gia)zNHz/(CD )zNHz From the calculated so* values Scctt and -

’

Barnes’ (38) have recently predlcted the 1sotope effects uf the
latter systems and these are compared (see Table }) with exper- :
unentally observed values determmed by Halevi (34) and Robertsqn
(36 43). Although the predlc ions of the isotope effects for
these acid system.s are qualltatlvely venf:‘ed the observed iso-
tupe effects generally exceeded the predxczaﬂ effe:ts by several
percent. . . ? R s LT,
? . : . '



: ¢ 5
h tu test the adequacy of ‘the mductwc treament smce the mduc-
B T

Bamcs (38, 44) are m qualitative agreemgnt” wlth the Halevi-

5 Bames (38 44) can‘xed oht cunductance measurements to determme

t‘hevK_(H)/K(D) ratios for the isotopic weak acid pairs =

N la-mo-cd{.-d:z-‘mm.
‘of the PhCH;COOH/PhCD,000H pair.

gk tlve model rcqu1m5 to a first appmxmatwn that isotope: effects

be independent of the hature |

; - . 2 ¥
S : . I :
To provide nore data’ w1th whlch tu test the Halev1 Stre1t- ‘
weiser-Taft mductxve treatment of 1sotcpe effects, Scott and © - o

4-X02~Cellu'~ Otz -COOH/ 402 - CaHly “CDz - COOH and. 4-MeO-Cl -Gz -C00H)/
They also .redeter.mined the isotupe effe;:t -

These ac1d systems were chosen .° ' . "

any group substituted in the 4~

.-'pus ion of the ring in the aromatic side chain.

b | ‘ =

Although the lsotupe effect ratms determined by Scott and

FvStrethexser Taft, inductive model, a comparisom of 1/n long(H)/ ”

: K(D) and pl( (H).has been deemed greq(er in slgmflcance and «

declines as the stréngth of the acid increases- (see Figure II1).

mtcrest ] The inclusion of the data for the acetic acid- system
(40) with thz: results of the latter three arylacetic acid palrs

;uggests a trend in Wh].Ch the isotope effect per deuterium atom .

*V.J. Shiner. (17) - orlg:mally propcsed the formula l/n logxu!((H)/
K(D) in which n.= 3 for m,cooH/co,cmH and n = 2 for the aryl-

i "
acetixc -acid:




A PLOT OF & L0Gy ¢ K(H)/K(D) Vs. " [TAKEN FROM (44

L0G,, K(HI/K(D) -

L
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" OMs

440

pKg (H)

CH800H "
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Two observatiuns' emerge from the correlation of pKa[H) with
Un loguak/K®): a :
(1) m’\;remcted value of 1.02:for the isotope effect of the
Phﬂ'l;CDGH/PhCD;C(X}{ acid pair based on o*(D) is now much cluser
to the observed vdlue of 1.01, i.e. the inductive treatment is )
pal':tially verified: . e 2 e &
(2) The isotope effect appears to be variable and depends
on the structu of the acid (38,44). ‘This is not consistent’
wit.h v{he simple inductive Mel, which requires that the inéuc-
- tivé gffect per deutorium atom be independent of the molecular
environment of the iSotopic substituent. .’ ’
i "Ehe_ aim of the present work was to furnish further data
“*which would test the'correlation of diminishing isotopé“ effect
per deuterium atom with incregsing acidity (see Figure III).. The
r.elatively strox'lg isotopic acid 'pajrs Cl,(}i;O;)OH/ClCDszH,'
PhOCH, COOH/ PhOCD2 COOH,, PhS(}I;mI/PhSG)zQ)OH PhSOCHzQ)OH/PhQOCD;
COOH, and PhSOzG{zﬂ)OH/PhSOzCD;(I.\OH were chosen for investigation
because previous studies have shown the protium acids to be suit-
able for COI\dI;\CtanCe measurements [42 45, 46) .and these pairs ®
would furnish points in the low pK (H). portion of the correlation -
. (see Figure III) A lmear leas; squares- treatment of the data
- for the,carboxylic acids exanined by Scott and Bames (38, 44)
.‘jlas‘emplayed to (:letemine a te‘nt’ative relationship between

1/n 1og, oK(H) /K (D) and PK,(H). The resulting equation is




121 1n 108, KOD/KD) = (6.56.x 10°%) PR, -

This rala’tiﬁnship was employed to predict ‘the isotq)é effects

mticipated\ for t.he isotopic u:id pan's ‘under cmsxdenmm in

. the present mvest)pnm (see 'l'ahle TII and Figum !V}




. " TABLE 111
‘THE PREDICIED ISOTOPE EFFECTS OF SOME CARBOXYLIC ACIDS - 5 T B
CALCULATED FROM A LINEAR LEAST SQUARES TREATMENT

OF OBSERVED pK,(H) AND iSOTDPE' EFFECT VALUES

- . pKa(Hi % K(H) /K(D) ‘CALCULATED FROM . OBSERVED K(H)/K(D)

* PROTIUM ACID !
S 5 [TAKEN FROM (41)] BQUATION [12] - _LTAKE TROM (44))
;000 - 5 ¢ 276 ) 1.032 7 1.035
4-MeOCEHUHACO0H - ST o009 0 . .. . 1008
CeHsGH2000H . . . 4,31 . 1.007 ©t 1.0
4-N0ZCHCH2C00H ' 5,88, ©ooses .. 0.9
CoHsSCH2000H ) 343 ) . 0.981 e 55 peas
CoHsOGH000H  ; . 3.4 g T a2 ® s
C1012000H D 2.85 0.964
5 N e T " .
CeH5SOCH2C00H - . 2.66 S+ L0858
- CeHsS02G12000H 2.44 o052 . -
g \

87
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1-2. . HE CALCULATION OF HL_ILIBRIUM CONSTANTS FROM CONIRICI’ANCE

' MEASURRMENIS P kg

1-2a. AN INTRODUCTION 'I.‘O THE_CONDUCTANCE METHOD

s scvcrnl excellent accounts of conductance Measurenents e

- electrolytic solutions are available (47, 48, 49, 50, 51, 52), ) 5
this introduction attempts only a brief history of the calculation
of equilibrium constants from concentration-eduivalent conductance
data. »

“Early conductance theory attempted a distinction between
electrolytes, classifying‘thcm as eit.her weak or strong. Botf\
classifications evolved from a consideration of the' relative con- .
ductances of their -solutions at comparable concentrations, the

_ strong electrolytes having larger condug.t‘anges than the w?ak.

Electrolytes which obeyed the Ostwald Dilution Law (53),
[13] v ol o big g A_52.. . . .
: A Ao Kehg? - (

were'classified as weak electroiytés.* Strong electrolytes

appeared to follow'the Square Root Law, empirically formulated by

*The parameters of equivalent conductance (A), limiting equiva-
_lent cor{ductance (Ag), concentration (c), and equilibrium con- -
stant (K.) in Equations [13] and [14] are defined more fomally

below.
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“Kohlrausch (54). This relationship is expressed by

141 A= h - BEOF

.in which B is the .limitingél'ope.‘ This distinction, however,
was not sharply defined and in several instances the classifica-
tions tended ‘to overlap:

Modern electrolyte theory classifies electrolytes as either
ionogens or ionuphores. The- former are typified by covalent
molecules which rapidly produce thermodynamically stable* ions by
a dissociation process in aqueous medila, and the latter are elec-

"tfolytes which exist as ionic lattices in the p\;re form. '
The specific conductance of f solution depends upon the

nunber of ions per cubic centimeter of solution (nj for the ith

kind of ion), their charges (z;e) a.nd their mobilities (uj), i.e. :

their velocities per unit of field strength (55). 7 Hence, " the
specific conductance, L, is described by

[1s] L '>_:ni{zie|ui .~ .
i

#Certain organic reactions which produce thgm;pdynamichlly un-
_stable carbonium ions have also been described-as "ionogenic
Teactions'. The distinction between these -and the above is

: . .

. obvious. 3 A 7 K



) g .
N . . o i, . v

In practice the specific conductance is an empigical observable

" related to the resistance (R) -of the solution by

[16] .

/R L d}
‘where k i$ the cell constant, the detemmination of which is des-
cribed below (see 3:1. CELL CONSIANTS, pp. 83 - 85).

' The equivalent conductance (1) of the solution is readily
obtained from the specific conductance by employing the relation-
ship

; -10°
173 A ow o Lo10

. g . o & !

in which the concentration (c) is expressed in noles per 1000 g

of water.?‘ a single neutral solute having a degree of ioniza-

tion a, the ionic con:entrati;m is ac and the tpt.al charge per molal -
. unit is ocF, where F is a charge of one Faraday. I\n conjunction

with Equations [15] and [17] this leads to
risl A = oF(u #+u) . -

*Concentration is sometimes expressed as equivalents per unit
volure of solvent, but in the present case of 1:1 weak carboxylic {
acids-dissolved in water, molal concentrations were used in the

calculation of equilibrium constants. - = s



where u, and u_ aré the appropriate ionic mobilities of “the
X : . ) \
species present at any finite concentration.

Hence, the variation ofithe equivalent conductances ‘of iono-

. o
. phores completcly dissociated in solvents of high dielectric.con-

Stant is prxmanly g‘functmn of the variation of ionic mobnhtles
with concm!ratmn. Although the mobility factor remains mpur~
tant fcr solutions of ionogens, it is superimposed upon the more

doninant effect of the degree of ionization. B

Kohlrausch's Law (56) implies that ionic mobility at infin-
ite dilution i; limited s;lely by‘localirzed interaction with sol-
vént moleciiles, 48 no othier iofs are within a Finite distance.
Thus, the limiting equivalent conductance at infinite dilution
(hy) is the sum !.;f the contributipns of each ionic species, inde- ’

pendent of the nature of the other <pecies present, such that
: . .
1191 . ho = F@s +uw0)

and this can be also expressed by .

w3 -
201 Ay = A0+ 20 . ‘v -
rd 5 o '
From Equations [18] and [19]
a1 M o SO EE)
o (U0, + w.)
may be obtained. . .

“




From theoretical cons;dératio@ased‘m an "ion atmosphere”
nodel, Debye and Hiickel (57, 58) proposed an expression for the
electrostatic potential at a finite distance from an ion. This,
expression a;luws the calculation of Lhe‘ele\;trostatic‘ free ener--+~
gy* of an ion relative to a neutral panikle of the same mass and
size in a mediun of known dielectric constant (D) and temperature
(T). . This. model provides an expression relating the mean activ- '

ity coefficient (f4) to the ionic strength of solution (I), the

expression for the meart molal ionic activity coefficient (f,) is

+ given by , * .
2 .

‘eay* log £ = A%|ziz| :
- in which I i€ defined by the equation <o

e x5 2 ) 3
- [231, T o= 3% Iz;%¢; . . .

€ i
where z; is the charge on the i™ jon at concentration -
Equation [22] applies to extremely dilute solutions only but it
g - [
has been empirically'modified to accommodate higher concentra-
tions by altering the denominator and adding a term containing <. -~

*Both the Born charging (61) and ion atmosphere temms. are given
“by this treatment, but-these are easily éeparated. The latter . -~
* term c’nly is considered in the sent discussion.



“[see (59) and (60)1. 5 e

From a consideration of Equations [13],[21] and [22] an ex-
;;ressim for the themodynamic ‘equilibrium constant of a weak

g monocatboxylic acid is given by

a2ec.f,?

@ -af; - S

(241
in which f is the acti;iit); coefficient of th; undissociated acid
at concentratmn c. Equations [13]‘,"[22] and [24] can be cmnbim&
tu yield

7 . 5
253 log K = logK_ - 2Ac;

Jfor’a 1:1 electmlyte‘ if fu +1. Hence a mﬁtimﬁp between the

“classical" equilibrium constant (Kc) des(gnbed in Equation [13]
and the "thermdym’ic" equilibrium constant (Kt) .in Equation [24]
is obtained. ' ;
Using the Debye-fiickel model, Onsager (62, 63) has rational-
ized the Square Root Law and successfully prediqte;i the magnitude
of the ‘limiting slope (B) in Equation [14]. His treatment postu-
lates two factors which infl g interionic motion in electroly-
tic soluti:uns subjected to an eleTtric ‘field. The fxrst factor
is derived from the opposmg mtwn of an ion and 1ts oppositely
r.harged ipn atmosphere, and 15 known as the electrophoretic

effect “The second factor, r_he relaxation effect, results fmnb

mepe. rbatipn of the ion Sre by an external field:, The



. ion atmosphere is continually “decayi’ng"‘ and "‘refomipg" as the—
ion moves through the solution.” Although. the mathematical treat-
ment of these effects is outside the scope of this thesis, the

resulting equation which accommdates these effects is relevant

and is given by Yea

v
[26) CR= AGTRAB ¢ YAQ) (ac)

in which # is” the electrophoretic cofistant and y is thé relaxation °
constant. Thé mumerical values of 8 and Y used in the present
thesis are based on values of the diélectric constant and viscos-

-
ity of water (64) recommended by Fuoss and Accascina (65). Faua-

tion [26] is a limiting formula in which linearity with (nu:);’ is
anticipated up to concentrations of ca. 0.001 N, beyond which
curvature appia/ré in the plots corresponding to a Iprcgressi-ve de-
crease in the slope with increas;ing concentrati n.
** More elaborate theoretical equations fof conductance have ,
- been proposed by Pitts (66) and Fuoss and Onsfger 67). '['}_15 Pitts
equation has been satisfactorily applied to the conductance of &
- "hydrochloric a(‘_:id. Theequation propo.sed by Fuoss and Onsager
treats the ions as spheres rat‘}ievr. than point charges and 'ta.kes‘

the form.of = %% '

[27] A=

@

: - S(c)!i + E(c log c) +.J(c)

°

irt which S is the Onsager coefficient (B + YAo) of the limiting




¢

i : = &
law {see Equation [26]}, E.is a constant defined in the same . -

yariables as S, and J is a function defined by ion size.
The Pitts and the Fuoss-Onsager equations will not be dis-
cussed further as both arc ‘outside the scope of the present work.

Indecd, the validity of their application to acid solutions has

s i . : PP
been questioned in as much as thesc treatments consider ionic

migréﬁd\ as "submarine-like" motion, whercas "pmton‘ ; ju_upsi'

mikht be .'ahtigipateg"f‘ur thé migration. of hydfonium iops.
g . . Tk R

'
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* is stated as

"~[243 v

'l-Zb‘. INDIRECT pénnns; ‘DE SIMULTANEOUS GENERATION OF K, -and Anb

—~

’
~ b . * . %5

The Classical Plot. -- Equation [24] provides an i

. for the calculation of ynamic. equilibrium and

The classlcal appmxunatmns pmpcsed hy 'krrhen:us (68) assumed

no mohxlxty dxfferentxal thh varymg com:entratmn and neglected

“interionic’ fDl:'CEs.S.{f constant-mobility is assumed ‘then

iy . eem Al it

291" ‘- <
" g (l-lx)

whn:h is the class:;al expression proposed by the Arrheluus st—
socmt'cm Hypothesis. “The Ostwald Dilution Law xs-abtamed by_

cuniumng Equations 1281 afd [29]. .With mrnnguwnt these

yxeld the expressmn stated prev‘lously as Equatitm [13], namely

[13] ) L e S
o A

»-
. . o - vl &
. Aplot of 1/A against A-c generates solutions for A from

the 1/A intercept and K¢ £rom the slope value of 1/K A%

J¢ T



The Fuoss and Kraus Method. - Rioss and Kiaus. (69) havd
- et - .

both 'long-iange interionic forces and jon mobilities. Ev\pioying
an ahbrevmted form of the I-‘uoss»()nsager E.quatmn {see Equat.mn
[27]) for i'l mnugen soLutlons, the propused relatmnshlp can

be descnbed by

o u=—A—;—",~‘
< Ao[l - S(uﬁ) /o) » = t

wh)ch is'a.cubic equation 1n o, the degree of 10n1zatmn assoc-

iated with the ion concentratmn ac.¢ A corrected value of o can

.then be obtained from Equaton {30] by successive substitution of -
. \

«.into the correction factox répresented by the bracketed term in

" the denominator of the right hand side of Equation [30]. . This -

iterative process rapidly converges to yield.a corrected value of

a.,

The correction factor 1- S(uc) /l\c in the denominator ‘of
the nght hand side of Equatmn [30] may be expressed as

31 F‘(z') 5 4t -l - zcecc:)"s]-’i}f‘f.

v oA

where z is S(A c) 7’1\Q / 2, Alternatively, the contmued fraction' |

can be descrlbed in terms of the ‘following cosine relatmns]up

1321 F) = s cos?[Vs cos (-3 22/ - 4
(e 2




+ Ay R = g %%
The degree of ionization, a, then can be expressed in the .abbrev-
. b ;

iated form of

# .
[33] Cam A
AoF(2)

Comh)mns, lqmtmns {24; and '1 33] and rearrangmg these to a

form analogous to l:quanon [ yields
g 7 %
[34] - F(z) _ o o o hECTFRE
. r KMo+ F(2)”

b f is assumed to be unity. ‘ s E
A linear least squares trcatmcnt of the P(z)/A and A.ce £42/

F(z) variables, which have been calculuted from an approximate
 value of g, ledds to a new value of Ao, the least squares inter-
. cept. Th:s generated value of A, is used to replace the approxi-
mate A, used initially and the correlation is repecated. The

iterative process is continued intil two successive values of Ay

ware the same within. predetermined precision 1imits. - The final

value of Ay is used to calculate K from 1/K I\D » the fmal N g

least squares slope.

The Shedlovsky 1 Method. .- By replacing o w1th A/I\a in the
. abbreviated Fuoss -Onsager, Equatmn {see Equatmn [30]) and rear-
ranging the tems Shedlovsky (70, 109) proposed the following
s R %

quadratic expression in n‘i,




B

: n
) u
(s) - QD ok, A s g v s «
: Rt 0 e
which can be solved in terms of the z variable {see Equation [31]}.-
‘Fhis yields ¢ i
Be) e = A s - L
i [

This' §(2) functic;n is wsometimes cxpressed as a power serigs,

suich that

Lo _‘ CS@) e lezeat2d 28 28128 L L L

*="Solution of this equatioh for K

and mumerical values of S(z) have beén tabulated by Daggett (71).:

If £ is assumed to be unity and Pquations [24] and [36] are
‘canl;_ined. and rearranged, the expression becomes-

[535 1.1, MeRiS()
i AS(@) T Ay Kkt

¢ is achieved in a manner similar

. to of the previous method but the variables in this instance

_are gcl\:yated via the.S(z) function rather than'the F(z) function.

The Ives Method. - .Ives (72) has ‘developed. a method for the
calculation of equilibrium ‘constants from a cqnsideraficn of a
modified form of the Ostwald Dilutior Law. The acidity constant

is expressed as

[39]




e . in which f“ is assumed  to be -unity and \
& o3 o= A
T ° L E

where l\x is.the sum of the equivalent condictances of the ions at
ionic concentfation oc. A, is obtained by applying the abbrev-
q iated Fuoss-Onsager Equation {sec Lquation [30]} to’the ionized

part of the solute, such that

N & y
{411 Ay = B —-S(Ac/A)?

z 4 B
in which'S is the Onsager slope: Then Fq\xatian' [39] may be re-

written as

; 4 Rcefy?
T2l A S(ee/n)® = g - ;
8 o © KAy - Sc/)

. L1
The substitution of 1072ANC/4)7 gor £,? leads to

g P/

£ 43 1+ Sare/ad® = hg -
{ o s h[Ao-S(A C/Ax) ]

'

where A is“ghe Debye-Hiickel coefficient.

By employing an approximate value of-A,, a linear least

* squares p10t§;;+ sf/\.clnx)‘i and
A2.c1072AM /Ao - SCh-c/h*® variables leads to the

generation of a new valuc of A, obtained from “the mtercept by

extrapolation. '11115 new valu€ is mcorporated into the iterative



4
ymeess and the czlcnhna\ is repeated The npprq:nate value
ofiKy is :c;epted Hhul the value of Ay shows. no npmvmt with- .~ -

_in predgum:md precision luuts. . Co- A




“1-2c. DIRECT METHODS: THE' DETERMINATION OF K, BY DIRECT
) SUBSTTTUTION OF PREDETERWINED A, VALUES
% o The Robinson-Stokes Method. - From activity coefficient

and moblhty considerations both Sherrill -and Noyes (73) and
7 MacInnes (74) defined the degree of mmzatmn (o) in dllute
soluuons of .weak electrolytes as

[441 o = A e

T

-where A; is the equivalent conductance of the hypothetical,
fully-ionized electrolyte S:t idnic_concentration (:1
By enploying an es‘timategl value of ﬂi ob{aine(} from A, and
a thecreti:f{l equation for A m‘c which assur;les the electro-
Iyte is stroﬁg (see Sal'; Method below), MacInnes and Shedlovsky . -
s (75) were able to‘su‘ccessi\(ely approximate the value of o to )
; convergence from empirical. equations. This improved value of o *
Vild SHbSSHIANLIy SEL. to CATCULHES K, from Equation [24] with £,
+  taken as unity. . ' , :
In amore extensive treatment, Robinson and Stokes. (76)
divided tl;e square root term of the Onsager Limiting Law {see

. Fquation [261} by the factor (1 + ka)* to allew for the finite

\ - *« is the ion atmosphere constant of the Debye-Ifickel Theory

which can bé put into the form x2 = BZac where oc is the -ionic

strength of the solution and-B'is a constant at given tempera~
P
ture for a partlcular medium. .



. I
size of the ions (ak), which has an estimated mean valus of 4A
(7). THe }esulting equation is 5 .
- sl |
1451 A, = hg - LErYhg)(ec
;<o -L——"Lx;l—l ; 2%

+ Ba(ac)

The activity coefficient f, at the ionic concent\ﬁnpn oc is .

now given by

1461 £ = 10AGOYL Beffuc)®

The value of A; will not be very sensitive to ‘the value ascribed

to mean ion size if the ionizat‘icn of the weak electrolyte is not

extensive (77). ) B
The initial substitution’of A, -for A; in Equation (44] leads .

to an appmxima_te value of a. Subsequent int,mductio: of this

value into Equation [45] yields an improved value of A;. Itera-

tion of this process. leads to rapid convergence of o' which is

theri introduced into Equitions-[46] and [24] to yield a value of

Ky for each concentration-equivalent ‘conductam:e data point.

The resulting K¢ values over the enure concentratlon range are

averaged and the assucmted standard dematlon is calculated.

‘.The Shedlovsky II Method. - This direct method was designed

t;y Barnes (44) and Scott et al. (38, 78) as a simple modification
of the Shedlovsky I Method described previously. A-predetermined

value of A, is introduced into the Shédlo\lsky’?ql_wtion {see



‘iquation 381} and, as no iteration is necessary, a value of K¢

. " ~ ST e
i ~

is generated for each coi\centratim-equiyalent conductance data
point. As in the Robinson-Stokes Method these values of K¢ are
averaged, with the resulting standard deviation being ascribed

to the error associated with their measurement and calculation.




. le.f. (47) and (48)1.

1-2d. " THE DETERMINATION OF LIMITING EQUIVALENT CONDUCTANCES 7
- (Ag) FOR WEAK CARBOXYLIC ACIDS (HB ‘

The Salt Method. - Dissociation is considered complete a\‘nd S’
association negiigiblc in solutions of scdium and potassium
salts of weak carboxylic acids. ‘A value of A, for .a weak car- “
boxylic acid can be ‘ol;taincd by an extrapolation procedure based

on a modification of Equation [20], namely.
i

< + <
7 MUB) = )+ B
The calculatidn of Aq(HB) can be achicved if the appropriate
limiting transport numbers are available in existing tables

Alternatively, A,(NaB) can be obtained by extrapolatlon of
empirical conductance values at various concentrations of the
sodium salt of the weak acid. This value can then be combined
with tabular values' of the limiting equlvaIent conductances of

the Na and H" ions, such that

[481 . M) = A (H*) - A (Na") + A (NaB)
.
This method has universal application for the determination
of Ag(HB), with the exception noted by Ives (42) that the anion,
B, have sufficient Thenwdynamic stability to maintain its mole-
cular integrity over the period of measurement. £ s
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Iterative Meth8ds. - The Indirect Methods discussed above
may,be used to determine values of Ao(HB) by employing the ap-
propria‘te Tepetitive processes. Table IV compares values of
Ao (HB) for various weak carboxylic acids determined by the In-

dxrect Methods with those determined- by the previously described

Salt Method. o \ K e

The Shedlovsky IV Method.)— A statistical modification of

the foregoing Shedlovsky I iterative technique was devised by .
Baines (44) énd Scott et al. (79) to determine the hest! value
of Ao(HB) based solely on a least squar;es treatment of the, con-
centration—eguivalent conductance data. The theﬁndynamic equil-

ibrium constant,’Kt, and the standard deviation associated with

this parameter, §, are calculated for a series of arbitrarily
choseﬁ Ao(HB] values whose range falls on either s1de of the
"'true” ‘AO(HB) value. This calculation not only develops a func-.
tional relationship between the av-eraged K‘t values and A, (HB),
but more slgnxflcﬂntly, the standard de\mstmn () of the aver-
aged K, values may for any given value of AO(HB) be expressed as
a function of Ao (HBJ., The value of AO(HB) whxch occurs at the

minimm of the curve resulting from a plot of & versus Ao(HB) is

accepted as the "hest"’value of Ay(HB) on a least squares basis.
' Sample plots of the § and K (average) parameters versus
Ao(HB) al'"e shown respectively by Figures V and VI using data
derived from Table V. Values of A (HB) calculated by this method

are compared with those calculated via the Salt Method and-the

Indirect Method{,,urrrable w. . _
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TABLE IV

COMPARISON OF SOME WEAK CARBOXYLIC ACID EIMITING

SHEDLOVSKY IV METHOD .

IVALENT CONDUCTANCE ‘VALUES (fg)*

- CALCULATED BY VARIOUS METHODS

3

Ay OF R-CH,000H (REFERENCE)**

A COMPARISON OF SOME WEAK CARBOXYLIC ACID EIMITING EQUIVALENT CONDUCTANCE VALUES (Ag)*

R=H

389.6 (75)
390.7 (82)

“350.0

389.6

R = CeHs R = 4-MeO-CeHy

379.6 (80)
'383.7 (83)

367.0
380.5°
381,7
381.7

e

377.3.(81)
383.7 (83)

- 370.0

380.2

379.5 .
v

379.8.

R = 4-NO;-CeHa

3565 (80)
383.0 (83)

376:5

- 378.9

378.9
378.5

S T ol l
*\, values are on the molality scale and havé units.of g cm™'a"} ‘equiv='.

**A11 unreferenced values are taken from (44).

Mels s

6v



TABLE V. >

. “ SHEDLOVSKY IV RESULTS FOR THE cmmmm‘xm-g_]gym
CONDUCTANCE DATA OF TODOACETIC ACID AT 250C [TAKEN FROM (44) 7* .

Ao AVERAGED Xy x 10° AVERAGED DEVIATION (5)-x 10° -
s75.0 0 7.866 S sae

376.60 = 7.777 | L 4.96

377.0 7,600 [ ° 2 o WL 2,
378.0 . 7.606 x i 4.09

3790 7.522 3.68 -
380000 = Fe 7.401 3.29

381.0 7.361 " » 291

382.0 n282 - . 2isgy

383.0 : 2206 - 2.20° =
385.0 7.056 . : 1.54

386.0 - 6.985 1.24

387.0- 6.912 . 0.9 #
388.0 - " 6.842 0.65 - -

389.0°" 6.773 - 0.38 !
390.0 6.705 ¥ 032 : /
391.0 ) 6.640 ' 0.13 :
392.0 ® 6.574,. : 0.37 .

393.0 6.510 N 0.61 " -
394.0 6.447. : L 0.8 .Y
395.0 6.385 . 1.05 ¥
400.0 , 6.090 L 202
et o, ® : .

*The. ion-equivalent data were taken from

(42)." X, and § values are not quoted for Aq = 384.0 in the
Table as ﬂlese were, omitted in the original [see (44)]
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1-3.> THE. CALCULATION OF ‘Isaroﬂs EFFECTS

21 i Previous Célcula*tions'. - Isotope effects can be dnactly

toe detennme’d r.hrough the use ‘of Equatlon [48] [cefs (IZ)],

K¢(H)

rag1 Yanfops 57
Cn K (D)

in which the thermodynapic equilibriun constants of the isotop~
ul p

ically substifuted acids are obtairied. from the aforementioned

*.'Direct. and. Indireet Methods of calculation [c.£. (36, 43)7, but

l_éss tigorous methods bf comparison have beer employed (32).

“The Shedloveky 1 Method.” - The She‘dlovs;(y Equation {sée
Equatmn [38]] has heen modified in a novel way by Bames (44)
and Scett et al. (78) to d‘uectly calculate isotope. effects. .
this method the ;intermediate steps of equilibrium constant cal-
culation are umnecessary. In Bqua\tion 1381,

1381 L1 L 1, Aef?8()
; Keeho?

the correctmn terms 1/5(z) and £,2 *8(2) fonthe variables 1//\
and A-c requlrc a, knowledge of Ao for their calculation. 'If a.

value of A (H)* is avallable and assuming that A, (H) = A, (D)**,

*The bracketed or subscripted H and D notations refer to the res-
pectlve protmm and” deutenum substituted acids. ._
. **The vahdlty and mpl:lcat:lons of this assumption are discussed

insome detail below




both correction’ terms for the hydrogen and deuterium substituted
_acids may be calculated. The Shedlovsky. variables 1/A-5(z) and

Rec+£4:5(z) Can then be detemnined for both isokopic acids to

give " ; . 5
L ‘ . Z s : “
N 7 r497 2 ol @ A(H] e S(z)B £22(H) 1 84
- G . AH-S(2)y M) v K () AP (H) )
and

e g Sl A sEpEm)
: W@y R® L R@uem

The slopes of the correlations, '"t(H) and m (D), are given by
.

[513 mEH) = 17K (A0
" o
and ; .
522 m(® = -1/Kt(nlnnlin)
’ Hence, the 1sotope effect is given by
- .
i
K. (H) m_ (D) ;
[531 el = g
: K, (D) T my ()

If a value of A, is unavailable, the. usility of this method
. Temains undiminished,- since the techruque of varlation of A,
over a range of values falling on either side of the true value S

of K (described in the foveqaing dlscusslon of the Shedloveky S
< a9 <2 3




IV Method) can b‘e incorporated into this. treatment. . =1
A further refinement of this method results from a cumi&er-
ation of the 1<ot0pe effect calcul:ltlon on a "cell by cell”
basis.. Tf the value of A is replaced by ke 10’/R in Equatlons'
[491 and [501, then the rcsultmg slope valqu for a single cell

(cell conétant ;) can be algebraically reduced' to 3

(561 w00 = G x 100K TN A a2
and o . o
551 n D) = (kv x 10°)2/K (D) +Ae? (D) '

- +
Hence; “the isotope effect value for a single cell will be

S K, () n'm
[56] S .
L K@ e ()

) J
This implies that although values of k; and A, are.required to
calculaie the 1/5S(z) and ffz-S(z) terms (which are small), the
mfluence of ‘cell constant values and their associated errors

may be largely excluded from Jsotope effects calculated on a

single cen bas1s. |

Barnes (44) and-Scott et al. (78) have shmj'n that the. pre-
cision of the Shedlovsky III Method is 'hirghernthan the precision
assocmted with  methods wh1ch compare ‘thermodynamic equlhbnum

‘constants to detemine 1sotcfpe effects, They attnbute Lhe
A .




- s . - < " g
incredsc-in precision to the insensitivity of the:Shedlovsky

R slopos to A, in the 'imcdiutc range of thu-tmo value of Ag nnd .
‘the climination of .cell Lonst'mt vﬁlucﬁ as mJJor «.ontrlhutors

in rhc 1sntope crreLt cnluxlntmn, . ..

Tables VI md Vi1 Jllustmtc the slopes or an' isotopically

stituted acid pair [’"'t(“) and mt(l)) 5 re:pect)vcly] as Ium:-

t)oll\ of Ay, wl\l'lc Tuhlc VII1 shows the resultant 1sotopc cffects

and demonstrates the rcl:.llul)ty of this method. A comparisgon -

T cf the - rewlts of this method is made with those of other’ mc‘th-

3 m]< of uvmputmg 1\ntopr.\ effects in Table IX.




.

~J //H\) ' TBLEVI -
B LR SLOPE [my(1)] vs. A, FROM A SHEDLOVSKY 111 -
: TREATMENT OF PHENYLACETIC ACID DATA [TAKEN FROM (44)]
! T % SWPEm )Ix10 -
CELLI .. CELLIT CELL III - CELL IV _CELV

(B “, 374 1.4185 2.0.0015 1.4153_3 0.0013  1.4174 + 0.0015 1.4173 + 0.0015 1.4133 + 0.0016

376 1,4184 + 0.0014 . 1.4153 £ 0.0013 1.4173 +0.0015

-

.4173 + 0.0015  1:4132 +.0.0016

378  1.4183 + 0.0014  1.4152'+ 0.0013 1.4173 + 0.0015 L4172 + 0.0015' 1.4131 + 0.0016 -

—

380 1.4182 + 0.0014

-

4151 + 0.0013  1.4172-+ 0.0015 L4171 ::9.0015 1.4130 + 0.0016

382 1.4181 £ 0.0014 1.4150 + 0.0013 1.4171 % 0.0015 1.4170 + 0.0015 1.4130 # 0.0016
4149 + 0.0013  1.4170 + 0.0015  1.4169 + 0.0015- 1.4129 + 0.0016

0
0

384 1.4180 % 0.0014 '
0 4148 + 0.0013" 1.4169 + 0.0015 1.4168 + 0.0015 144}28 + 0.0016

386 1.4179 + 0.0014
388 1.4179 + 0.0014  1.4147 +.0.0013 1.4168 + 0.0015 1.4167 + 0.0015 1.4127 + 0.0016

<390 1.4178 + 0.0014 1.4147 +0.0013 1.4167 + 0.0015 1.4167 + 0.0015 . 1,4126 + 0.0016

9



g
374
376
378

380
382
‘38‘4
386
.38

390

TABLE VII

SLOPE [m¢ (D)1 vs. Ao FROM A SHEDLOVSKY 11T '

TREATMENT OF PHENYLACETIC-2,2-d, ACID DATA [TAKEN FROM (44)1

¥

SLOPE [m,(D)] x 10 g
CELL .1 CELL IT CELL II‘I ' -CELL v CELL V
1.4277 £ 0.0014  3.4263 ¢ 0.0014  1.3271 + 0.0019 1.4275 + 0.0015 . 1.4255 + ‘o.og;ﬁ'a
1.4276 + 0.0014° 1.4264 + 0.0014  1.4270 + 0.0013, 1.4274 + 0.0015 _1.4254 + 0.0014
1.4275 + 0.0014 1.4261 * 0.0014  1.4269 + 0.0019 }.4274 .t 0.0015  1.4253 ¢ 0.0014
1.4275 = 0.0014  1.4260 + 0.0014 ¥ 1.42‘68 + 0.0019 ¢ 11.4273 + 0,0015 1.4252 270.0014
1.4274 + 0.0014 .1.4259 + 0.0014 1.4267 + 0.0019. 44272 + 0.0015 »»1.4251 +0.0014
14273 + 0.0014 - 1.4259 + 0.0014  1.4266 3 0.0019 1,4271 £ 0,0015  1.4251 £ 0.0014
1.‘4272 * @014 © 1.4258 * U.Dl)i4 1.4265 + 0.0019  1.4270 * 6‘0015 1.4250 + 0.0014
1.4271 + 0.0014  1,4257 + 0.0014 1;4265 +0.0019 1.4260 + 0,0015 1.4249 + 0,0014
v71.4270‘ﬂ': 0.»00],45.' 1.4256 + 0.0014 1.;2_64 + 0.0019 i.4268 x O.DO}S. 1.4248 't 0.0014

. 8%
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: TABLE VIIL =
#
ISOTOPE EFFEC}'S CALCULATED VIA THE SHEDLOVSKY ITT TREAHB\IT OF
- PHENYLACETIC ACID AND PHENYLACETIC-2,2-d, ACID DATA [TAXEN FRDM a1
o ISOTGPE EFFECTS [me(D)/me (H)1
Ag = — _
g CELL I *  CHL IT " CELL III CELL IV * CELL V
P y . i
~ . . .
374  1.0065 + 0.0014 1.0078 + 0.0013 1.0066 + 0.0017 1.0071 + 0.0015 1.0083 + 0.0014 /

376 1.0065 + 0.0014 1.0078 + 0.0013 0066 + 0.0017 .0071 + 0.0015 .1.0083 % 0.0014

-
-

—

378 1.0065 + 0.0014 = 1.0078 + 0.0013

-

.0066 + 0.0017 .0071 + 0.0015  1.0083 + 0.0014 "

380  1.0066 !10.0614 1.0078 ¢ 9.0013 1.0066 + 0.0017 0071 t'DV.DD]‘.S 1.0083 + 0.0014
3 0066 + 0.0017
.0066 + 0.0017
.o}é@ +0,0017

. .
‘388 1.0065 + 0.0014  1:0078 + 0.0013  1.0067 + 0.0017

382 1.0066 * 0.0014 1.0078 + 0.0013

-

0071 + 0.0015- 1.0083 t 0.0014

g

384 1.0066 + 0:0014 .1.0078 + 0.0013 0071 + 0.0015 -1.0083 + 0.0014
v ¥ g o
0071 + 0.0015 -1.0083 + 0.0014

0071 + 0.0015 °1,0084 + 0.0014

R e e

386, 1.0066 + 0.0014 1.0078 + 0.0013

-
(S

- 390 ‘ 1.0065 + 0.0014  1.0078 + 0.0013 1.0066 £ 0.0017

" #

L0071+ 0.0015  1,0083 + 0.0014° g



STABLE' IX

ISOTOPE EFFECTS CALCULATED EROM VARIOUS TREATMENTS OF
(I)NCB\JTRATIOI‘FR}UTVA!E‘IT CONDUCTANCE DATA '[TAKEN FROM '(44)]

ISOTOPE EFFECTS .

ACID, . CLASSICAL ~ ROBINSON  SHEDLOYSKY - SHEDLOVSKY . ° IVES
R-CeHu-GLCOH & STOKES 11 '
. T 1oz 1.0035 1.0034 - 1,0082 \1\013
R=H - : R
+0.0004 +0.005 +0.005 £0.0015 +07005
0.9973 1.0005 - 1.004. 0.9975 . 0.9936
R = 4-N0: v . :
' . “10.002 £0.005 . 0.005 +0.0017 +0.005
. ; ; P
1.0045 10077 1.007%6 1.0041 0.9975 .
R = 4-Me0 Y . .
0.0007 £0.002 0.0023 +0.0019 40,005

09 .
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2-1. GENERAL INSTRUMENTATION
L ) . ¥ Y
Nuclear magnetic resondnce (n.m.r.) spectra were recorded

on Varia’n A-60 and HA-100 instruments at 60 M?z{and 100 Miz res-

péctively, bwith probe tel‘npera;:ure cd. 40°C unless otherwise

° specifie_d. Chemical -shifts are reported on the '( scale, i.e.,

- relative to the intemag standatd signal of tetramethylsilane. :
Infrared (i.r.) spectra were Tecorded on’ Perkin-Elner 2378 or e

E Zis spectrometers. Each ~i.r. spectrum wz;s calibrated against
a portion of a polystyrene spe}:t;\_nn. Melting points (m.p.) *
were determined on a Fisher-thns melting point apparatus. K
Melting points and boiling points ‘(b.p.) are uncorrected. Chem-
" 4cal microanalyses were'carried out by the' Alfred Bernhardt v

Mikroanalytisches. Laborator;um, West Gcmény;




VZ*Z . CONDUCTANCEs INSTRUMENTATION <
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Cnmlnnt:vlq Bndge: - Tl\c Tesistances of the pot'lsﬁ)um
chloridé and acnl solutlons were measuyed by a General Radio
Impcdam,v Lonqur.:tor (G.R.T.C.) bridge. In the casc of solutions

of phenoxyacetic and’ phenoxyacetic-2,2-dz acids, resistance mea-
-

" surements, from the G.R.1.C. brigge were compared with those ob-

tained at various frequencies from a Jones-Josephs type bridge
(84) manufactured by Tinslcy Company. A description of the Tin-
sley and G.R.1.C. bridges is prescnted in Appendix 1. The Tin-
sley bridge auxiliary cquip}ner!t and the constant temperature
baths were conétr)xctcd prior to this study (44) by the Technical
Services Department, Memorial University of Ncwfougdland, and

their assenbly is also described in_ Appendix 1.
: &

Themometry. - A Tmslcy Platinum Resistance Thcnncrmctcr
(type 5187 1)) calibrated by elis Natdonal Physical Labcmtory
.[Toddingwn, England) , in CDn)unCt].On with a Meeller Temperature
B‘ridge (type 4772), was cmployed to adjust the constant ‘tempera-
ture bath to 25.000 + 0,002°C. The balance point’of the Mucller
Temperature Bridge was dcécmincd by a.Leeds‘and Northrup—DC
Mull Detector (9834). - . o

A Honeywell recorder was used to monitor the hath.tampcra;
ture over long periods. The recorder served as a detector in.a
Wheatstone Bridge circuit, with a Fenwal Themistor serving as
one‘arm of the bridge. Five resistors (52.5 to 10k were used



© control the sensitivity of the recorder. The- 625 resistor
gavelm sensitivity of 0:029Csfor10 smatl Hivisions o fherves
corder i;gart paper. :

, During the initial study of one of the ac’ids, namely . >
phenylacetic acid, the value of the equilibrium constant deter-

mined led to the conclusion that the bath)émperature was ad-

justed slightly above 25.000°C. A new Tinsley Platinum Resis-
taice Themoneter indicated that the bath temperature was 25.051
0. 002°, and the temperature yes readjusted 0 25.000 + 0.002%C, K")
The fumer Flatmum Re515tance 'I‘hemumecer was ‘recalibrated 5 ‘
at the Natmnal Research Council of Canada Laboratories (Ottawa).
The temperature of the bath was neasured with the recalibrated
themeneter and found to be 25.000+ 0.002°C; hence the two
~“platimm Resistance Theroneters mire in excellent agreemenf.—
After vonitoring “the bath fmf‘ {hree months with the H_oney‘-v
well recr;:rder, one o‘frr three Beckman thermometers, calibrated
against the Platinm Resistance Thermometers, was used as a
_ continual check on the bath temperature instead of the recorder. g
The Beckman thenmmeter calibration was pericdically checked
agamst the Platmmn Resistance ’I‘hemometers t:hruughout the re-

mainder of the study. 9 N

Conductivity cells. - The conductivity cells were construct-

'ﬂl‘shiny‘plati:mm electrodes in three different designs (see

Prigﬂre VII). The cells were designed to give cell constants’
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rang'mg ﬁrom 0.08 to‘() 37 em”). The bulk of the measurements

£y )
‘were acconmhshed usmg cell.s of the Shedlovsky type (BS) hke

A
those employed by Scott “and Hames (SB 44) _ [sec Figure VII(a)].

5 Measurements in. other type: of cells [see Figures VII(b) .and

% VII[c)] werc made in conjunctlon w1th r_hese for pur])oses of

fi comparison. ", . = -

Cleaning Erocedure. - The cel],swe'rc washed initially with
warm ethanol (95%) and nnsed with "canducth)ty water" (see
preparatlve descnptmn belnw, P 7()) They were fxlled with

-aqueous hydrcflgonc atld—(ca. Sﬁ for 5 min.and ri.nsé;l with g

. conductivity water. They were suhsequcntly treated for 3 daya\/

tiith doncentrated nitric acid ca.-100°C.The nitric acid treat

ment was repeated four' times, and the cells were then filled

with hot (ca, 100°C) conductivity vater. The cells were rinsed -

- and refilled daily. w1t11 fresh cnnductlnty ‘water for 10 days

whue the teqperature was kept near the bmlmg pomt.

Suhsequent to thls treatment the resistance of the conduc-
txv1ty~water in the cells remained constant to 0401% over a
permd of 12 h, mdlcatmg that the reniaval ‘of surface ions was
essent1a.'|.1y complete. The cells were then conditioned mth three )
solutiens of potassmm chloride (ca. 1 x 107 - for' 72:h (tatal),”
and subsequently' treated twu:e with a‘solution of purified 4 i

phenylacet)c acid (ca. 5 x 107°M) for 48 h (total). Following

y thq “second treatrent y{uh the latter, the resistance of a
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~
23, MATERIALS . ) ; A =
wE Tt e L . g 3 <
, Potassium chloride. - (i) A sample (Fisher Scientific; AJR! :
Grade) of potassium chloride (100 g; 1.34 mole) was precipitated |

from a saturated conductivity water solution by the addition of .
‘puri-fied cth:'u.ml (95%) and collected. This procedure was repcated
" four times. The salt was then filtered, washed several times’

- wiih ):\\xrified cthanol (95%) and dried-in vacuo at 110°C. for two

days. The'salt was then powdqfcd in-a clean agate mortar and

+ dried-an additional three days,in vacuo at 110°C. . The, purified ° .

potassium chloride was stored over silica gel in a vacuun desic-

cator. S

: . 2 . R 4
(ii), A second sample of potassium chloride (25 g; 0.335

mole) was precipitated from a.saturated conductivity water solu-
tion hy the addition of conccm.ra‘ted hydrochloric acid. This |
procedure was repeated twice, and the salt was then treated in
the m;mne;‘ described in (i) above. s &
ce O (iD) A third :;nmple (Mdrichy, optically-pure) of potassiun
) 'clyloridc (25 g; 0.335 molec) wns,trcz:t\\d l;y the pr'_ocedurc cuglincd
in (i) above. - gt e : % o
R b - »
Phenylacetic acid. - A sample (British-Drug Houscs; Reagent
Grade) of phenylacetic acid (50 g; 0.367 mole) was dissolved in :
an aqueous solut;on of sodium hy&mxid& {(2M) prepared from con-. -/

ductivity water ‘and s0lid sodium hydroxide. The _sol'u'tion was




' (’dned in yacuo over s111ca gel for 48 h.

doubly filtered and- the acid was pfecipitiated from the cold
" %olution hy the dropise addition of a'slight excess. of hydro-

ch]onc acid (2. . The acid vas collected and air- dned and

the procedure was repeated with, dnu‘ole filtration’ after dissolu- N
tion. The acid was collectcd aM recrystallized from punf;ed N
. (88) "Bénzene- petmleum ether (b.p. 30:60°C). After subscquent
collection and-air- drymg, the sanple was! subhmed (ca. 60°C;

' <1 mm, Hg) After the recrystallization and sublimation pmced-
ures had been repeated fcur nmes, the acid was sul)_]ected to

- three successive sublimations. The material ‘was crushed and

§i) A smmlie of the latter.(s g5 0.0367 mole) was zone-

=refined | ) passes over / days), suﬁhmed and dried in a m

similar to the above, m.p. 76.2 - 76. &°c [m m. . 76 7% (89)1.

Phengz. yacetic acid. - A S:lmple (Easm\an Organic Chemicéls'
99+%) of phenoxyacetic acid (100 g; 0.657 mole) dxssolved m
aqueous sodium hydroxide’ (500 ml 2M) was washed with three por-
tions .(200 ml total) of dlethyl ether. The aqueous layer wg -
acidified with a slight excess of hydrochloric acid (520 ml; 24),

“and the.\‘/cl of Ithe solution was reduced (ca. .2‘00 ml). The '

- solution was codled to .E_"‘.' Ci;’C am:i the resulting precipitate was
collected. Seven ;1tema£e redrystallizations (éondu’ctivity'
wa-tcrj and sublimations (946°C;, <1 mm Hg) were then carried out
on the material, and Siliserttte an additional subtvimtion,

. 3



72 h, mp. 99.0 ¢ 99.5°C [1it.m:ip. 99 - 100 (90)]1,

S ]  e

the material was crished and dried in vacuo over silica gel for-

Phenoxyacetic-2,2-d; acid. - Phenoxyacetic acid (200 g;

1.31 mole), dissolved in deuterium oxide (99.75%; 50 ml) and
triethylanine (150 g; 1.48 molc), was sealed in @ glass tube and
heated to 125°C for 24 h. The water and excess triethylaminc

were removed by distillation under reduced pressure and new

qiantities of deuterium oxide (50 ml) and triethylamine (10 g;

"0.099 mole) were added to the residue. The mixture was again

heated to 125°C for 24 h. This procedure for isotopic exchange
was repeated four times, and the final residue was purified in

a manner similar to that for phenoxyacetic acid, m.p. 99.1 -

© 99.5°C. Several n.m.r. .spectra (CDCl,), indicated that deutera-

tion at the methylene position was not less than 98.2%. ThS'

- percent deuterdtion was computed by comparison of the reduced
\

methylene signal with that of the methyl group of acetonitrile

(1%), introduced as a standard.

Chloroacetic ééinn.c\lz'drified (91) red phosphorus (6 g;
0.048 mole) and glacial acetic acid (150 g3 2.50 molc),wcrc
mixed in a round-bottomed flask; weighed and heated to 100°C.
<Chlar:'ine g‘as was, but?bled through the regction mixture for a
period of 3 h and the temperature was maintained at 105 : 110°C.
Upon cooling, the flask and contents were weighed, ar‘ld the pro-

cedure repeated until the weight of the reaction mixture had

LS
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increased by 80 g (92). The reaction mixture was distilled, and

the fraction collected over. the b.p. range of 150 - 200°C was re-.

distilled twice, the final distillate bei(‘g colourless chloro-
acetic acid (107 g; -42% yield), b.p. 18-~ 190°C and m.p. 56.1 -
58.5°C [1it. b.p. and m.p. are 189.4°C and 63‘,}{3) .re.spectivel}'_‘
(93)1. o

' Num.r. spectra (C,00CD;) Ve TecoEley 558 Haasurerat B

purity of the chloroacetic acid. A‘comparison of the absorptions

at 4.0 1 (CH of dichloroacetic acid) and 5.9 7 (CHz of chloro-

acetic acid), indicated the distillatewas 93.5% pure.

The crude sahm_é of chloroacetic acid was recrystallized
three tines (CHCL:), m.p. 59.2 - 59.6%C, and found to be 96%
pure by n.m.t; analysis. The acid (50 g; 0.529 mole) was nelted
uider reduced pressure (ca. 0.1 mn Hg) in'a sublimation apparatus
and the tcmperaturé was slowly raised to 62.5°C. Temperature

and pressure were.maifitained for 48 h, after which the sublimed

_ ‘material was recrystallized (QIC13), m.p. 60.0 - 60.5°C. ~This

process was re'peai:g:d'but n.m.r, measurements indicated that it
did not increase the purity of the chloroacetic acid béyond
o8.28. 5 N £ )
Sublified chloroacetic acid (40 g; 0.423 nole) , recrystall:
ized fron chloroforn, wis heated to 605°C; nitrogen was contin-
uously bubbled i)_n:o\ the molten material and: the S eTperstrenes
raised 0.5% at hourly intervals. After 5 b the acidfyas’ cooted
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and recrystallized (GHC;), m.p. 60.9 - 62.3°C. N.m.r. measure-

ments indicated that this process failed to r¥se the purity of
the aci& beyond 99.6%. This process was repeated until cryst#ls ,.
" bégn to fom at 62.5°C. The temperature was: then raised to
63,5%C and the 1iquid was allowed to cool slowly. When two-
~thirds of the material solidified, the remaining liquid portion’
i imedately decanted from the newly formed crystals. - >
This fractional crystallization pratade yas repeated '
twice and the remaining needles (4 g; 0.042 mole) were washed
with cold chlorofom and dried in vacuo, m.p. 63.0 - 63,2°C."
N.m.r. measurements could not detect the pgésence of dichloro-
acetic aQid in a’sample of the required acid. This material was .
”_then zone-refined (21 passes’ over 7. days), recrystallized £ron- g

. spectroscopically-pure chloroforn and suhlm\ed (eo" G; <1 mm Hg).

The acid was cmshed and dried in vacuo over sllJCa gel for 72 h.

hloroscotic-2,2-d; acid. - Chloroacetic-2,2°d, acid was

| prepdred and punfled by followmg the procedure outlined above ‘t
Eor Chl(JI‘OaCEth acld, except that glacial acetic-2,2,2-ds ac1d
was subsntuted fur the protium acid. Ann.m.r. spectrun (CDs-
COCD;) of .this material (m.p. 62.9 - 63. 3% C) indicated not less -

than 98. 7“ deuterium at the methylene pos)uon

*Phenxlthxoglxcolhc acid. - A sample(Aldrich; 9§4%) of * ;
phenylthxoglycolhc ac1d (100" g5 0, 595 mole) d1ssnlved in



aqueous_sodium hydroxide (500 mi; 20 was washed with diethyl
ether (200 ml total), and the salutlcm was acidified with‘a
shght. excess of hydrochioric acxd' (520 ml; ZM) A white prec1p~

itate of the acid was cullected subsequent to reduction of the

‘solution yolune (ca. 200 ml) ‘and cooling to 0°C. . The.air-dried
material was recrystallized (condictivity watsr) and sublined
61°c; <1 mm Hg) The material was'subjected to five alternate
recrys’talhzatwns (conductlvxty water) and sublimations followed
by two additional sublimations. “The acid was crushed and drlcd

in vacuo over Sll]Ca gel for 72 h, m.p. 62.8 - 63. 5 c [1it. m.p.
62. S - 63.5°%C (46)]

. o ! s

Phenylthioglycoilic-2,2-dp acid. - Phenylthioglycollic

acid (150 g3.0.892 mole) was added to deuterium oxide (99.75%;

50 ml) apd triethylamine (125 g; 1.235 mole), and the resulting
solution was heated in a sealed glass tube at 125%C for 24 h. -
The water and excess triethylanine were e “istillation
under reduceii pressure, and a seéond expimr‘ige was caﬁied out in/
a manner. similar to the first using fresh deu?erium oxide (50 ml)
and triethylamine (20 g; 0.198 mole) with the pdrtially. exchanged
acid. Three further exchariges followed by recovery of thé acid
yielded a material which, on purification by recrystallization
and ;mlméign (see procedure for protium-acid), had 3 m.p. 62.5
- '63.5%. Anmmir. spectrum (DyC0CDs) of the-acid indicated
not less than 97.8% deu‘teration at the methylene position. ‘

Co o e .
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Phenylsulfinylacetic acid. - Purified phenylthioglycollic
0 ‘acid (33.8 g; 0.206 fiole) .was dissolved in absolute ethanol at 0
. 5% and 308 hydrogen peroxide (24 g; ca. 0.22 mole) was added
dropwise to the solution. Affcr standing for 2 h“the excess £ &
hydrogen peroxide, ethanol and water were -removed by distillation’
unde; ’reduced pressure. The oily residue was taken up in hot : &
= " benzene-cthyl acetate (3:1 by volume) and on cooling yielded
‘. white prisns of phcnylsulfinylace:ic acid (29.8 g; 813 yield),
mip. 118.5 - 119.2°C [1it. m.p. 118 - 119.5°C (94)] [Found: C,
52.24; H, 4.37; 0, 26.%1;'S, 17.52. CsHa0:S, requires C,“52.16;
H, 4.39; 0, 26.06; S, 17140%]. .

The acid had three absorptions in its n.m.r. epectmm

T (ODIC0CD:) T E singlet at 6T “on);a Froad singlet extending

) from 3.5 7 to 3.4 T (OH) and a miltiplet from 3.0 T to 2.5 T
‘(protons attached to the aromatic ring). The intensities of the
signals at 6.1 T and 2.5 - 2.1 T were in the ratio.of 2 to 5. An,

N
i.7.- spectrim (GHCI;) of the dcid showed strong absorptions.for

&
the SO stretching vibration at 1028 cn™!, and the carbonyl '
stretching vibration at 1730 en}. The acid was recrystallized
six tmes from p\lr).fl.ed 95) ethyl acetate and dried in vacuo over

» silica gel for 72 h.

Phenylsulfinylacetic-2,2-d, acid. - Purified phenylsulfinyl-

‘ acetic acid (36.8 g; 0.200 mole) was dissplved in deuteriun oxide



aromatic-ting); This assignment was partially confirmed %3
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(90.75%; 400 m1) and stirred for 10 h at SO°C. The deuterium

.- oxide was removed by lyophilization and a fresh portion (100 ml)

was ‘added. The exchange process was Tepeated six times and the -
residuc-was taken up in boiling anhydrous benzenc-ethyl acetats
(3:1).. Phenylsulfinylacetic-2,2-d, acid (27.6 g; 75‘ yielﬁ)
crystallized from the cold solution as white prisms, m.p. 114.5
-'115.0%. ‘r’l‘hls matenal was recrystallized six tul\c.s from pur-
1fxed [95) ethyl acetate and dried in vacuo, over silica gel fcr
‘72 B

Phenyl_éﬁlfinylacetic-’z,Z-dz acid had two absorptions in its
n.m.T. lspcctnm\ (CD;00CD3) , a broad sihglet at 3.‘5 - 3.4 T (OH)

and a multiplet from 3.0 t to 2.5 T (protons attached to the

marked increase in the intensity of th¢ former absorption after

* a small addition of trifluoroacetic acid. Although the amplitude

of the spectr;m was inc‘?fﬁsed, the presence of protons in the
methylene posit_in&zcould ot be detef:ned‘ An i.r. spect
of the acid was similar to that of phﬁylsulfh\ylatetic‘ ‘cid' with

the exception of a broad shoulder in-the gegion of 2350 - 2200 art,

°
Phglesdlfanxlacetic acid. - Puufled phenylduoglycnlhc
'acxd (33.8 g; 0.206 mole) was suspended in water (150 ml), and

sodiun carbonate (10, 6 g; 0. 110 mole) was slowly added- to the sus<

+ pension with stirring. After the evolution of carbon dm)ude,

potassium permanganate (31.8 g; ca. 0.202 mole) dxssolvev:l in water



(800 m1) at 0°C wais added dropwise, and the solution was stirred
ifor 18 h. "The manganese dioxide precipit@te was removed by fil-
tration through "Celite", and the clear aqueous filtrate was
acidified with hydrochloric acid (6M). The solution was then
extracted four times with-diethyl ether (400 nl total) and -the

combined ethereal extracts werc-dried over anhydrous magnesium
" 4 -

“sulfate. The, solvent was removed by distillation under reduced

pressure, and the syrupy residue was taken up’in a minimm-of
hot benzene. On cooling, white prisms of phenylsulfonylacetic
acid (27.5 g; 68% yield) crystallized from the mother Liquor.
This material was ‘alternately recrystallized from purified (88),

anhydrous benzene and sublimed (102°C; <1 mm Hg) six times, fol-

_lowed by:an additional sublimation, m:p. 113.8 - 114.2°C [1it.

m.p..113.5 - 114°%C (46)3 [Found: &, 48.16; i, 4.045 0, 31.86;
5, 15.85. Colh0uS requires C, 47.99; H, 4.04; 0, 31.96; S,
16.01%]. The acid was chushed and dried in vacuo over silica gel -
for 72 h. i i .

An i1, spectrum (Najol mill) of phenylsulfonylacetic ucid

showed strong absorptions at 1305 cm-* and 1170 cm~} due to the

, Tespective asymmetric and symmetri¢ stretching vibrations of the

S0> group, and at 1715 cn-?, the carbonyl stretching frequency.
The acid had three absorptions in ‘its’-n.m.r. spectrun (CD;COCDS) ,
a singlet at 5.7 © (CHz), a broad singlet extending from 5.0 T
to 4.6t (OH) and'a multiplet at.2.4 - 1,9t (protons attached to

the ‘aromatic ring). The intensities of the abSorptions at 5.7 T

¢ : . )



and 2.4 - 1.9 T were'in the ratio of 2 to 5.

Phenzlsul‘fchlacetic—Z,Zfdz acid. " - Purified phenylsulfonyl- )

§ = = *
acetic acid (40.0 g; 0.200 mole) was treated in a mamer similar

to the exchange process outlined above for phelﬁlsulfinylac‘e

-2,2-d; acid. The, resulting phenylsulfonylacetic-2,2-ds acid e
altemz;tely Tecrystal}ized and sublimed in the mamner described
i for its correspondmg protlum acid. The white prisms (3%.5 g;
78% yleld] were crushed and dried in vacuo over silica gel for
7Zhn\p 3.6 - ude, T i
An i.r. spectrim (Nujol mull) of the acid was sSimilar to
that of thc protium acid except for the presence of a broad
shoulder in the 2375 - 2200 cn-' region,- T:he—compu\md' shaed -
twr; absorptions in its n.m.r. spectrum (CDsCOCDs), a br;md sing-_
let, from 5.0 T to 4.6 T (OH) and a mult‘iplet from 2.4 T t0 1.9 T
(protons attached to the aromatic ring). The présence of protons
_at the methylene position (5.7 t) was detected, but the slgnal

intensity was 1nse'parab1e from base lme noise. '

Conductivig water. - Tap water was fed through a Fulflo .
* commercial water filter and then distilled by a Corning AG-lb
still (ma.xxmum distillation rate, 1 %/h). ¢ The distillate was

- collected in a glass reservoir (capacity of 12 gaﬁons) and fed

- via a glass siphon into a Bamstead still (distillation rate, Q.S

gallon/h). This still, with a borosilicate glass condensing




* than 0.001 parts pef; million (ppm)\total solid content, with .
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system, was designed to produce a water distillate of riot more™

electrical resistances ranging from 13§ - § millien ohms per cm’.
Two three-necked, round-bottomed flasks (total capacity of 20 1),

fitted with Teflon joints were used as conductivity water reser- w5

“voirs. These flasks were previously cleaned according to the pro-

cedure described above, p. 65.

A purified nitrogen atmosphere (sce following subsection,

this page) was introduced into the Barnstead still prior to and

during distillation. A contifilous flow of nitrogen was maintained
over the water-distillate in the reservoirs at all times. The

water was siphoned without further treatment through glass and

Nalgon ':ub)ng to the used for transferrin Athg,c_qnduq»A,l”,k,

tivity water to the solution flasks (see Figure VIII).

When in continual use, the Barnstead still was drained and
refil]ed daily with éreshly distilled water, as were ‘the two con-
duct;vlty water reservoirs. The spetific conductivity of the‘
water- ranged from (1.7 to 3.5) x 10779 'am™! and water ‘having a

higher specific conductivity was discarded.

Nitrogen purification. -'Nitrogen (L-grade, Liquid Air of’
Canada) was successively led through cleaning towers with sintered
glass bubblers containing concentrated sulfuric acid, aqueous
sodiun hydroxide (508), ‘aqueous barium chioride (saturated soku-
t;ong and conductivity ‘water. Empty towers were located between
the various towers containing solutions to eliminate possible ’
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weight (conccntratians“cxprcsscd in fole/1000 g of water) in the
o

glass.

..‘rc:;c( iuné‘betwecl\‘ the ‘:cmbbing‘ remgents. Separate outlets from
the nitrogen train 2o’ the atmosp}mr% were mstalled in the Nalgon'
tul)m; used to ]01]1 the towers. Dust particles-were f.rapped by a-
flask pac_kcd wit{\,\glass wool located at “the end of the system,

The puriﬁc;l nitrogen .was- led through }J;Igon tubing to thc Barn-
stead still, ,the mndmt;v;ty water re%cxvom:, and the apparatus »

Used for transferr tng the L_Clnductl\’!ty water to the solutfon *

< A

* Preparation of potassium chloride solutions. '- Potassium

chloride solutions for conductivity measurcments were prepared by

mllomng mmmcr A clean, oven-i -dried (110°C] flask (3 1] was

) \xcxghcd on a Stanton (il l) 1. model) two-pan balance against cali-

brated [National Bureau of Standards, Washy\gton (N.B.S)\)], staif-

less'steel weights (serial nunber 4022). The flask was Yhen con-

1 shmm in_ Figire \’III an thomugl\ly

mced to the. unm apparatus
!lushcd with pu\ 111cd nitrogen. \\1th eontinuous nxtmgcn fél:h)m,,

Lundm,txnt) water was led into the flask by gravity . flow from the

cwcn\ t)\ro\zg,h a [..l<l:< delivery system. The flask was washed

twlu.‘ \\llh condmn\'lt) \mtcr 0 mmovc any: 5urfa.ce 101\5 on the
 Pressurc exerted by the mtmgcn floy into the closed

systen §

nploycd te drive the \\Atex from the. flask :hm?gh a

Nﬂ]gun\dcliver}' tube to a conduutivity cell. A'third washing was'

only uridobtaken 3 the specific condictivity of the water fron |




Y. . . . } : W,
-the second washing was above: 3.5 x 1077 'am™!. The flask was
-then filled with water of l;m;wn‘specific conductivity, capped ard
.rc.weighcd. E = L S ) : ~ .
. " A clean, oven-dried vial z:ont_ain‘ing' a,weighed sample bo(:
potass’ium chloride ;wlas, d‘ppped into the solution flask._ The
potassium chldride sample was weighed by ‘differcnce' on }/ﬁmton R
(M.[;II.J./\. nodel) tvo-pane analytical balancé against Eaﬁ}wmd
(N.B.S.) stainless steel weight$ (SS 5482). The i;ial was manipp-

lated with clean, dry. forceps. throughout the entire procedure.

After humcgcnyuus dissolution of the pota;Sium chloride

. was achicved by vigorous shaking, the flask was recomnccted to ;
3 2 a7 iy g X

the filling.apparatus and f Tushed with nitrogen. Pressure exerted .

_‘ by the nftrogcn flow into the closed system was again.used to B . w F o

1.0 . _ .
force the pot: um chloride solution ipto a cell a_tta‘ched t6 the

‘fi_lli[lg apparatus. Prior to being filled, thé cell was t"lushed .

with nitrogen'and washed with.ca. 400 ml of the solution. The

cell was subsequently filluci, capped and placed in the constant
.tcnq':oraturo bath: <This lpx'uceduro was repeated for cach of -the

cells used in the conductivity, measurements of the potassium’
chloride Solution, 5 W 8 = i w

A1 glassware and cells were t)\orm)ghly washed with conduc-

tivity water following the mnsummcnté. The glnséware was oven- |

-dried and thd colls Wero filled with conductivity water.




&2

% : of ac\d solutions. - Solutions of the nclds g
K \ . ¥ Here”prepared following procedure outlmed above for'potassmn )
7 chloride solutions. An exception tor the latter was the weighing -
pmcedure used for.chloroacetic arif—thlomacet)c <2,2-d; acids. -
' . * Due to the hygroscquc nature of these acids\'t.he entire welghmg o

prncedure was carried out in a dry box flushcd with dry mtrogen
This precaution proved satxsfactory as the wexght of the samples

did not ‘appear to increase during the.wclg_hmg procedure.

Resistance measui'ements - Resistances of sclutlns were
recorded thzrty-ﬁve minutes after the cell entered the r:anstant
tempcrature bath. In some cases resxstmce meaauregne'nts were ' o
- repeated after the cells had rm\amed in the bath for-a furbher
e " period of time. For both .potassxu- chlonde and acid solutions,
resistances were found to change less jthan 0.1% over a period pf Zr
A2 RS ‘.'- 2 v VB %
G B
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3-1. -CELL CONSTANTS
Cell constants. - Cell-const_ants were determined using in- i

dependently-purified samples of potassiun chloride {described

above, p. 07). The weights of the potassium“chloride aan

using the ex-

solvent in air were corrected for houyancy ch’ec.t

pres-: ion

(571 Mo oW W(%»%]n : 8

.
in which M is the, true mass of a body in vacuo, W is-the weight' '
o thierhoilv! 104085 D %) the JeRSLEy O MEle STaTAari eI Ents;, b
sssthesdonsity al-the hodys oidss 18 theydensity BF it at Toor
temperature f¢.f. (96) 1. )

Since the SOI\&ion:«: were prepared on. the molality scale »(m]
and the cquation rcl:ltmg ycquivalcnt conductance cf potassium
‘chloride to wnwntr.ltlon s glvbn using the. molanty scale (M),

* conversion hetween ‘}3° scales was required (97). This was,«chle\'cq

usind\ the expression 2 . . i o

'[ssj [ A - ¥
< :
sivlvich V7 e Ve Tuuio: 67 el soTuttbi, e is the'nuher of

molva of water, Ny 'is the number of moles of potasc)um chloride

\\md Vo is*the volume of onc mole of n.mzr at 25°C. . The density

of water wus t.lkcn asl 007!17% g mi” T it tlus temperaturc. The

o

/i

1y



molal volume b,, was obtained from £ % P
(501 Bos 2o 2327 (c)’f ) o F o=

.in which c is the approxinate umcmtratmn of \‘he solutmn.

<The specific conductance of an electrolyte in solution, .

Ligy» is defined in Equation [17]; which rearranged is

v
[60] L) = 4/:-:-10'!

in which A is the equivalent conductance and c is'‘the molar con- = * -

centration, * The true specific conductance, lg is obtained fi

611 o - L= Ly Loy, <

E

wl\ere L(w) is the specific conductance of .the water.
The- sq\uvalent conducr.ance of each conccntrutwn of potass- P
1\n chloride was cmpu‘ted from the follwmg equatim proposed

b)’ Fuogs (98). « . g

[szi A< 1995 - 94.65 s w74 c log c v 198ac

‘substitumhg the cnmputeﬂ' values of “Aand ¢ mte Equa- . .
tion [60] :orrespondlng valies, 4?£ L wete derived from Equation . g

[611." Cell constant values were thedbmned from Equatlon [15]

rearranged to




‘631 =

where: K is cell constant and R_is the résistaﬁc‘e in ohms

1 The o1l were deterni to m; cell ”
., cleaning and crmdxummg prevmusly described. The c&sﬁants ‘

were perlod;cally redctemuned thmughout the study and are re-
corded in Table XI. All eqmvalent condu:tmces determined for
the acid solutions were calculsted using the apprapnate cell

* constants listed in Table XII.

i e Dens}tx measurements. - The weights of all solid samples 3 ‘
and water were corrected to true inass‘ in vaRuo by the “calculation
described above in the cell constant subsection. The correction .
requires densxty values for the various compounds and thesc f‘

densities, are listed in Table XIII.. The densities of -the amier—

r

‘ated facids wvere assumed oqual to those of their protium analogues
# in all'cases. The values listed withaut reference in Table XIIT

. were detemmed in the following manner. e N

\
E]
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g
g
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g
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3
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2
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densn:y (water or cyélohexane). The latter werr ompleted rapidly

so that dissolution of the acids in.the solvent was negljﬁblc.

The material was fused by meltmg with slw cogling or By compres- .

sion with a hydraulic px_’ess (c_av 3 x'10" lp/m’). elevant._com-" “

parisons indicated that the methods of fusion and $olume measure-

;vlent did not appreciably affeg_t the results. ] o
= A

; B
= . - -\.



. CONCENTRATION

-7 RIN— . oF kar SOLUTIONS. -
NUMBER . (MOLAR x 10%)

2

©

Lo N o ;&

1.0003 5
0.98801
1.0159
1.0026

0.98853 "

1.0062
1.0007
1.0126

0.29294
0.20202
0.29296

0.29296

. 0.29298

"o .2929{
0.20292
020293
0.29295
0:29295

TABLE 'XI

0.30632

030632

0.30635

0.30632

.

.30633
.30638

o o-.0

.30637
0.30638

0.30638

.30638 .

CELE_CONSTANT DETERMINATIONS

0.30857".
~0.30853

0.30860

_ 0.30854

030853
0230863
0.30863
0.30864

'0.30863
“0.30862

GUI Euy

©0.35791

0.35790

0.35794

0.35789

0.35789

0/35791 2

0.35792°

0.35794
0.35801

0.35800

. 0.36284

0.36284
0.36287
0.36283
0.36286
0.36291-
0.‘36292
0.36291

.

“0.36207
e |

036297

+v0.Comtd

98
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] 2 CONCENTRATION =8 s /
ROV : *OF KC1 SOLUTIONS " CPLL CONSTANTS/cm

ALy

TABLE XI (Cont'd)

LR CELL CONSTANT DETERMINATIONS

5

*Kraus cells, seé Figure VII('b)

""Fn.nge effect z;en, see Fxgum \’II(c)

NOBER T eouex10) - @mve oy emovin . G IX L X
w-, e 0.88539 0.08375 -+ 0.19876. | 0:24599 & »o..zeoge 0.26557
2 “ i 1.0041 008376 ) 0.25002 - 0.26096 .0.26559
13 P. ~'-0.98364 0.24599  0.26094  0.26558
14 j’ 0.98733 0.19871 :o.2459T4 " o.26008 0.26553

15 ) 110038 - To.0ss77” 010877 0.24598 - 0.26099  0.26553

cuxr Ly g e :

5 CP L 0.96564 . 0.28477  0.28820 - 0.36561 .

= JF o i 0.99309 0.28483 - 0.28840  0.36587
s b.99203 0.28487  0.28837 - -0.36577
9 L0001 0.28480 - 0.28826  0.36579 :
20 ° 7. 1.00815 0.28483 'q.zasao 0.36588




ACID *

 CHs0GH2C0H *

CaHs0CD2000H

C1CH,CO0H
C1CD, CooH

CeHsSCH, 000,

N

. CfsSCDCO0H -

AVERAGED VALUES OF CELL CONSTANTS EMPLOYED IN THE

TABLE XIT' ~

.(_y

" "CALCULATION OF ‘ACID EQUILIBRIUM CONSTANTS

CELL 1

0:20292

+0.00002

0.20202

+0.00002 -,

0.29295 -
Gtz

0.29292°

£0.00002
0.29295

" £0.00002
* 0.29205

- 40, UOGOZ“""

CELL-IT

0.

0.

*0.
.00002

30638

00002

30638

.30638

.00002

30638

.00002

30638

.00002 -

.30638 .

.00002

(CELL 111

\ 0.30863

3 ﬁo,oooqz

30863
+0.00002

0.30863

0.30863
+0.00002
0.30863
. 40.00002
0.30863
£0.00002

= +0.00002

JELL TV

+0.

0.
0.

o

3591

00002

35791
00002

.35801-
.00003

35791,

. 00002

.33801
.00003 ©

35801

.00003

CELL V

“0.36291
+0.00002

0.36291
+0.00002

0.36297

. %0.00003

0.36291

£0.00002
036297
10.,00003

0.36297
. +0.00003

....Cont'd,

88



D TABLE XII (Gont'd) *

. AVERAGED VALUES OF CELL CONSTANTS. ENPLOYED IN THE

CALCULATION OF ACID EQUILIBRIUM CONSTANTS : 2.
- acmp CELL 1 L 11 @I @IV /\ GELY
7 - 3 s S e e 7
. 0.29205 0.30638 . 0.30863 0.35801 0.36297
CeH550,CH2CO0H 3 i : :
+0.60002 £0.00002" - +0.00002 +0.00003 +0.,00003
C‘éLL Vi’ CELL VIT . CELL.VIIL ~ 1 CELL IX CELL X
ey - 0.08576 . 0.1987% . 0.24599 0.26096 © _ -0.26557 . ° '
CeHsQH,C00H o ! b
N - +0.00002 +0.00001 +0.00004 +0700005 +0.00003
. CELL XI* | CELL X1I*  * CELL XIII* . S e
0084825 ¢ 0.8834 ¢ 0.3ese2 . s e w
+0.00004 +0.00002 "£0.00003 T L s e
e . & N * B % -

@
3

' *These cells were used in ‘conjunctiqn with €ells I to V For purposes of comparison.




. " Phenylthioglycpliic acids. s, :

e

Potassiun chloride

" Phenylacetic heid

Chloroacetic E id’

TABLE XIIT.
- DENSITY VALUES EMPLOYED IN. BUOYANCY (X)RREEFIONS

.90

( .
DENSITY, g/ml . REFERENCE
0007075 T (o9
1.0, T
'_1.23 SR et
A L e
158 P any
130 o0 X ! & - fe
L4z e § &
.48 4
; T
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32, (IWCENTRATION EQUIV CONDUCTANCE DATA AND TX-ERNDDYNMEC ”

. UIL!BRIUM GONSTANT .

The conccnt,ratmn c,q,uwalent conductance data for phenyl» . 'f.»

acetic, phenoxyacet;c phenoxy}cetlc =2,2-d,, chloroacutlc,
“chloroacétic-2,2- dz, phenylthioglycollic, phenylthmglycolhc Z - . . i
\ . 2-d2, and phenylﬁulfonylacctlc acids in cnnductwlty water at -

25.000 + 0.002°C (with, the exceptlor) of phe'nylatetlc acld f.olu-

tians, ric;ed above as 15,051 + 0.002°C) are’ recorded m Tables

© o XIV'to XXT (imelsive). - 4L - .

. ‘A- X‘qulval.ent conductarices recnrded in thcqc Tables are cumpufésL_

from the relgtionship * . - ’ k : 5

A% el X ” R-c, Yy " -

v . i

[64]',‘ T :

wh:ch is derived by comblmng and reazrangmg tquatlons I 6(11 and ’ =~

[63] e ’ oy
X | &'
g ot L ,\The ahbrcvmtcd result’ ; the statistical reatments (de-

taxled xnov‘c pp 38 - 4¢) employed to calcula‘t f_hemdyﬁamic- e

equ111br1um ::onsmnts frmn the concentratmn equivalent cunduc-

tance data of the acxds are” presented in Tables XXII to XXIX ,» R
(mcluswe) The latter also tabulate some ethbnum consmnts o
of these aclds })revxously detemuned by other mrkers. The cam- - -

putdtwns associated with these’ results were accomphshcd thh # g Sm Sy

. ' the aid ( an 1.B.M. 360/90 }ugh speed digital computer ‘and the d -

", Fortran IV programs appropnate to the various mcthpds of pplcul-

~ .. atiop.are dctmlgd»m_ pendix II -




" TABLE XIV .

)

=92

A SUMMARY OF C()‘I(INTRATION-E(@ TVALENT CONDUCTANCE

DATA FOR PHENYLACETIC ACID

CONCENTRATION ©* EQUIVALENT CONDUCTANCE
.x 10" (MOLAL)- ~ CELL VI  CELL VII  CELL VIIT CELL IX

610877 - a5 3317 3315 33.16
47.3282 - 37.42  37.43 17.4‘3 L _37,41:
37.7965 41.59.° 41.60 - 4158 - 41.60 »
Mossl . ssae s5.09 0 Sh.aB 53.48
107172 73.96  73.98 73.99 73.98
 0.6954 7R 7733 7.5 7155
8.2337 '83.03 © 83.05°  -83.06 83.06
6.775% sz 0.3 2.3 90.35
6.2448 ' 93149  93.51 -  93.53 > 93.52¢
® 53302 9.9  99.94° . 99.95 99,93 .
R 112.80  112.85  112.88 112.82
2.9584 ° 127.00  127.03.° - 127.06 197.06
C L9878 . . 18.00 148,04  148.09 °148.05
09947 18815 188.22  188.32 ' 188.20
o S o



* TABLE XV
A SUMIARY OF CONCENTRATION-EQUIVALENT CONDUCTANCE
"DATA FOR PHENOXYACETIC ACID

CONCENTRATION » EguwA_x@ CONDUCIANCE Y

x 10 (OLAL)  CELL 1., CELL IT CELL .I1T CELL' IV CELL V
T

7

N o 60.4898 113.62 . 113.62 ~ 113.63 133.61 '-113.63
50.188 - 122,56 12258 122.57 122.57 . 122.56
40,2898 133.62 133.'64K_> 133.64 1334, 133,64
30.0870° 149.37 : 149.36 1;19.34 ‘ :149.35 139.35
"20.0980 1270 w20 17270 172.69  172.68
£ 9.8170 27.46  217.45 21745« 217.84 21745
9.0500 *  222.69 }zz_.n« -222.70- 22:72 222.68
- . 7.9804 230.62  230.62. 23062 ° 730.64 . 230,62

7.0822 238,20 el 238.22 238.23  238.20
% 5.9228 ' Z4?.§D - 249.47. 249..48 249.51 249.46
’ 5.000  250.86  250.86 25087 . 259.00 | 259.87
3.9889 2319 77322 273.23 273.25° 273:20

3.0042 jSQ.bs 239.04 ©289.05 289.'07_ 289.03

* 2.0058 L. ST 30869- . 308.77 " 308.73  308.69

1.0179 333;71 333.‘{&6‘ 333.65 333.72 333.@7 . ’

s v, .




4 * 3
. T
x 10" (LAL) 5 CELL XI  CELL.XIT . CELL XUT
60488 - N6l c U6 1.6
oosoasss L oanst w2k 128
. c40.288. - 133.63 ° 133.64 133265 N
’ 30.0870 T uese 14935 19.34
20.0980 - A 17271 172,70 | 172.70
9.8170 3 was” u7.s 217.45 =
- -9.0590 o w0 22.60. , 222.70
ST 708 ) 2,63 230.62  230.62
Lt Tee Coama 23822 - 238,21
) s.om8. . Mea7 C 9.8 | 29.47.
T s._éaso.’ : | 259.88 259.88 250.86
Losemy T s msgR s
L3.0002 - - 289.04  280.05 | 289.04
Soos -0 3wa0 07 308.71 '
1.0179 a7 33569 333.66 :
‘ -
. ‘ 5
" B




CONCENTRATION

X10° (DAL CELL 1

. 60.0890 113.45
) 50.5520 - 121.66
Jo.oon X 123.42
30.1504 148.60
20,0584 172.05

10.0233 . 215.36

" -79.0489 222.00

7.9858 29.71

 6:9940 } 238.25

5.8409 29.52

" 5.0591 258.38

3.9671 272.61

3.0403 " 287.42
1.9357

309.60

* TABLE VI
A SUMMARY w&mnm-g&mm (CONDUCTANCE

DATA FOR PHENOXYACETIC-2,2-d; ACID

EQUIVALENT CONDUCTANCE

CELL IT

, 113.46
‘12168
113343

148.58

172,07

215.37
222.02

B
229.69

238.25
249.50
258.38

272.61 . .

287.43
309.63

CELL 111

113,46
121.66

133.43
148.59
172¥09° .

.215.37

222.00

.229.74

238.26
249.50

--258.40

272.60
287.44
309.61

“
sl

"

CELL IV

113.43
.. 121.65
-133.42,

148.58

'172.05

215.37
222,06

229.74

_238.26
249.52
258.42
272.61
. 287.46

300.63

CELL V

13.42

121.64
133,41
3
148.59
172,67

2153
222,04
229.7

238.25

249.53

. 258.41°

272.60

27.45
N

309.64
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TABLE XVIT-

A SUMMARY OF QONCENTRATION-] EQUIVALENT (CONDUCTANCE

DATA FOR' GILOROACETIC ACID

o

CCONCENTRATION EQUIVALENT CONDUCTANCE -
. x10' (WOLA) CRLLT  CELLIT | CBLL M1 CELL IV CBLLYV

0012 161.95  161.95, * 161.04, 16195 16194 -
147823 168,58 168.50 16858 168.58° 166.58
200727 | 175.48 | 175.47  175.48 ' 175.06.  175.47
' 35,081 183.76  183.77 18377 18376 “183.75
—:v . v:29.3696 19:‘5.7‘7 193.79 . 193.78° ) 1_93.76 193.78
" 206080 25,97 205,95 205.96 . 205.95 ', 205.96
0.0026 0 219,44 219.45 | 210.45 21946 219.45
‘ 151206 23703 337.96 . 237.95 23704, 237.94
— 101001 26379 .263.81 263.80 263.81  263.81
R8sl 27102 27100 27004 | G712 27192
“goar C ammes z77.65r 77.66  277.66  277.66
6.0425 285,95 . . 285.95 28508 . 285,98  !285.98
G213 29226 | ez 20227 29227 292.26
50722 30358 . 303.58  303.58 503.60  303.58
e '



z i =
A SUMIARY OF CONCENTRATION-EQUIVALENT CONDUCTANCE " - ¢
2 ' DATA FOR HLOROACETIC-2,2-dy AGID = *+ -
* x . ™ N %
CONCENTRATION v .. EQUIVALENT CONDUCTANCE
X 10" 00LAY cewi” o oum @ww gwyv
49.6202 16195 »161497: - 161,00 16198
a6z . 16890 7168,90» 168.88  168.89 )
T a0a143 176l 7462, " 17a60. 174.58 ;
30.55%7 . . ']:83,77 | 183.77 183.75 183.75 © _183.74
29.5648 103.55 ' 1193.56  193.53 . 193.54 - 193.55
24.7350 200.95 . 20096 - 204.94 ‘20a.02 20004 g
* 20.0241 218.66 +218.67°  218.68 . 218164 . 218.65
76i2 23858 2858 23858 236.53 23655 -
: 0.8575 260.5 26456 264.5% oaease. 2eare .-
'f 9,227 ,, + 26830 . 268.39 268.39 1268.3& 268.38
. . \
7eiS6 28022 0.23 28023 025 2802
6.6833 ° - 288.19% | 288.21 . 288.20. 288.20  288.20
6.0399 29401, 208.05  295.99  204.00 - 294.00
44905 31004 310.04° °310.04 . 310.06  310.04
. N "
; .
A
e :




M

L A smmm{ OF mNcsmA'rmN KzUIVALEN'r conwcrmce
DATA FOR PFMWL”MIDGLYL‘DLLIC ACID -

<

"awcerrr*m-mn . EQUIVALENT CONDUCTANCE

¥ ¥ x 10t ot CELLT L TT LT G IV
50,0798 Csim - 81.74. 8L . 874 ‘-31.74‘
- 45,3731 85.33 85,34 85.33 85,327 85,33
Cao.amo 89.8 - 89.86. 89.85 - 8.86  89.8
34,0642 95.42, 95.41 | 95.42 95‘.42 . 9542
30.1880 101.51 101.51 191.51 101.52 101.51
“e 0 asoms . 10070 10970 100700 10971 1097
. 198472 120,55 12055 120,55 - 120.56  120.55°
2 s 13420 1320 134.21 134.21 . 134.20
EELY 157.22 - 15722 15723 . 151.23 15723
o e 9.0333 16279  162.80 . 162.80 16281 162.80
N . 8.0062 .  160.27  %69.27  169.27 ' 169.27 169.21
R 6.8050 7801 170.89  178.91 ©178:90 178.91
‘ 16,0080 187.% 18739 167.40 18737 - 187.37
s 502758 198.50 - 198.47 198.50 198.47 ~198.4§

A = . ﬂ g s




TABLE XX A % s p

A SIMMARY OF JONCENTRAT ION-EQUIVALENT Ui{D.EI'ANCE

DATA FOR PHENYLTHIOGLYQULLIC-2,2-dz ACID © - =
- CONCENTRATION | ™" EQUIVALENT CONDUCTANCE W
X10° OO CELL T 7 cpL 11 ELII LIV GELLY
50.0812 . 8101 . 8101 81.01 = - ho.s? 81.00 °
15.29% 81.65 >, 8465 ", Bl.68 84.64  84.64
491200 . 89.20, o890 . 8921 6.1 89.19 -
1350359, | 94.53 . ;,:i.s‘:_ 94,54 " .52 o452 T
R I 100.67~ 10067 100.68 . 100.66 100366, - R
25.0760. 108.74 10875  108.75 10874  108.73 .
‘zo._015'3 vubfzs 119,23 .25 - 119.‘272“' 9.2 ¥
15.0304, 133.53  133.52 133,53 138,55 133.52 .
1g.uzs'3 . 155.70  155.70 155,70 <7 1ss71 '1$.7o :
" “5:0059 161.84  161.84 . 161.85 16185 - 161.84
" 8.0781 168.27  168.27  .i8.27- .- 168.27  168.27,
7.0711 176.69 >'176.69, '?:.69 17670 176.69- -

'5.9933'  186.35 186.34  18.34 = 186.34  186.34
5.0232 ©. . 107.24 1923 197.23  197.22 * - 197,23




s ol A TABLE XXI
: T LA SRy oF conrm’rmN»guwmm CONDUCTANCE
i DATA mn PHEWLSULFONYLAGFTIC ACID

" CONCENTRATION * .«  EQUIVALENT CONDUETANCE
! . L
x 10", (MOLAL) - CELL I CELL II CELL 111 GFLL IV . CELL V.

502061 N7 217.60 0 75T .. 2757 17760

o asiwst wsies . 22305 w396 amer o w3
L wasee 23160 c23162 23164 23161 - 23163

e 35.96V L I w026 20.26

. Loie 30.2359 249.58° 249.5§  249.57 249.55 24955

i 25.0801  © 260.86.°  260:87 26084 - 26086  260.86

20.0247 2 274.11 27414 4 274.14 -~ 274.15° 274.;13

15.0020 29013  290.02 29013 29011 290.13
10.0207 - 310.21 . 31020  310.21:  310.20 . 310.21
BO%5 348 3LesS. 3486 3485 31484
E 8.0937 E 339.32 31?.31 ) 319.32 319.32 319.3'1'
21 " 6.9700 32500 | 351 32501 325.11
: ‘ t 5.9956 330080 33082 . 330.82  350.82
1 “5.0871 336,30 3640 33639 36,40
\
| g ¥ -
-
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 TABLE XXII
SRl

EQUILIBRIUM &ONSTA.\NTS OF P'HENYLACETiC ACID DERIVED FROM VARIOUS

TREATMENTS OF /EQUIVALENT CONDUCTANCE DATA OVER'A

CONCENTRATION RANGE OF (61.09 © 1.988) x 10°* MOLAL g "
Z 1 . L i
TuifiBRIUM . ' ) o
" wemion . CONSTANT, K, x 105- . A (REFERENGE).
ROBINSON-STOKES 9% 0.00 . 3796 (100), °
smapwv'spkﬁ;l ! 14.928+0.016 . 3796 (102)
amstcn . s7s0+0.018 (k) 3576 )
vEs ok 4933t 0.011 379.1 1. 554
- FUOSST . 4.927 % 0.015 ) 7
SHEDLOVSKY. 1  4.926+ 0.015 380.1 )
S i ¢

+* SOME PREVIOUSLY DETERMINED VALUES
Nf e

METHOD OF MEASUREMENT ~ EQUILIBRIUM

"(METHOD OF CALCULATION) ~ CONSTANT, K, X 10° .- Ay (REFERENCE) .

CONDUCTANCE " y

4.923 + 0.015 ©379.6  (44)
(ROBINSON-STOKES) . e
CONDUCTANCE " 4.887 + 0.056 383. Ry (83)
CONDUCTANCE (IVES), 4.90 (MOLAR) " --: (103, 108)
* ELECTROMDTIVE FORCE 4.928 + 0,011 - (108




) 102
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* TABLE XXIIT

i

n

EgUfLIBRIUM ONSTANTS OF PHENOXYACETIC ACID DERIVED FROM VARTOUS :
/- TREATMENTS OF EQUIVALENT CONDUCTANCE DATA OVER A - :

CONCENTRATION RANGE OF (50.19 - 5.005) x 107 MOLAL’

- ; EQUILIBRIUM

METHOD © o OONSTANT, K x 10t Ao )
TOBINSON-STOKES 7.295 +0.0141 . 380.5%
SHEDLOVSKY, 11 <1285 x g K 38054
CLASSICAL 8.193 +0.0042 (KY 370.6
WES 7.276 + 0.0144 380.7 .

‘FU0SS . 7.261 1 0.0168 381.2

SIEDLOVSKY T - 7.235 £0.0172 ~ T 381.3 :
" SOME_PREVIOUSLY DETERMINED VALUES ’
EQUILTBRIUM L
* MITHOD OF MEASUREMENT ~ CONSTANT, K, x 10" Ao, (REFERENCE) '

* ) . CONDUCTAME LT (MOLAR). - L e (106)
FLECTROMUTIVE FORCE 6.75 i R )

ELECTROTIVE FRCE . 6.58 A m e @S -,

#Shedlovsky IV Ay value, see Table XXII below. - o

¢ 4 ]




[

EQUILIBRIUM CONSTANTS OF MMOXYACETIC4Z,Z-dz ACID-DERIVED FROM

TABLE XXIV

105

VARTOUS TREATMENTS OF EQUIVALENT CONDUCTANCE DATA OVER A 7

CCONCENTRATION RANGE OF (50.55 - 5.059) x.10-“ MOLAL

METHOD
ROBINSON-STOKES
SHEDLOVSKY 1T
CLASSICAL

1iEs

#shedlovsky IV A,

o

2

EQUILIBRIUM * |
CONSTANT, K, x 10

7.205 +'0.0180 °
7.195 + 0.0162
8.129 + 0.0046 (K.)
7.219 +0.0152
7.183 + 0,0176

- 7.176 + 0.0180

DS S —

S
380.5%
380. 5%
370.1
380.2
380.7
380.9

value for protium acid, sce Table XXXIT below.




5 U V.75 s R s e

&ILIBRILM CONSTANTS OF (HLOMACETIC ACTD UERIVED FROM VARIOUS
TREATMENTS OF BQUIVALENT (I)NIIK,TANCE DATA (M-.R '
CONCENTRATION RANGE OF (44:78 - 8.042) x 10~* MOLAL .

EQUILIBRIUM

MEMOD QONSTANT, Ky x 10° dy
ROBINSON- STORES 1.399 ¢ 0.0032 Csmdr
" SHEDLOVSKY 11 e 1.396 ¢ 0..0032 ) '390.1%
D cadbion &: 1572 % 0.0022 (KQ) - o fC
- 1vEs a Loawo0.002 . 0.3
FUOSS © . L3BE0.009 . 308 e

\ SHEDLOVSKY I~ 1.386 + 0.0037 390.9 o

SOME_PREVIOUSLY DETERMINED VALUES :

; L T, .
4 -+ EQUILIBRIIM : / oy

METHOD OF MEASURBYENT ooNsrANr, Ky x10° . Ag (REFERENCE)

: < B

CONDUCTANCE 1396 OOLAR . © 389.5 (107)
Sovueranee 1.396 (MOLAR) T 389.6 (108)
' CONDUCTANGE - 1.359' OLAR) RN )
p ) iy o

5" #Shedlovsky IV A, value, see Table XXXII'below.




v 5 .
105
A} ) ‘ :
- . TABLE YOI -

* " EQUILIBRIUM CONSTANTS OF CHLOROACETIC-2,2-d ACTD DERIVED FROM *
- VARIOUS TREATVENTS OF EQUIVALENT CONDUCTANCE DATA OVER A
FealTl CONCENTRATION RANGE OF (34.11 - 7.646) x 10" MOLAL ® <

! EanLiBRIuM. ‘
S e e e K xa0t a,
o ROBINSON-STOKES * ‘-, = 1382+ 0.0003 TS C
¢ smDbygRy o 1,379 +0.0014 - 390.1#
QASSICAL . . 155w 0.008B(K) - 30.9
TVES 3 L5+ 0,004 0.5 & 7 ¢ ow
- ROSS . - . 1,373 + 0.0052 3007,
_ SHEDLOVSKY T L1+ 0.007 - 390.8.

* #ShedTovsky IV A, value for protium acid, see Table XXXIT below.
& . & T

W © i
P 2 3 .
| e a oY S
S s ik

P i
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TABLE XXVII

EQUILIBRIUM CONSTANTS,OF PHENYLTHIOGLYCOLLIC ACID DERIVED FROM

VARIOUS TREATMENTS OF EQ_IVALENT CONDUCTANCE DATA OVER A
CDNCENTRATION RANGE OF (50.08 - 5.027) x 10-* MOLAL

EQUILIBRIW

. METHOD - : ‘cmsrmr NS, K, x 10° fo
. ROBINSON-STOKES = ' 2.803 + 0,0040,  38%.2*
" SHEDLOVSKY 1T . 2799 +°0.0041 s>.zﬂ T
CLASSTCAL 3195+ 0.0050 (K. 367.0
vES - 2.799 '+ 0.0040 381.3
~Fiss, - 2.778 + 0.0048 . 382.4
suﬁnmvsxvj soa N 2775+ 0.049° 7 . 382,

SOME PREVIOSLY PETERMINED VALUES

" EQUILIBRIUM
METIOD OF MEASURBIENT | CONSTANT, K, x 10° g (REFERENCE)
CONDUCTANCE .7 276 o.oa. : 3811 (46)

ELECTROMOTIVE FORCE 2.70 )

‘#Shedlovsky IV Ay value, see Table XOIT below.
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‘_ . TABLE XOVITI

QUILIBRIUM CONSTANTS OF PHENYLTHIOGLYQOLLIC-2,2-d, ACID DERIVED

FROM VARIOUS TREATMENTS OF EQUIVALENT CONDUCTANCE DATA OVER A
CONCENTRATION RANGE OF (50.08 - 5.023) x 10-" MOLAL
e

i EQUILIBRILM
5 % ’ p 0z
METIOD ., 4 CONSTANT, K¢ x 10 "

ROBINSON-STOKES « 2.752 + 9.0025 381.2*.

SHEDLOVSKY IT 2.749,+ 0.0036 381.2#

CLASSICAL .. 3,114 £ 0.0039 (Ko 367.8 o
TVES *- : 2.734 4 0.0057 ° 381.9 v

| FU0SS %, 2.706 + 0.0067 " 383.4

SHEDLOVSKY. 1. * 2.705 + 0.0068 . . 383.5

——




’ . : TABLE XXIX %

EQUILTBRIUM CONSTANTS .OF PHENYLSULFONYIACETIC ACID DERIVED FROM
7 VARIOUS TREATMENTS OF EQUIVALENT CONDUCTANCE >DATA OVER
A CONCENTRATION RANGE OF (45.33 - 8.094) x 107" MOLAL

) EQU]LIBRIUM‘ .
woo e s ke x 107 ho
" ROBINSON-STOKES ' -670 0,013 - - T 379,74 ,
‘ SIEDLOVSKY 11 ¢ “¥663 + 0.012 379.7#
. CLASSICAL © -1 - | 4.066 % 0.0014 (KO  373.5-
o S e IVES: .7 3.661 4 0.0131 379.8°
‘ FU0SS ' 3.647 £ 0,015 © 3800
" SHEDLOVSKY T : 3.642 1‘ 01015 3}0.2 ;'

- SOME_PREVIOUSLY DETERMINED VALUES

" +  EQUILIBRIUM » : -

METHOD OF MEASUREMENT ~ CONSTANT, K¢ x 10° Ay (REFERENCE)

, :
CONDUCTANCE 3.63 +.0.04, . 379.6  (46)
ELEGTROMOTIVE FORCE - 3.07 : o8 s "

'ﬁshedluvs'k)i IV A, value, ‘see Table XXKIT belog




Tt

.3-3. ISOTOPE EFFECTS = . ’ 2%

Secondary isotope effects of the second kind calculated via

5 - ) =
* the Shedlovsky ITI Method (described above, pp. 53 - 56) for
Ehe isotopic acid pairs RGH,000H/RCD:000H, where R = PHO, C1,.

and. PhS, have been tabulated in Appendix 1. A summary of

s*presented in, Table XXX.

these isotope effect:

- Isotope effects derived from the appmpﬁate comparisons of

t ic equilibrium [see Tables XXII to XIX].are
listed with those calculated by the Shedlovsky ITT Method in
Table XKXI. '




110

v
A ) TABLE XX
& 1SOTOVE EFFECTS DERIVED FRoM SlEDLOVSKY 111 - o
. 4 - 2 2
TREATMENT OF CONCENTRATION-EQUIVALENT CONDUCTANGE
Bz = 5 ' narA ) ¥
ACID PAIR ', (CELL NMBER ~ , ISOTOPE EFFECT, mtinumdu(
Phenoxyacetic Cow i | 1.0104 +.0.0009
o € . “
: ° 2 ’ -4:0099 + 0.0008
S A 1.0104 + 0.0009 e
A & 1.0108 + 0.0009 4
f . ;
s 1.0109 £ 0.0009
. Chloroacetic < e 1.0114 + [0.0008
Fa™ = Sags Wt 2 1.0116 + 0.0008
§ : -1.0116 +-0.0008
’ i 4 1.0114 + 0.0008 X
\
A -5 1.0116 + 0.0008 '
Phenylthioglycnllic. : 1 1.0207 + 0.0006 .
" 2 1.0209 + 0.0006
3 * 1.0205 '+ 0.0006
‘4 " 1.0211 + 0.0007 \ ey
". -~ 5 o '

1.0211 + 0.0006



TABLE 3001

]

i 133>

A COMPARTSON OF ISOTOPE EFFECTS FOR THREE ISOTOPIC ACID PAIRS

 ISOTOPE EFFECTS FOR RCH,CO0H/RCD, COOH

* METHOD OF
CALCULATION R = PhO R=C1 R = PhS

" obinson-Stokes  1.012 + 0.003 1012 #0.002  1.020  0.001\’
Shedlovsky 11 1.012 + 0.002 ° 1,012+ 0.002  1.020 ¢ %.001
Ives 1.008 + 0.002  1.014 % 0,003 1:024 £ 04002,
Fuoss 1.008 + 0.003 . 1.011 +0.004  .1.027 # 0.003
Shedlaysky T 1.008 £70,002  1.011 +0.004 ' 1.026 ¢ 0.003
Classical 1.001 £0.001. 1.012-# 0,001  1:021 # 0.001
Shedlovsky ITT . 1.01L + 0,001  1.012 £ 0.001 1.0214 0.001




£

cquilibriun constant calculation were obtained: gy, Salt Method
‘Values Tconverted to the molal scale) determined by other workers
and from the Shedlovsky IV treatment of the‘concentratipn-cquivm
lent conductance data of the acids.- The abbreviated res;zlts of
the Shedlovsky IV treatment of the data are presented in Appendix
1V, and the l\\<7 values of the acids deterntined by this method are

sumarized in Table XXXII. . ‘ p °




S . P w U TABLE XXXIT

_ A 5 4

e Ag VALUES DERIVED FROM SHEDLOVSKY IV TREATMENT OF CONC‘ENTRATION-QQIVAIENT CONDUCTANGE DATA. - ) F

Ay VALUE THAT YIELDS MINMIM ERROR IN SHEDLOVSKY &‘

ACID G LTI LI LIV ¢ GLLV | AVERAGE g
) Phenoxyacetic ) ) 0.5 . 3805 380.5 : (@06 3m0.4 380.5,. e
: _ Phenoxyacetic-2,2-dz ., 380.0 379.9 .+ 380.0 301 380 LN 0.0
Chloroacetic o 3904 390.1 o 390.1 - . 390.1 390.1 b :59().1{%{“-'[J
. Chloroacetic-2;2-d; 9006 390.6  390.7 . 300,5  390.7°°  390.6.
© Phemylthioglycollic 3813 3811 3613 381 3812 381.2
i Phénylthioglycoilic-2,2-dz-  381.7 316 - i 381.5 381.8 381.8,( 381.7
Phenylsulfonylacetic -, . 3:79.‘7 579.6 -+ 379.7 379.7 379.7. 579.7
. i - - .\\ .
’
1 -

€11






4-1. THERMODYNAMIC EQUILIBRIUM CONSTANTS - o

4-1a. ' A COMPARISON WITH TUE LITERATURE

The determination of the t}{emcdynamic equilibrium constant
of phenylacetic acid in the present study was attempted for com-
Y =
parison with values previously reported. The demonstrated re-

producibility of the Kt for this acid, when compared witﬁ values

previously determined, assures some measure of reliability-in theé -
technique: n g @
ar - 4

Values of the K, of phenylatopicsacid calaulated via the
various methods described above are répurted in Table XXII %nd,
with' the exception of the Classical ca;culagioﬁ, the ‘values de-
termined by all methul’is agree to within 0.3%. More significantly,
these values are i‘n excellent agreement with those recently dé’-‘
termined by both conductance™and electromotive -force methods (44,
83, 103 104, 105). .
_The K¢ values of phenylacet:c acld calculated by the Direct
Methods, namely the Robinson-Stokes and Shedlovsky II Methods, -
" were evaluated using a corrected value of M. The correction of
* this parameter was necessitated by an overslght in the bath temp-
erature adjustment (ﬂ\e temperature was actually 25.051°C insteéad
of 25.000°C), and was accomplished us:mg data provided by Laugh- i
ton and Demayo (104). These authors have proposed the linear "

variance of .the limiting equivaie‘znt conductance of phmylacetﬁc




. ‘acid over the temperature range of 20°C to 409C-according to the
equation . =

[65] Ay = -1122.08 + 4.9614 T

The increase of kS 9614 A, units per %K )'ieltis a A, value at
25. 051°C some, 0. 25 equivalent conductance units [cmz Q! mole’?!)
higher than the A, value quoted for 25. DQO C (102].

In their investigation of the temperature dependence of the
thermodynamic equi‘librinp;n constant of gh;n);l)acetic acid, Laughto‘n
_and Demayo (104) pbtaincd‘only a 3.9% decrease in Kt over a temp-
erature range of 25°C to ;$0°C. On this basis, tev%ure cor-
recti'.on of the K, "values c;alculated at 25.051°C in thelpresent ’

. study was considered unnccessary, as the correction represents
*

“about 0.01% of the quoted K, value. =

The thenmd)'namc equilibriun constants of the othey acids i
u\vestxgated (see Tables XXHI to XXIX) indicate that while cer-
tain of “the evaluauve methods apeear more preclsc than others,
the dlscrcpanclcs betwcm the K, values gcncratcd fgr any one
acid by the different eva}uat:ve techn)ques are.diminutive. With
the exceptlon of' chlcroacet:\c acid, the K values of the protio
acills are.in cxceuent‘agreement with previously re})ortad values
determined by the conductance method.

In the case’ of chloroacetic acid, although the vajues oF

. thermodynamic.equilibrium constant reported by Shedlovsky and




116

co-workers (107, 110) and Saxvtcn and Langer (108) are co{inci(‘lent
with values determined here, there is considerable dis;trtgpancy
bétween the latter and the mich lower thermodynamic eqLilihrj&n
constant reported by Ives and Pryor (42). In their highly pre- 5 s
cise investigation of monohalogencacetic acids, Ives and;Pryor

. suggest that erroncous values of Ao obtained via the Salt Method

. (sec above, p. 47) may account for the discrepancies in:reported

thermodynami¢”equilibrium constant values of chloroacetic acid.

These authors ascribe the error in A, measurement to hydrolytic
decomposition of aqueous sodium dnlo;'cacetate which gives rise to
e inconsistent conductance measurements of the unstable salt solu-
‘tions. Instability of the salt solitions has not been previously
reported however [c.£. (107, 110) and (108)1, even in highly -
alkaline media under hbdgrate conditions (111); nor did the
chloroacetic acid s?ilutions in the pre‘se'nt study show e\(ider;ce )
©of instgbility. ‘ % - ’
To sccomiodate ‘the highly, précise, yet lover, themodynanic
equilibriun constant reported by Ives and Pryor for chloroacetic ,
ac_idv, speculation mist lead to the possibility’of a homogéneous_
“= ° . impurity present in their acid sanple which would lower the Ky

value. The two obvious possibilities axé bromoacetic acid; an

impurity in commerciai éamples of chloroacetic acid and one which e
is. removed onl'y with greai diff‘iculty awm, and water. The -

notoriously hyg‘ioscvpib nature of ‘chloroacetic acid necessitated
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.. its weighing“in-a dry atnosphere in the present study,’but this

5 o
wa$ not the procedure followed in the Ives-Pryor study (112).

The thermodynanic equilibrium constant of phenylsulfinyl- . ¢ @
acetic acid has been measured by Crockford and Mglas 46), L5, Wt
L 4 % * S ¥

who employed a conductance tec.hnii\ue, and by. Pasto and Kent “s), e "

* who used an electrcmotwe force method. Although nut in agree—
ment as to the absolute value of the ionization constant of~ ‘
phenylsulfinylacetic acid, both groups of workers ‘note that- the

themudynanuc equlehrlum constant of the “acid i4 umsually

large in ccmpanson with the valués of \fxenylthmglyculhc and
phenylsulfonylacetic acids. Indeed, Pasto and co- iorkers (45,
113) go to some’ lengths to explain the anomalous behaviour ‘of
these three acids in aqueous- and non- @mm media. .

The themodynanuc equuxbnum constants of the protm and ©

deutero phenylsulﬁnylacetxc acn‘ls are not, reported m thls smdy,

-as aqueous phenylsulfinylacetic acid proved unstable to conduc- ! S
-tance measurement The change of" rsxstance of the acxd sclutmn
with tme indicated a process of umform rate was occurring,’
prubably a decm\posxtion of the type orxgmally pmpcsed by e
Pumnerer (114) and recent]y"exanuned by Walker _and Leib (115) E e
This process was, accompanied by the depos1t1m of a spaxmgly

' soluble nmaterial on the cell electrodes, wh1ch was removed only
after repeated wzs}u.ng s

Aqueous phenylsulfcnylacetxc acld e\nda\ced no mstablhty . B

to conductance ieasurement, ‘but'a umfnmn decrease in reslstanc

e
il /




i logue. As ‘the aqu'emxs pmuu ac’ld‘appeared sr,able. this res)s»

4 tam:e change 15 attubuted to the Te- axc.hange cf hydrogen for 3k

deuterium at the gnethylene pontmn of’ the aqueuus deutero acxd
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A-It?". UNCERTAINTY IN THE PRESENT RESULTS

A small residual concentratxon dependence of equlhbrlum

stant values derived from conductance measurements has recent-

1y ‘been noted (38, 44, 78, 116, 117). This dependence ‘can be
as;:ribed to errors associated withvfrequency dependence- of mea-
suged resistance,:significant specific conductance of sclvenc
hydrogen bonding differences between the isotopic atoms and the
solvent, incomplete isotopic substitution in the deutero acids,
and the use of maccuratc limiting equivalent conductance values
Eadr of these sources of error will be discussed m turn.

The frcquency depen nce of electmlyt& solutmns continues

to be a complex prublem'of cur,rent research interest [c.f. (118)].
The highly pretise cunductance measurementson suhstltuted acetlc
ac1d-solutmns by Ives et al. (42, 112, 119 120) using four lead
double cens enabled these workers to confum the appmxunate

line:ix:i,g_gf }_’Ve\sistance with reciprocal frequency. Although the

function of resistance with frequency appears to depend on the

type of aiectmdes emplgyed (121a), Pryor (112) notes that ﬂhe
frequency dependence of the resistarices assoclated with solutidns
of mmohalbgeno’acetlc aCldS ig insignificant, not exceedmg 0.01%
of .the apparent reslstance. This observation was confmned by
Ives and Moseley in a later commmication (122) m wh1d1 these
authors waive the double cell advantage of small residual fre-

quency dependence in favour of the statistical advantage of two




-

separate cells.”. The effect of frequency dependence on apparent

o, ’ ' . - 120

Tesistance in the two separate cells was reported as "almost
i 5 "

mrjmsnlerable e

© 7 In the present investigation, the frequency of

: the resistance measurements obtained on the impedance ct rator
. (6.R.I.C.) appearéll hot to exceed 0.023 of the resistance values.

However, resistance measurenents on the Tinsley bridge showed
some fljequenr,;y deperidence, but subsequént extrapolation of re-
sistance as a functjon of frequency yieidsd resistance values
w1thm 0.03% of those obtamed on the mrpedance comparator.

The correcnon of speclflc conductance values of acid solu-v
tions has been advocated by Laughton and Demayo in a recent:
extensive study of errors associated with 'cdriducta‘i\ce measuré-'
ment (104). This correction requires the suhtract)on of the ~
speclflc conductance of the cu\dnctwnfy water fmm that” of the
aqueous acid prior to-the calculation of equxyale_nt conductance.

Apart from conductivity due to its own dissociation, the specific 3

.:conductmce of Bnductivity water is usually attributed to the

presence of dissociated carbonic"acia (121b). While it camot
be wl\sidered negligible in the case of potassium chloride solu-
tions {c £. E.quatmn [61]) this dissociation must be altered in
“solutions of other -acids. The solvent correction factor then
hecomes extremely difficult to estlmate and its apphcatmn is .

of questmnable necessxty
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As current theories of hydrocarbon solubility in water sug;

gest that specific mteractmns bctween solute and solvent are

weak, the effe¢t of hydmgen bonding" differences between the
methylene H.and D atoms with water is not considered to be a

parameter of sufficient magzutude to 1nf1uence the hydrodynamc

-properties of the dissqlved amds

P .
BtroN ussoeiated vith the eEfect of inonplets iSEtopIe

SubStltuth‘n on the thermodynamic equ)hbrlum constants of the

Adeutenum amd analogues have been exammed by Scott and Benson

(79, 117] . Incomplete deuteration of the methylene group results
from either partial deuteration du?ing pre;‘)aratjon or Te—exchange
(pmtiwﬁ for deu‘terium) during measurement, and it leads to a
mixture of RO;COOH, RGHDOOOH and RCD;000H. Scott and Benson
assume I}:(!ﬂ)] equai to the geometric mean _&f Ke(H) and Ke(D) ir.)
their calculations and treat the problem classically, i.e., they*
neglect interionic offects on both the sctivities an mobilitiss
of the ions involved in the equlllbna. These authors conclude
that the validity'of the Kt(D) detemmamcn will not be serious-
ly endangered if the deuterium contem:)at the methylene position
is not less than 95%. : N

The errors associated with limit‘ing equivalent conductances
produced by the simultaneous generation of A, and K¢ via the In-
direct Methods has attracted considerable comment (38, 82, 104,
123).  Belcher (82) has ccmpared 11m1t1ng equwalem: conductance

values obtained from the'Salt Method with those derived £rom the
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7 iteraéive cgduﬁ(iues (see Table SOO(III).. He concludes that the
iterative-extrapolation techniques of the Indirect Methods are
only reliable if the electrolyte has a dissociation constant
greater than 1 x 10-3. If the thermodynamic equilibrium constant °
of the electrolyte is.less than 1 x 10-%, then the Ao value, and »
hence. the K¢ value, will be in seri(;us error. Belcher maintains
that even if .the theoretical expressions for data treatment are
adeﬁuate over the complete ccncem:ra_tion range investigated, an »
accur:ate value of 4, _will‘ not be detqmined unless the random
errors .are small and the number of e‘mi)irical data’ ipoints isvl.arge.

Belcher's contention is supported by Ki}fnatrick (123) in her * . 5
investigation of errors arising from the g-ener:'ation of A, via the
ives Mef}fﬁd. The Tesults of extensive data treatment by both
Barnes (44) and Demayo (104) provide further confirmation of Bel-
cher's observation. Indeed, in the pres;z11t work the variation
of Ky values with ehnicentration bestnes increasingly appafent
with changes in A, on, either side of the best value (see Table

However, the data of Ives Egi_,; (42, 119, 1?2, 1’24,,‘ 125, ‘
126) , processed by. the Ives Method, appear to give excellent S g i
results; but this may be partly a consequence of the relative
strengths of these acids.. As Belcher (82) noFes, the data de- . ’ \ )
rived from relatively strong acids Vr‘equire only short extrapol- )
ation in the generatién of Ay. The original intention of Ives :
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TABLE XXXIII
A COMPARISON OF Ay AND Ky VALUES OF VARIOUS |
ACIDS TABULATED BY BELCHER (82)
) - FROM ACID AND SALT ~ FROM ACID ALONE
ACID Ay Kex10° Ay Ke x 105 REFERENCE

 Carbonic, 394.3  0.0431 424 -0.0365 ~ (128)
Acetic 390.71  1.753 395.3  1.705 (75)

; ) LI
Propionic 385.47 1.343 386.34  1.337 (82)

- Chloroacetic 389,52 139.6 . 389.5  139.6 (107)
n-Butyric 382.40  1.508 386.05° 1.475 (82) .
Benzoic- 382.21 631.2 3821 631.2 “(129)
o-filorobenzoic  380.07 119.7 380.0  119.7 (130)




TABLE XXXIV
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A COMPARISON OF Ky AND DEVIATION (&) VALi]ES'! DETERMINED BY
THE ROBINSON-STOKES METHOD EMPLOYING VARIOUS A, VALUES, FOR

e}
CONCENTRATION

-x 10" (MOLAL) (K and

Ao =

3

388.3,

Ao = 390.1,

-+ SOLUTIONS OF CHIOROACETIC ACID IN' CELL NUMBER I

o = 390.8,

44,782°
39,977

35,018
Sl 29870
24,699
20,082
150121
102108
8.8361
po0a17 -

AVERAGE
(Ke + 6) x 10°.
FOR CELLS 1-V "’

uL.4
1415
141.9
142.1
142.3
142.2

‘125

142.7
142.3
142.3

142.1

5) x 10° (K and &) x 10° *(K; and 6) x 10°

+,0.5232

+0.4175

+0,1235
+0.2179
- 0:1022

-.0.0353 "

- 0.2830
- 0.3897
- 0.1038
-0.1173

+.0.4007

139.6 + 0.1994
139.7 + 0.1210
140.0 0.1382

.140.1 * 0.1933,

140.2 - 0.2536
140.0°- 0.1051
140.2 - 0.2172°
139.9 - 0.0675
139.4 + 0.3209
139.3 7 0.3897

130.9 +.0.3177

138.9 + 0.0753
139.0 +-0.0073
130.3"- 0.2385
139.4 - 0.2756
139.4 - 0.3112
130.2 < 0.1316

.139.3 = 0.1920

138.9 + 0.0555
138.3 + 0.4827
138.2 + 0.5826

139.0 *. 0.4152
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.

" (42, 72) in the developnent and use of the iferative-extrapola-

tion technique was to safeguard against salt.decomposition in

aqueous medid. A similar situation is encowntered in the present |

. work, in as much as the salts of the various deutero acids may

be ‘'subject to }apid fe-exci(ange in aqueous media (111).° Hence,
although desirable, direct measurements of A, by the ‘Salt Method
have not been aétempted in the present study.

The Shedlovsky IV treatment of concentration-equivalent

conductance data (see Appendnx IV) ‘developed by Scott ;eg al. (38,

"7, 117) pfqvides a useful alternative to the iterative-extrapol-

- ation methods of Fuoss (69) , Sheﬁiovsky (70, 109) and Ives (72)

" in the determination of Ay. This method does not rely on an . .
\ .

" extrapolation but rather finds its basis in a linear least squares

interpolation (see above, p. 48). Some A, values proai_uqed by

,this method .are compared with those e\}_aluated by the Salt Method

_and the iterative methods in Table XXXV. In all cases the Ay~ .

values calculated hy the Shedlovsky v Met}md are closer to 'the
/\o values calculated from salt data than those of* an iterative-

extrapolation’ technique.

"The apparent concentration dence of the -t a
equilibrium constants is undoubtedly influenced by para!néters
other. than those discussed above [c:f, (127 1s Whetl;sr, forlin-
stm&e, the theu;'etical model anid the assumptions inherent in the °
methods of calculation (e.g. the approximations of- a- defﬁité ion '

size and the activity of undissociated solute) are valid at the '

~
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TABLE XU = ¢

A COMPARISON OF A(; VALUES DETERMINED BY THE SHEDLOVS]

ITERATIVE METHOD, THE SHEDLOVSKY IV METHOD AND THE SALT METHOD

. ) Ay (OLAL) VALUES*
i RIN ROH,000H | SHEDLOVSKY I SHEDLOVSKY ~  SALT METHOD
" acm ITERATIVE METIOD IV METHOD (REFERENCE
- H. ) 1.9 1.4 389.6 (79
CeHs 386.4 - 381.7 379.6 (102)
4NeO-Cy . . W2 377.0 377.3 (81)
450z -Coll © w9 378.5 376.6 (80)
a 3909 390.1 389.5 (107)
. cdis (/ 3825 BL2p  MLL @8
: CllsS0, 380.2 9.7 39.6 (46)

others are from this study.

*Thé unreferenced values for the first four acids listed are
taken from (44); and a:




. § .
extremities of the concentration range is quést nable. - Since,

however, this presentstion‘ is essentially. Wirical in na‘tgre,

in-the interests of brevity the discussion of theoretical para-
2 ; B

meters and their uncertainty is left to others [c.f. (47, 48,

e
51, 1081 . &




422, ISOTOPEEFFECYS . . o

‘The isotope cffects cxhibited by the three isotopic acid .
pairs RCHoCOOH/RCD,CO0H, B = C1, PhO, and PhS, are compared in
Table XXXI. These effects are 131'g’er thail_those measured by
Scott and Bames: (38, 44) for the substituted phenylacetic acid
pairs (R = Cglls, 4-MeO-CgH, and %}NOZ'CSH.,) but are less than
those reported by Streitweiser and Klein (32) and Bates et al.
’(46) for the acetic acid pair, u{;mowm,&ou.

The isotopic ratios report_ed hpre‘a{é close to the K(H)/

g K(D) value of 1.02 predicted by the inductive treatment described
above, but do not correspond to the inverse isotope effects pre-

. dicted b); Equation [12] for the correlation shown in Figure IV

’ (see Figure IX). 'The influence qf structural variation and the

g conespor}din)z change 'in inductive effect on the isotopic ratios.

indicates that the simple inductive treatment is not am adeqﬁ'ate
model' for the description -of isotope effects. This is clearly

. evident since the model requires, to a first approximation, iso-
tope effects to bé- Vind‘ependent of Vthe nature of the substituent,
i.e. constant with structural change, but the isotope effects

. reported here and eigewhere (§8, 44) are in fact randoﬁﬂy influ-

enced by structural changes. .
Arthough in excellent internal agreement, the-isotope ' °
effects v:oxﬁputed using themodyrxélnic equilibrium constants

derived from the Direct and Indirect Methods show greater




‘ . FIGRE IX )
APLOT OF & log)o K(H)/K(D) - vs. pK(H) FOR THE ISOTOPICALLY
" SUBSTITUTED ACETIC ACID PATRS ROy COOH/RCD;000H
The K(H) and K(D) values for R = (H, are taken £rom (40),
the values for R = CgHs, 4-MeOCeHu, a-_No,c.ﬁ.' are taken fram - '
(44), and -the values for R = C¢HsO, CeHsS, €1 are taken from
this work. The correlation shown in the i?igm represents ﬁ
’ linear free energy relatiqruhip giwn by Equation [12].
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um:ertaint}; than those calculated by isotopic glupe comparison ¢ o
. (see Table XOXI). The larger uncertainty assosiated with iso- -
o " tope effects calculated by the comparison of Kt"yalue‘f may be @

consequence of the fact that the Direct and Indirect methods

., rjely hea\;ily on the -accuracy-of Ao.
; " An examination of Appefidix IIT reveals that a change of 1
- equ]valent conductance unit in l\O will produce a change 1n slu‘pe
) which. does not; exceed 1%, but a similar examination of Appe-nthx

VI mdlcates that for the same cha.nge in Ao the correspondlng s

thange m Kt is to the order of 10%. The uncertainty of 1sotope

fects denved from the appropriate K¢ companscns clearly must

be greater thzm the uncertainty associated w1tlt{thcse obtained
o from. 1sotop1c slope comparisons.

o The uncertainty of'the isotope effects derived from the e
. iy i

%G 3 :
Llassical isGtopic slape’s appears to bé.comparable in'size to j
the uncertainty associated with calculation by the Shedlovsky
‘1 Method, and less than the wcertainty attached to isotope -

effects obtained via the other methods. The. reason for this 15 ’ : S

2 .. mot easxly discemed 1&1 view of thé fact that ion activity and

mobility effetts are ignored.in the correlation of the "Classi-

cal" varisbles 1/A and A.c. However, the ijferences between ) /
the contributions of thess small, but significant, efféts to <
5 their respectivé isotopic slopes nust be diJninutiire, since these '
b ok diffesences only reflect the perturbationiof isotopic substitu-
" tion on ion activity and nobility, Although the influence of
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these 1sotup1c dlfferences on the slopes may not be neghgxble,

the cancelhng effect whlch ocqurs when the 1sotop1c slopes are

‘compared by ratm, y for their di B
A s:ulular aspect of xsotope effect calculation is present;ed b L.
whe-n the same value of A, is utﬂued to process the concentra- -~
» tion- eq,;x;:valent cnnductance data of both pmtm ‘and deutero o
. ‘acids by the Direct Methods; i.e..Aq(H) and Ao(D) are assumed - N !

e s

equal.- 'l:ms value of Agneed only be in the region of the  true

+ Ao to yield an iso:ope effect equal, albeit less certain,’ to,

that obtancd ‘when an a:curate value of Ay is emplayed Some

1ust1ficatmn of ﬂus empirical observatmn s offered m the '
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4-3. TE ITY OF A, - A0 1o(0)

The calculatun of 1sotupe effects by comparison of ther-
md)mamc eqlullhrlun cmstmx;s, Kt (H)/K¢ (D), and xsompxc ‘
" slopes, mt(D)/Mg('H) ¥ rehes haanly on_the assumption that the ’
hmtmg equlv?lent conductances of the protio acid emd its

isotopically subsututed ana]ague are not slgufxcéntly differ-

ent, that is 5 § 5
o6l = AO(D)/AQ(H'J = T 5 5
s i &
By t.he subtr‘?ttmn of AU(H‘) from Equation [66] the appmx.lma yd
.tion may, be réduced to a consideration of the 1sotup1ca11y sub-
sututed amons, grven by o B ~1 B
L T671 AT O/A" () + 1 : %

~This app‘mximatim is not wi’i}:o_ut ptecedel_lt,fhaving been
inpii'ciﬂy assumed by s{r;i:ueise;' and Klein (32) in"q-eir
’-crmsxderatmn of the acetic acid isotopic pair. Robenscn and T
:o~workers (36, 743) have also presunably applied this approxl-
mation in thexr investigation of some isotopically subsutut$ ¥ 5
. tetraalkylammmum ion pairs, as. hava Bell and Miller- (131) in.
thelr study of ‘the formic.acid igotopic analugues The. jsotope _ Lo

ratios reported hy Streitweiser and by. Beu are m excellent .

agreenént with those determined by other iical techni



& =y s * L .

(40, .132) . " If /\o is a funcnon of 1satcp1c substitution; deu-

terium for h; drogen, then tKe limiting equivalent conductances

of the CH C(‘ﬁvﬂ/GJJCOOIl and HCOOH/DCOOH acid pairs must be more .
slgruf)cantly affectod than the isotopically substituted acctic
acnt. examined in the present work.

Netertheless, by virtue of the diminutive na‘turé of the

isotope effects reported here, the assumrion implied be Equa-

tion [67] necessitates closer scrutiny to insure theé integrity

of the isotope ratios. In the\l_v‘\e.thods utilizing isotopic slope
comparison, the isotope effect was given above as_the ratio of

Equations [51] and [52] which leads to’
; :

- Ke D)Ag? (D ’ e
B0 mOKo ]
. K¢ (D) me M)A (H) - - o

vhere the parameters have their usual SiBE G Cleary)
the l}ncer{ainty in the isotope éf-felct is the Product of the
uncertainties in the ratio of isotopic slopes and the ratio of
[ho(D) /()12 THe validity of the Teal but small isotope
eEfects reporfed here requires that the latter ratio be much
closer to unity than the ratio of the )sntoplc slopes. © °

. Scott et al. (38, 78, 133) have critically examined the

approxunatwn in Equation [67] by arp‘ﬁoymg an approach of wider

scope. Théy noté that the effect of. isotopic substitut_ion on

the iimiting equivalent conductance of ions may be considered,



part o{ the more extenswe problem of the variation of Au thh
structural changeA
. Although the effect of structural variation on the limit- R ‘

ing cqulvalent conduct:l‘ce of sunple spherical cations and ;

anions appears complex (47), the problem has been bioached by
considering ion radius as the sxgmflcant structural parameter
(134, 135). This approach has been adopted by the sophisticated
Fuoss-Boyd-Zwan;ig theory (136) in the inveétigation of the
" hydrodynamic properties of spherical ions. Thls thepry involves
the assessment of ion-dipole ‘interactions arising from thev
frictional forces created by the viscous snd dielectric proper-
‘ ties of the nedium, ! ) e
However, the folecular anicis of 1‘:he substituted acetic
acids are not spherical in shape and hence cannot be adequately
defined by an ion radius. The ion-dipole interactions must
consequently be replaced by dipole-dipole intemcfions bet‘ween @
the moleduilar anions and solvent. Differences in limiting
equivalen‘t‘ conductance for the isotopically substituted atfions .
would arise from differences.in size between the H and D anal-
ogues and differences in dipole moments between'C-H and C-D
bonds. %
Scott (133) has correlated the limiting' eq\:ivale?t condl.xc‘»
tances of some carboxylic anions of the type shown in Figure X

with a parameter (Tj) employed to define anion size :(see Table



FIGURE X ° ; :

A DIAGRAM OF THE TYPE OF CARBOWLIC - E
, ACID ANION CONSIDERED IN EQUATION ‘[69) ) .
i ” ’ .




XXXVI). ‘The T parameter is the mean of the bond distances of :

# the groups tetrdhedrally’ attached to thé methylene carbon,amm 2

of the carboxyllc acid anions, and is given by
i . .
- 2T, Eod v R 7
f69] - C-H C-000 €R .. " y W
4 S

The trend.of the correlation between I\O(R(}i;doo‘) and Tm
shown in Figure XI clearly indicates a decrease in 1limiting
equivalent conductance wit.h increasing anion size More ex-
plicitly, the slope of the correlatmn, -10.4 equwalent con-
ductance uﬂxts per A allows the’ estimation of the effect of
150top1c subsututwm Since C-D bonds are shorter than C-H
bonds by 0.003 & to 0.005 & (139), then the difference in T,
between the RCH;G)O and RCD;(XX) anmn pairs, AT n? will not -
exceed 245 7072 A .“This change will yield a reduction of
0.026 ‘equivalent conductance units, for AD(D) compared to AO(H‘).
If the protio compound has a limiting equivalent conductance in
thé region of 380 equivalent conductance units, then the v.
[Ao(D)/fo(H) ]2 ratio will differ from unity by ca. 0.014%. Since

: t_hxs value is smali compared to the isotope effects reported for -
the three isotopic acid pairs, the requirement that [l\o(i)]/l\o(HA)rlz
be much closer to unity than mt(D)/mt(H) is satlsfled, i.e. the .
1sntope effects calculated by 1sotop1c slope comparison are real

and significant.
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TABLE XXXVI

Ty AND Aq VALUES FOR SOME CARBOXYLIC '

o
5 ACID ANIONS COMPILED BY SQOTT (133)
R IN RGH,000" ANION Ty(RCH,000")* Aq(RCH20007)**
o
L 1.3 2 40.9
a B 1) 39.8
Qs , &= * . adus ) - 35.8
‘CHsQH 243 = 32.6
Cells o 245 29:8 s
o
-
-

*T, is computed from Equation [691; all contributing'bond

: ]
distances are measured in A and are taken from (137).

*#), values have units of cm® @' mole™'. and are taken from
(138), with the exception of Ay(CeHsCH,0007) which is taken
from (102). ' :



Ae (RCH,€00), em? &' molé”!

420
41-0
40-0

390

‘380

37.0
360
350
340

330}

320

31-0 .

300
290

FIGURE XI

THE' CORRELATION OF A, AND T FOR SOME_CARBOXYLIC

ACTD ANIONS [TAKEN FROM (133)]

i i

s (RCHy €000, &

480 . 2:00. - 2-20.
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4-4. SUMMARY

One of the original aims of the present study was to furnish
further data which would describe the effects of structural \;ar-
iation on isotope effects. In a recent review _1;y Thnnrnton and
Thornton (140) the effects of structural variation on isotope
effects are regarded as important parameters -in ‘the comprehensive
study of transition states. The fesults ;Jf the present work .
pfovide some base line data for «;quilibria, wﬁere the advantage
of relatively ye}l-defined states is in contrast to the specula- -
tive nature of transiti;yn states. '

"By way of summation, the following points emerge a; impor- =
tant in the present s’tud;r: ’

(@) In conjunction with the. results of Scott and Barnes

(38, .44), the present work clearly demonstrates /he Inadequacy
of the simple inductive model in describing s¢tondary \sotope

effects of the second kind. The isotope effekts are not independ-

ent of substituent varjation, and hence the reqiirement of the

inductive model, narfely thak_isotope effects reman constant with -
structural varjation, is not satisfied.

(2) The ‘trend"pf diminishing isotope effect per deuterium
‘atox;n with increasing acidity currel‘ated by Scott and Barnes (38, °
44) appears coincidefita} for ir results alone. The reasonably
consistent cvorrela.ltion tailed by) these authors requires that

monosubstituted acetic acids with'wKa's-less than 4 yield inverse .

isotope effects. ‘The isotope effects ceported here appear’ faﬁdoﬁx“’



,cvnstants and 1imiting equivalent conductance values.

%\ :

in t}?i; respect since these effects are larger-than thof® des-

y
-
crived by Scott: and Bammes (38, #4) but the acids themselves are
stronger.
: : . ' et B

. (3) The Shedlovsky IIT Method, which utilizes the compari-
son of the Shedlovsky slopes of i;otopically substituted acid ?
pairs [mg(D)/m(M)] to calculate isotope effects, is further
tested in éhe_p;ﬂesent study. As in the earlier work of Barnes
(44), the precision of this method of isotope effect calculation .
{s demonstrated to be higher than thé precision associated with

those methods which rely on the direct comparison of thermodynamic’
-

"equilihrium‘ constants [Kt(H)/Kt(D)]. This method not only a\;oids

the troublesome calculation of themodynmxc equlhbnum conita:lt<,
but,; also largely eliminates the uncertainty assocmted with ;ell .
(4) The Shedlovsky IV Met_hod emerges as a useful alterna-.

tive in the calculation of 'limiting equivalent conductances.

Values ‘of A, determined by this method appear closer to A, values

from salt data than those calculated by the Indirect Methods.
Theoretical- justification of this method lies in the use of a
liriear least square§ interpolation as opposed to the extrapola- ’\

tion techniques of the iterative methods.

In conclusmn, it is worthy of note that this study and the

' earlier oné of Barnes (44). were undertaken with the rather large

isotope effect determined by Halevi (34) for the phemylacetic .

“acid pair cleaily in mind. That this effect of some 12§ proved .

t =&



141
an order of magnitude too large in the light ofﬁrepeate‘d meastre-
ment is difficult to comprehend. The investigation of the iso‘-
tope effects associated with the acids studied here and elsewhere
(44, 104) became an order of magnityde more difficult, as the K x”
anticipate‘d isotope effects of about 10% were actually of the
‘order’of 18. Fortunately,:the precision'of the conductatice
"technique was sufficiently high to partially accommodate”the
Trcreased) denand)for accuracy,

The: simple inductive model has obviously outgrown its
utility in describing.secondary i”sotupe effects of the segond
kind. This, in conjmction ywith the fact that these isotope

- effects are not amenable to a linear free energy correlation,
leads to thé conclusiun‘th.?t .a.ny future invest’ig?tinns of these
e‘ffec‘ts must find their tileoretic;il justifi;:at“ion haséd' in a
rigorous, statistical thermodynamic treatment whif:h can account

for frequency-force constant changes between the isotopic acid

pairs am;l their related anions. Also, in View of the diminutive
nature of these effects, future studies must be prepared to 2
develop a techmque of measurement which is suff1c1ent1y precxse

to allow the satxsfactory detection of these effects.
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ON THE ORIGIN OF THE MAGNETIC NONEQUIVALENCE OF THE
METHYLENE PROTONS .IN PHENYLSULFINYLACETIC ACID

A factor fundamental to the determination of accurate ther-
modynamic equilibrium constants by Emductimetry is, the 'i.ntegrity
of the c i igated. C 1y, the preparation and

purification of the acids and their suitability to conductimetric
"measurement have been ¥i ‘caréful attention in t}‘\e‘.presenlt
study. The preparation of] phenylsulfinylacetic-2,2-d; and phenyl-
sulfonylacetic-2,2-d, acids was accomphshed by proton-deuteron .’
exchange at the méthylene posumns of these acids. The. facility
-of this exchxnge in acidic deutenun omde presented the possi-
bility of rapid re-exchange (Dw H) in water, which would clearly'
lead to erroneous conductance results for aqueous solutions of
these acxds This possxbxllty “prompted -further ulvesngatmn of
the exchange reactions which led to some hovel observatmn_s con-
@mﬁg the chemcal reactivity and magretic nonequivalence of
the methylene protons of phenylsulfinylacetic acid (111, 156)."
The methylene protons of phepylsulfinylacetic acid and cer-
tain of its derivativés were observed ta exhibit magnetic non-

eqdv;}mce when dissolved in various Solvents’ \(see Tables

XXVII to XL). This ma‘gnetxc _nonequivalence arises as a con-
sequence of the intrinsic asymmetry of the su}fpxide group aﬂja-.
centv‘ to the methylene, and is displayed as a single AB quartet

in the appropriate n.m.t. spectra. In other solvents, however,




- >
‘a : o TABLE XOVIT - - g :
THE (HEMICAL, SHIFTS AND COUPLING CONSTANTS OF PHENYLSULFINYLACETIC - ,
ACID DISSOLVED IN VARIOUS SOLVENTS [TAKEN FROM (111)1
csoENT . T QIEMICAL SHIFTS (1) & 5 ! ]
. E z . = : Jap (Hz) &
CeHs Hy CHa* —_— (
CFaCO0H 2072440 ST . 588 o . 15
S mOOVCH. 0 - 6.36 6.51 130 g g
" ;0000 © 209251 | .s5.88 . 6.02 VT I
m,di,:b;’ 2,09 - 2.49 ° - -y 5 e
D0 ** 2.42~72.50 - L e il w :
[ 2,15 -2.52 . 599 .610 . .- o1 '
"l'he lur.hylene pmtm appear as' & smglet. !
n1'he ::hemcnl shifts of all-solutes /in D0 are not dxrectly related to the t-: xale. B
° L : ~
. . - . 5 5 . 2 b o w i
The asterisk and double-asterisk retain thgse meanings throughout the following tables.. : - X % &
- . \'L ‘ ]
5 2 X ) "
s . soly
" = 5 B\ .



2,35 2.55.
2.14 - 2.52

OBICL SHIFTS @7

it

- 5.80 .-

6.88
" 6.0
©6.24

ia 2z =2
12468 - 2.

2.65

) TH‘E (}BIICAL SHIFTS' AND WLL\G CONSTANTS D‘F m’Yl.SULFINYLACETA\mI

ISOLVH) b VARIEI.S SJLVN’S [TAKE PK}-! 5111!]
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23 TABLE XL : '
R - QEMICAL SHIFTS AND COUPLING CONSTANTS OF FETHYL PHENYLSULFINVLACETATE -
. " DISSOLVED IN VARIOUS SOLVENTS [TAKEN FROM (111)] :
 SOLVENT ' | GERMCAL SHIFIS (D) Ing ()
I CeHls. Hy H © Gt O
* CF3000H_.. 2.03 -.2.46 5.68 5.80 = 6.13 15.0
CFCO0H/C4HSNO, - 5.77 so1 - - 6.27 1.6
((Ha) 3CO0OH 2.17 - 2.65 6.08 6.18 s 6.4 14,0
o oon 2.12 - 2.50 5.80. . em 1o -
/m:l, 8 2.1 - 2.59 6.17 - 6.32 13.6
ancly 2,25°- 2.58 . - 629 . 6.34 14.2
CeHst0 B - - - 6:15. 6.3 -
“CeHe! i - - ‘6.47 .6.70° 1.2
- P < 2sh-282 - = 6.47 . 6.38 1.0
* s, 212-2.5 - 5.9 6.08 - - -5.36' 120,
Neat (135°) 2.20.- 2.61 - - 6.15 6.41 =
) ; - " - .

oVt



the methylene protons appeared as a. singlet, indicating their
magnetic equwalence ‘These observations invoked a prelimi‘nary
exanination’of some underlymg factors w}uch affect the Qon-
equivalence of the methylene protuns (111)

Oh the assumption that "staggered" conformations are more

, stable than "eclipsed" ones (141) the two enantmmers of phenyl-

sulfinylacetic acid give rise to six rotamers whmh exxst as
three pairs. of mirrur~image conformers (see Fi'gmjg' XII). Theo-
reétically, the methylene protons of each of the cnnfémets ;e
nonéqilivalent, even under conditions' of rapid rotration‘and equal
population (142, 143). Hencé, the expected n.m“r. signal. for
the methylene protons of the six mirror-image conformers would
be thr’ee AB quartets.

In contrast to-the anticipated spectnm,‘hqwever, only a’
single ~ quartet is cbse.rved\ for the methylene protons of the
phefiylsulfinylacetic acid conformers.in acidic‘ solvents, e.g.
tr‘iflu’croacetic acid, and in dimethyl sulfoxide-ds. . Moreover,
the effective nonequivalence of the nbser\./e@ methylene proton
heiiical $hitts dh tiese: solvents s Tavge TeTative o et
apparent equivalence when the a‘ciq is solvated by deuteriun
oxide and acetone-dg (see Table XXXVII).

The observatmn of enly a single AB quartet for the methyl-

ene protons of -the ccnfomers may be explained by ohe nf the
follwmg (144): .
(1) The energy difference.between the confomers of long



3 o, CH@REMI T e

NEVMAN PRUECTION DIAGWS (VIEWED ALCNG THE'S-C BOND) OF
THE THREE PAIRS OF MIRROR-TVAGE CONFORMERS* FOR THE
THO_PHENVLSULRINVLACETIC ACID BNANTIOMERS

»

*Gonformers Ta. and §la, Tb and 1Tb;. I¢'and Ic are mirror insges. .~
S+ . The methylene protens are arbitrarily designated as Hy and Hy..
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leetnne is so large that only the most stable is present.
(Z) An equilibrium exlsts between the conformers in which
each conformer is sufficiently long-lived and aburidant td give
its own n.m.r. spectrum. Thqt\the ‘observed spectruni shows only

a single’AB quartet implies the spectrum of any'one of ‘the con-

formers is the same as }ha‘t of any other. The observed sp‘ectnrm\
then is a simple superposition which represents all ;:he conform-
ers. N 4 i
(3) Internal rotation ‘of the methylene group and/or inver-
sion of the electron lone pair at sulfur occur 'at a suff1c1ently
rapid rate for the effective chemical shifts (screemng) and the
spin coupling constants to be avemged
' The effective nonequivalence af the methylene pmtms nf
. Pﬂenylsulfmylacetxc acid in any solvent at a given temperature

. is a function of the relative populations of thé conformers such

S e o :

% ;
{701 7 <oy effectives =. PidHy, + PodHp, + PysHy,

<_\[713 | <8y offectives = PyoHig, -+ PacHg, + PyiHp,

[72) * <(8Hp - oHp) effective> = Py(8Hp, - 6Hp,) + P2(SHp, --oHp,)
+ P3(sHp, - oHp,)
where SHa, and GHBn are the respective chen’\ical shifts of the
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methylene protons of conformer n, <(8Hp - SHp)effective> is the

observed nonequivalence, and P,, P,, and P; are the “fractional

"popqlations vof the conformers.

The large effective ncnequiva‘lgnce of the metltylenc protons
. displayeg\ when the acid is solvated by acidic solvents or di- )
methyl sulfoxide-ds relative to their”apparent ‘equivalence in
deute;ium oxide and acgtone-ds (see- Table XXXVII) is not readily
explained, but. may lie in a consideration of N following
possibilities: .

(1) The nonequivalence“of'me methylen)e protons ‘is a con-
sequenée of the intrinsic s’symmetry of the adjacent sulfoxide®
group and it may be d’ifferent‘ia’lly enhanced by changes in magne:
tic anisotropy incurred from solute-solvent interactions at |
specific sites on the solute.mclecule.' - . .

(2) The popplatioﬁs of the thrée conformers in deuteriin

oxide and acetone-ds may be such that the effective nonequiva-

lence of Hy and Hp appears small, due to a cancelling effect in

‘the terms of the averaged sum {see Equation [72]}. However,
specific solute-solvent interactions, which may exist when
'pheny.lsulfinylacetic acid is dissolved in acidjc media (or
&imemﬂ sulfoxide-ds), could favour a particular conformer.
These interactions could also restrict internal rotation and
inversion. at sulfur, such that interconversion between Ehe con-
formers-is inhibited. Hence, the cancelling effect egthibi’tegl_ "

in deuterium oxide and acetnne-i.;_ may be reduced in acidic media
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and dimethyl sulquzde dg as a c i of altered
pulatlons. ' '

(3) The inherent asymetry of tl:e sulfoxide group may ber
destroyed by the formation of symmetrical solute dimers in
deuterium oxide and acetone-de in whi¢h the methylene protons '
experience similar of equivalent magngtic environmer-\ts fesfy
(145)1. 5150, solvat.iun by the addition of deuterium oxide may

destroy the inher'ent_ asymmetry of th’e sulfoxide group in much

, the same mamner as watgf is purported to do in the case of anal-

ogous seleniun and tellurium compounds (146). - \
The n.m.r. spectra of phenylsulfinylacetamide dissolved in
various solvents (see Table XXXVIII) are similarto those of

phenylsuiiing'lacetic acid in deuterium oxide and acetone-d;‘.

" The AB quartet of ‘the methylene protons is unresolved and appears

as a singlet, but colxpiing between Hy and Hy in trifluoroacetic
5 NE
acid (Jpp = 14.1 Hz) and ‘dimethyl sulfoxide-de (Jpp = 13.8 Hz)

is evident.

Fox the methylene protons of sodium phenylsulfinylacetate

" dissolved in deuterium oxide at 40°C; the effectwe ncneq\uva-

lence is 9.7 Hz (see Table XXXIX). About 94% of the acld is

undissociated* in deuterium oxide, but -the sodium salt is’

assumed to be present as ions. The chemical shifts of the.

*Based on pk, = 2.66 in Ha0 (46).

-~ a? A



_the conformers have different energies, the ratio of P, _'

(731  Pi:P2:Py- = 7 ae

152.-

. methylene pr‘otcms in.both the acid and. the sodium salt are de-

pendent upon the electronic configuration of the solvated
specics, and the negative charge of the phenylsulfinylacetate ‘
anion wiu\certainly perturb the electronic configuration.
Hence, any comparison of the nonequivalence of the methylene
protons in ;he acid and sodium salt is not strictly vafid. The
phenylsulfinylacetate anion could we'fl be a "Structure maker"
in aqueous solution, (analogous to the acetate ion (147) which
has a Binghan value* of -21.4. This implies, that the p};enyl-
sulfinyl\.acetate anion is bound by a more rigid solvent shell
in” deuterium oxide than the-undissociated acid.

The temperature dependence of the chemical shifts for Hy
andHp of “Sodium phenylsul finylacetate in deuterium oxide was
examined to pmvxde addltmml mfornatmn about the solvation
of the anion (sce Table XLI and Flgure XI!I] If conformational
interconversion is rap;d the chemical shifts for Hp and HB will

be averaged as shown by Equations [701, [71] and [72]; .and if

will be given by

BN “EsYKT

-EA/KE 2 age

T ae

\

#A measure of molal fluidity elevations of ions proposed by E.C.

Bingham (148).
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where aj, a, and a, aré usually different for each of the con-

- formers, and wi‘ll he'or.ﬂy slightly temperature depéxjndent. Thus,
since the effective chemical shifts of Hy and Hy are 1em‘peratute
dependent, i.e., nonequivalence changes with temperature, then
conformational inter’conve'rsion is indicated (144).*

The adoption of'a single, favoured conformation by the
anion in aqueous medi) is not’ unreas;yabl;:. The favoured con-
former clearly would be the one in which the repulsiv.e tendency”
i:etween the electron lone pa.ir on sulfur and the negatively
charged carboxylate oxygen is satisfied b maximm separation.
This additional barrier to conformational interconversion, by
internal rotation and/or invversion, provides some explalétion of
the large effective nwﬂ(edujvalence exhibited by the methylene
protons of "the aqueous anion relative to their aiyparent equiva-
I?nce in aqueous solutions of the largely undissociatd¥ acid:
Clearly, the barrier to conformational interconversion would be
less in the case of ‘the acid, as evidenced by the apparent
equivalence-of the methylene protons due‘ to chemical shift *
averaging (see above, p. 149).

-#More de'tailied analyses of solvent effects on.analognus_
systems have been’ discussed by Nishio ’(149, 150,.151, 152) and

" more generally by Roberts et dl. 653) '

&



' The spectral temperature dependence of the ejf_fectivé non-,

equivalence of the methylene protons:in the aqueous anion may

also be a consequence of specific soluv;e~solveni interactions.

LW © If the intrinsic asymmetry of the anion is émall, 'then.
: effective x{mqui\fﬁl‘encp exhibited by the n\ethyiene protons could
‘result from enhancement of. the anion asymmet(ry by solvation at
specific sites. As the temperature is_ inc; asesl these solute-
. .—éolvem; interactions would be giminished, and t’h‘e effective.*
nc;nequivale'nce of the methylene pmto}ls—would approach a minimam. .
Theln.m.x. specthra\ovi methyl phgrrylsulfinylacetéte (ste,
Tables XL and XLII &5 YIVIT) indicate that the effective chemical
vshifts of Hy and Hy , the ﬁ\e‘thylene protons, are very ser:xsitive
to the nature of the solvent and the splute-sdlvent,ratio but are 4

:only s1ightly affected by :empgrature changes.

solvent/to solute/is 2:1 or g‘reater.v This does not preclude the \f\\.‘
format J trical solute dimers at high concentration, _huy: '
" ’ in View of the absence of spectral temperature dependence; dimer- :
7 o izhtion appears unlikely and rapid iﬁterconversion of the rotamers

" is iNdicated.
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METHYLE!E "BROTONS<OF ME’IHYL P}ENYLSULFINYI.ACETATE‘ DISSOLVED IN PIVAL!C ACID AT 55°C [TAICEN

j me (111)
(@) 5CO00H CHsSO0H,C000H, - MOLE kA’Tm | GEMICAL SHIFTS (1):
MDLES x 107%,(X) MOLES: x 107, (¥Y) Xy ‘ Hy Hy . GHo*
45,0655 252 o lsds 6 -
504 Tors is.ss 6.18° -
787 4.5 . 16.00 6.16 ~
57 10.09 29 . »\5 w e -
24,48 125 Ti1h lews 617 =
19.58 513 15 ‘, o F a0
- 1460 § o o HHNES .7 0.83 “ - - 607
9.79 :20.1‘}: 0.49 ‘ g »a.o"s'
4.90 L2270 9.227 - < 6.06 -
= 4 . .
LR I~ 5
iy % |

" lag -+ ang)
15.0
113
Qs
7.7,

. 5.4

I (H2)

140
139
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TABLE XLIV

THE CHEMICAL SHIFTS CDUPLING CONSTANTS, AND DIFFER}Ncﬁs BETWEEN THE CHEMICAL SHIFTS OF THE

o o MEH{Y].H\[E PROTONS - OF METHYL PHB‘IYLSUT.-FINYLAGETATE DISSOLVEDvIN PIVALIC ACID AT 65°C

5% '

(CH3) sCOD0H. .

' ¢ 45.06

39.16 =

3427 "
zs 37

CHsSOCH,CO0H;

" JDLES x 107, (%) . MDEES x40, (Y)

‘2'.52_
5. 04
7 57
10.09

* 4 12,60

15.13

17.65

20.18

. 22,70

[TAKEN FROM 1311)3
T

MOLE ﬁl\TIOt CHEMICAL sxaIFré (O
X/Y “ Hy Hp GL*
s | sesvean. -
T8 o594 613 -
4.5 . 6.00 6.16 -
2.9 6.05 6.18 -
158, - - 0 6.09.
38 ~ . 6.10
0.83 - - Te9
0.49 ' - - 6.09
I As,t_)s-v

Joty - e+

(Hz)

15.1
1.4
9.4
7.8

| Jxp (D)
.

13.9
S 142
14.0°

7140 -

1.2
13,1
-14:0

14.0
‘181
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‘. mHE oEMICAL SHIFTS COUPLING CONSTANTS mnmﬁmcesmmaﬂum SHIFTS OF THE .
) TETHYLENE PROTONS OF . M!:THYL PHENYLSULFINYLACETATE DISSOLVED IN PIVALIC ACID AT 75°c
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i mugTetic ATSOTTOpy aTe evidenc

In sumary, although (compar‘isons of ﬂl; chemical shifts of
the nethylene protons of phenylsulfinylafetic acid with those of
its amide, methyl ester and sodium salt fay not be strictly valid,

‘a generality of‘ tﬁqir c‘ollcctive magnetic behaviour' appears to be
that the effective nonequ;‘valence of the methylene protons in
‘each(is_a function of solute-solvént interactions. 'The major in-

fluence of these interactions is summarized in the following two

onsiderations:

(1) The intrinsic asymmetry ‘of the acid and its derivatives,
which may be in}:erently small-[c.£. (154)], is enhanced by speci-
fic solute- solvent interactions. This solvatmn almost certainly

lends greater asymmetry to the solute and the resulting changes

Y C ‘rgi{sp6nding changes in o

the effective nonequivalence of the methylene protons. "
The apparerit equivalence of the Béthylend’protons of the
acid dissolved in varicus s'olvents (acetone-dg, chioroform-d,
benzene-ds, carbm tetrachlorlde) is then explaxned by small
solute-solvent interactions which-cause no appreciable enhance-
ment of the magnetic amsotmpy of -the solute and hence the
methylene protons appear sqmvalent 2
The apparent equlvalence of the meth)'lene protons mf the '
- acid dissolved in deuterium oxide, however, is not easily ex-
plained in terms of small solute-solvent interactiof§. Although '

‘dimerization has been postulated in other sulfoxide systems (155)




£ (146)).

to account for the digappearance of magnetic nonequivalence in,
deuterium oxide, the collapse of the AB quartet n.m.r. signal for
the:m‘ethylene protons may be a consequence of specific solvation
which destroys the inherent asymmetry of the sulfoxide group [c.
In view of the insignificant spectral changes with corres-
ponding changes in temperature and concentration, the formation
of dimers of the acid (trifluoroacetic acid, acetic acid; and
dimethyl sulfoxide-dg solutmns) appears unlikely. The large

effective nonequivalence of the methylene pmtcns nf the acid

in these solvenfs is nmenthe to the generality of increased 2

magnetic anisotropy through solute-solvent interactions¥.

of phenylsulrf‘inyl:%cetic acid and its derivatives is alsc a func-
ti‘o 'of’the relative pe'pulatio'ns of conformers. The relative
populatmns are in turn dependent upon the barriers to conforma~
twnal mterconversmn and the differences between the Tespec-
tive barriers are’u(pdoubtedly influenced by solute-solvent inter-

actions. Since“?onfomational interconversion occurs through

‘*These interactions presumably take'the form of hydrogen bonding,

an& although the absence of spectral temperature dependence in
the effective nunequlvalence of the methylene protons doés not

preclude the formation of hydmgen bonds -, any such bonds formed

must be exceptionally ‘strong.

e . 5
T2, he effective nonequivalence of the methylene protons
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Q- ’ g % 3

N s internal rotation and inversion at sulfur, the differences in the
e, rates of ‘these processes must in part be governed by solute-solvent: . o
interactions. e T P

This concept is’ supportcd by the large Ae,ffz;_cti\cq nonequiva- S Rads

* lence displayed in highly acidic media and dimethyl 's_ulfbxide-de i B

and the apparcil equivalence of the methylene protons in solvents

. of lower_ﬁielectric and hydrogen bonding capacity. Solute-solvent
'interactiuns pxjesunably are stronger. and more specific in the
- former than in the létter‘, and hence increase the-barriers to
e confomational interconversion by .inhibiting ‘internal’ rotation

* and inversion at sulfur.. -
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5-2. . PROTON-DEUTERON EXCHANGE REACTIONS OF PHENYLSULFINYLAGETIC - -

ACID ' T e

Pheriylsul finylacetic.acid-2,2-d, has biﬁn prepared and a
qualitative kinegjc investigation of the deuteron.to pmtbn e
-exchange process at the methxlene position of the acid has been" “
examined (156). The n.m.r. spectra of the recovered ‘sarlrpleé in
moist trifluoroacétic acid and dimethyl sulfoxide-ds revealed
four peaks appropriate to the niethyliane protons of the protium
-acid together with two further relatively broad singlets close

to, but which did not exactly correspond with, the shifts of the ,
methylene protons’of the protium acid (see Figure XIV). The - . *

. magni tud

£ the latter varied with time, reaching a-maximum-and "
then diminishing as the cum‘rersion of the deuterated acid, to the -
}?rofimn acid progressed. These two broad absorptions were assigned
to the six rotamers of the two diastereoisomers (see Figure. X .
= formed in .t.he exchange. : B * 8 : ‘ g
Theoretically, six different absorptions should appear for _
the diastéreotopic protons of the rotamers, but only two peaks
were_obsérved. Th)s observation is similar to th;?t for the sol- ~ ~
vated protium dcid. The two observed peaks are broadened, pl;e- ;
sumably by unresolved (triplet) coupling to deuterium in each
case, and the umzqual‘ magnitude of. the two ,pgaks.has been ascribed
" in analogous cases to differing exchange rates for the two methyl-
ene deuterons (I57). i )



) FIGURE XIV : - (
; e o ;
» PORTIONS OF N.M.R. SPECTRA OF PARTIALLY RE-EXCHANGED
= =

PHENYLSULFINYLACETIC-2,2-d; ACID AT VARIOUS TIMES

' [TAKEN FROM (111)] . .
L . . !
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Rauk, Wolfe, Buncel, and Moir (158, 159) have reported
similar observations concerning the reactivity of the méthylene
pyotons of benzylmethyl sulfoxide towards isotopic exchange in
1M NaOD/D,0, and have shown' that the methylene protons in this

com'p?und éiffer in reactivity by about a factor of fourteen.

* The differences in the chemical shifts and the coupling constants

for ‘the methyléne protons vere similar in phenylsulfinylacetic
acid and benzyl.pethyl sulfoxide, and the only si@ificmﬁ’ factor
which influenced: the observation uf\ the diastereoisomers by’n.m.r.
was “the relative r;tes of exc!ﬁlnge‘ qf' the ‘two protons or‘deuterons
(156) . ‘It was consequently concluded that the rﬁethylene protons
of phenylsulfinylacetic acid in acidic aqueous media are closer

n ;eatfi'vity’ than~ those of benzyl’ meéhyl’sulfdxidé “iri"IM Na0D/D,0,”

since both the diastercoisomers were observed with the former -

compound, whereas only one absorption representing Ehe_diasﬁreu-
topic proton was observed in the case of benzyl methyl sulfoxide.
: An explanation of the preferential exchange process of the

methylene protons of benzyl methyl sulfoxide has lieen offered by

Wolfe et al. (158, 159). From dipole moment studies and n.m.r.

considerations~these workers concluded that the conformation

displayed in Figure'xV]' is favoured in both nonpolar and polar
solvents and that Hf is stereospecifically exchanged. This con-
clusion was 'furr.her*augmented by MO calculations put forward by

Wolfe, Rauk and Csizmadia (160) on the relative stability of the







hypothetical carbanion’ (‘)G‘lz-SO—H. Théy concluded that the most

stable cunfonnatmn is that with "the carbon, lorie pair orbital

g ch to bo t.h the sulfo:ude -oxygen bond and the sulfur lone pair. "

Another energy minifum occurred for the carbun lone pair trans * i
to the sulfoki_:ie-oxygen Jbond and M‘ to the sﬁlfur lone pair,
but the cenformation in which the carbon lone pair is trans to ) R i
‘both the sulfoxide-oxygen bond and the sulfur lone pair occurredv
at an’ energy. max)mum. Xn a further work of wider scope, “Wolfe
(161) has enunciated a generality which states ,'in agreement w:th

‘the predictions of ab initio molecular nrbltal calculations, but

not with current qualitative and phenomenological ccncepts, such
speues exhibit a gauche effect’, i. e a tendency to adopt that

structure whu:h ‘has the maxiimm number of gau mteractmns be- o

£ twgen the adJacent eléctron paxrs and{or polar bonds".
- N15h10 (139 150, 151, 152) has reported LHat in compounds

of the type R- CSHu S0- O'lz CeHy-R'. the proton whxch is trans to
. ‘the sulfur lohe pair apd gauche to the sulfoxide-oxygen bond is
less sensitive to change'in the electroneganvxty of the R'
substituent than the proton vhich is cis to ‘the sulfur lone pair. ‘ :
The chemical -shift lof’ the px:oton trans. to the sulfur “lone pair
(Hg) is also more sensitive to’acidic solvation, as ;ilown in
Figure XVII. From an examimtion‘ of the sterencbemistry'and:.

" differential solvent effects on the n.m.r. spectra of these
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Y- the métfmylene'pmtdn: and has predicted:that Iy, thg proton gauche &

to the sulfoxxdem)‘y&en bond and trans to thc sulfur 1lone pair, 15
: preferentlally exchange:l' : | 1
Hutchinson, Andersen, und l\atnt,.k) (162) have exammed the
( e \base catalyze rogcn deutcnum éxchange of the a- sulfmyl‘brm v
) tons in the conformationally nl,m cip- and trans-d-phenyltetra- ¢
hydroth.wpyran- -oxtdes.._ ’I_‘]\Lgrder of incredsing’ proton acnhty 3
ad»jac‘ent t.ovna <\iifiny1 group was*conclﬁdéﬁ\. to be ’[a) ’t:rans'to the

-;ulfm -0 gen Hond and gauche to t.l“’ sulfur lone pair, (b) gaucl\e

£ thc fuj - oxygen ‘bond and to the' sul fur SoRE AL ) W

gauche to tl}e sulfur- a\) Len band and tran\ to the sulfur long 5 E
| i

pair. Bt B > 5 9

. g Tln> order of acnhtv is not in .q,rsement with the conclu-

L sions -of Num‘mnd only partially $onf1ms the thdoretical argu-

B m .meqtg of Wolfe, Rauk, and C;lzmad{a (160, 163, 164)*. kam;zky

“and co-workers {\g\’ecitlxore are two plfssi\‘.@]e mérg)' minima, but .

@i, - - thit, the order of acidity pf the a-sulfiriyl'protons postulated by’

T 7+ . MNolfe et al. for these minima should be interchanged] i.e.g the
"'fast»éx_ch'an;gc" proton is located trans to the sulfur-oxygen bond

« ' and gauche to the sulfur-lone pair, rather than gauche to bgh b @

i 5 the .Ismnmnc contrxbutor<. e K

o e .y
In a study no‘pnurrcnt with'that of Katritzky and co-workers,

Ldvin, Hackler, and Scott (165) have feported that deuteriun - .




_carbonr atom, an observation opposite to that of Wolfe

exchange of the kinetically more labile ‘proton in (S)-benzyl
methyl sulfoxide yiclds the (R)-configiratién at. the benzylic :

al.

The results of Baldwin, Hackler, and Scott a])‘;)qar,to confirm.

-the observations of Katritzky and’co-workers, in that the more

labile proton BE the methylene group m benzyl methyl sulfoxxde 5

“is apparently gauche to thc sulfur- oxygcn bond and trans to the

sulfur lone pair. % . o .

In vm\\ of thc abovc, speculation might lead to thc conclu-
sion th;t the more lab)le pmmn of the methylene group of
phcnylsu]fmylnwtlc acni s gauche to’ the sul fur-oxygen hond und
trans to the sulfur lone p:ur flowever, the- cxchange process
has thus far only been consulercd as a pscudc fi%et order-vasetion

in alkaline media (166), in which the fomatxon f-the most stable

* carbanion represents the lcast cnerget:c trans:twn stdtc on’ the

Jpotential encrgy pathway. Wolfe, Rauk.and Cs.lzmanha (160 163,

164) have based their ab initio MO calculations on-unsolvated

species and K:,Atri‘tzky et al. (162) llavc only considered: solvation

in’a gencral qualitative statement.. In the case of the hydrogan-

heuzcnum exchange redction”at’ the met.h)lene group af p'henylsu]- .
fmylaccnc acxd this slmplc approach to the rgaction may not be d

entxrcly Justxflod since ~pecxf1c solvent participation in thc

wactwn is possﬂﬂc (145, ,146) and may be indicated by the /

5




(1) The appsrent eqmvalg'lce of. the lnethylale pmtms when B
L phmylsulfmylacenc acid is dxssolved ‘in water.may indicate the. .
: fonntmn of a solvatcd specles in- wh1d1 the intrinsic asynnen-y
. of the sulfoxidd group is- deqtruyed i 5 g

" (2). The differgnce in the Tates of exchange of the two
.mi‘flefxe protons Epl;ears ‘much smaller for »phen;ls.\lﬁilqucetic 5
et i 0% thiosasof Sulfoxides previously reported. This may
reflect a{sim;-ue dependencé upon the acidity of the éx‘change‘ )

- media put dees not exclude speclfxc deuterun/deuterium oxlde
al 2 8

. ~. i . A

partlclpatwn




sulfoxide-ds due to specifi]

§-3. N.M.R. ‘SPECTRA OF PARTI%\EXGMNGED PHENYLSULFINYLACETIC
N " e . A X

° ACID

From an examination of n.m.r. sp/ectra of partially exchanged

phcnylﬁulfmylacetxc acxd, it has 'been noted that the shifts of

; i

the two broad peaks representing th,e‘phenylsulfmylacetlc- -d

acid di:‘sstereaisomets are interchanged when dissolvfed in dimethyl’
sulfoxide-ds relative to their positiuns in trifluoroacetic acid
(156) . This' change in position was evident smce the shifts were ’

of unequal magmtude a consequence of mequal reactivity. N.m.r.

measurements on solutions of phenylsul'_fmylacenc acid in va'ryi{rgr"”

amounts of trifluoroacetic acid and dimethyl sulfoxide-dg were

‘ recorded (see Table X]{IIII and Figurc XIH), and the fDl‘lbWing,

- were proposed to account fof the observed phenomenon;:

(1) The chemical shifts of Hy and Hy actially coalesce, .
cross, and then interchange positions as tha amount of one spl-
vent (cracwm, increases relative to the amount ofERe OTRET

(CD;SOCD;) This rossing'’ of chemicsl’ shifts may result from

the cha.nge of one preferred conformer in CF3CO0H to B.nother in

CD350CD; . Although equivalence of_HA and HB is theorencally,'

. ) ] "
* impossible; coincidental equivalence of Hy and Hy may’ occur, due

ato a cancelling effect in the n.m.r. signal {see Equation [72]}

as the relative populations of ‘the confoimers are altered'by a
. gradual change in solvatmn. 3 N '
@) Ths chemical Slufts of H/\ and H are mtercl\anged m

trlfluoroacetlc acid relatiye to their. posxtxons in’ d)methyl

solvation. differences which result




- - i SI
e L 3¢
o +TABLE XITIT . ;
THE GHEMICAL SHIFTS AND COUPLING' CONSTANTS OF THE' METHYLENE PROTONS OF
: % F@;]:SULFINYLAET‘IC ACID (25 + 1% BY WEIGHT) DISSOLVED IN MIXTURES OF
f T gy e . TRIELUOROACETIC ACID AND DIMETHYL sm.poﬁgz;da CTAKEN pﬁ( [eRea)!
S swm cweosiTiy - ' oEMiCAL SHIFTS (1) ]
| smisoms SCF3Co0H MALTIPLICITY g g ait e
1000 0 _. qurtet - . 5.9 6.14 g L 2
%0 10 quartet [ 5.9 (ST B TR S
80 C2® - o quattet . 6.02- "% ¢ 5" 0 T
70 30 . singlet . - .- el 1.2
0. 40 ;"singlet T Co. 6.11- F
: s 50 i quartet - 6.00 64l . - - 1.1
L 40 8l B2 qu'a_rtfé 5.92. ' 6.04- . - 2 TR
e 1300 - 70, quartei "5.88 | 5.99 plia 14.0
R /4 quartet - 5.68 . 588 -, 8 15.2
10 - 901 ' Cquartet | 5.67 s.ga’ - 154 -
gl WA Mg Y gt 7 Hgareat 5,67 588 %7 - e s =

S

Cout -



. i # FIG)RE Xvirr- . -
THE CHEMICAL SHIFTS OF THE METHYLENE PROTONS OF
PENVLSULFINYLACETIC ACTD IN MIXIURES OF TRL- -
) FLUOROACETIC ACID AND DIMETHYL SULFOXI! 2 3 ’

o <
Q. @9
o o
T T

o
-8
o

L]

Ly

. % (CD;S0CDg —

3
4
o

T

ool W 70T
e o % & - ; O 1 1 . 1 T " -4
. . [,s6 &70 ©80 590 600 610 620 .
' T GHEMICALYSHIFT, T .t v




X

.in different magnetic, anisotropies for \each of the solvated /
species.’ As_sm\ing that dime'thylr sulfoxide-dg is‘more "basic!!
than phénylsulfinylaéetic acid, soiute~solute’aﬁdvsolute-solvent
mteract)tms in the form of intramoleculatr and 1ntermolecular

hydrogcn bonding [c.f Pasto et al. (45, 113)1, may vell be -

‘slgmfllcnnt in the molecular descnpt]on of the solute in this
e sotvent. ¥ . T : .
As r_l;e concentration, of trifluoroacetic acid.is increased
in a solution of. phenylsulfinyla‘ceti'c acid and dimethyl sulfox- »
icie»da, ‘the.latter may be removed from tlie é}ﬁhere of solvation. |
e As this occurs the observed d1fferences in the chemu:al 5h1ft§ ’
of Hy and ”B will tend.to a minimum, exhibiting apparent coal-
escence if the asymmetric contnbunon of the sulfoxide group. is
mherently small [c.f. (154)] At this point the phenylsul?u‘y]-
acetic acid is presupably solvated hy a tr;lﬂuoroacetlc acid-di-- N

‘mcr_hyl sulfux;dc—ds complex, which must be quité different in

/ magnetlc susceptibility and dipole moment, ﬂmn elther of the
- parent solvents. ' : i . . i .
As the tnfluoraaceuc amd becomes ‘more abundant than the ’
“dimeghyl sulfoxxde-ds, SpeclflC solvation of undissociated phenyl- " |
. sulfinylacetic acid by the Qormer predommates, and* probably takes -
the form of hydrogen bonding tme carboxylate and. sul foxide
oxygens as dcscubed by Oae et al. (145). Hence, t.he apparent
coalescence disappear§ and the -chemical shifts of Hp and-Hg exhi-

s - . <4
bit nonequivalence relevant to their new molecular/ environments.




mrf.f\er ifivestigation of Aﬁlis.“dgemical shift interchange"

. effect due to solvation is attaupt'éd in the present work through'
. 7
* the s‘/n'thases and partial'pmtm;dwterm exchange of two con-

11y restricted foxi namely th =10~ oxxde

+ and 9- t}ua 9,10~ d:hydruphenanﬂlrme-%oxxde (see Flgure XIX) .

o
I




. " ' FIGURE XIX
THO CONORWATIOMALLY RESTRICTED SULOKITES|
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- 6-1.  INSTRMENTATION -7

\
Nuclear magnetic reéonance tn.m.r.) §pectra were -récorde‘d‘on‘ i
Varian A-60 and.HA-100 ir‘xstruments at 60 Miz and 100 Miz reépcc- ! s

“gively, with probe temperatures ca. 4d°c unless otherwise speci-
Zied. ‘Cf@r”«ai shifts are reported on ,t_he"r_scale: i..c.,' relative
to the igtemal standard signa.l of ‘tetramethylsilane. Infrared
(1s7:) spec'tra‘were recérded on };erkin-lihner 237B or 225 spectro-
meters.  Each i.r. spectrum was calibrated aga‘insf_'n portion of

‘a pu]y‘st!yrene ‘spectrum. An I[itaghi/Eerki.n-Elmcr RMU-6E ‘mass -
;pectromgter recorded the mass’ spectra (m.s.) at an ionization - .-
voltage of 70 ov. Gas-liquid chromatographic (g:l.c.) analyses
were carried out on a Beckman ‘GC-2A ‘instruent with a Carbowax-
4000 dioleate colum (2.5.ft) at 190°C with 20 1h per in? ];rels- .
sur‘c of helium Carr;ier gas. RMeJ.\‘.in‘g )?oinrs (m/p.) were determined
‘on a Fisher-Johns melting point apparatus. Melting points.and

boilingugqints (b.p.)garé uncorrect' d. Chemical microanalyses

were carried out by the Alfred Bernh n;lt Mikroanalytisches Labor-

' atorium, West Germany.




6-2. MATERIALS ' 5

’ vo-ilitmhenle phenyl sulfide. - Sodiwm (17.2 g; 0.747 mole)
was dispersed in a}xhydrous xylen'e (500 ml1), and thinphénol (88 8; v

0.800 mple) was added dropwise to the refluxing solution. After = &

the . complete evolution of hydrogen, the solution was Qllwed to

cool slightly below_the reflux temperature, and a nmixture* of o- §

and p-nit'x:cbenzyl c};lorides (125 g; 0.729 mole; technical grade) - .. Y

in anhyd_mus xylene (400 ml) was aéded dropwise aver 1 'h. Afte,f

‘the exothermic reaction was complete, the hot solution was fil- . =

‘terea immedidtely. . .
The re51due was washed with diethyl ether (100 ml), and sbl-

vén,ts were “removed from the gespective filtrates by distillation i

wnder reduced pressute. Tﬂe'reddish—,brpwn résjdues were combined =

; and taken up in hot -absolute eéh;nol.‘ On cooling, yellow platés ‘L
{152:1 g3 85.2% yield) of o- and p-nitrébenzy} “phenyl sulfides )
crystallized. The product was retrystallized four times from ab-

olute ethanol, m.p. 64-650C [1it. m.p. 649C (167)] [i:ound:

.63.51; H, 4.59; N, 5.59; O, i3 21; 8, .13 24, C”H”NOZS ‘requires,

C 63 67 H, 4.52; N, 5.71; 0,-13.05; S, .13.05%].

# 3 . A
*The. mixture of nitrobenzyl chlorides was supplied by Aldrich o o
Chemicals as technical grade o-nitrobenzyl chlorlde. Latsr anal- '
»

yses (n mr. ax\d g.1.c.) indicated the m1xture was 65% 0-1 mtro— - .

henzyl chloride and 35% p-nitrobénzyl chloride. ‘




An n.m.r. spectmn (CCl.,) had t.hree ahsorptmns, a singlet
atS.SlT(Gh) and ‘two multiplets’, 2931';02 47 7 and 2,19 T 5.7

to 1,90 T (pmtuns attached to aiomatlc Tings). The 1nteg1'atmn

'_ 3 ‘/ . of thie singlet to"that of the mitiplets was in the ratio of 2:9.
“An-i.r. spectrun [CCL.) shqv‘fd ahsorptlons at 3060 ai? (medium) 5
for the aromanc H stretch, 2930 an! and 2655 an! (small) for (\
the .CH,-! S asyrmnetric and symmetrlc sttetches, ISZD o’ and 1350
K gl '(stnmg) for the asymmetric -and symmetnc aromanc NOz .
stretches, 1435 cm:? (gbdlum) for’ the O-I; defom\atwn and 1090
cm“ (small) “for the atyl-S Stretch. 'A fiase spectrum shuwed/the' &>

\)‘ G mnlecular jon-at an m/e value of 245 - s g

vl hen 1 sulfide. \ A mixture of o- and _prnitro-
® benzy1 phenyl sulfi (28:8 & 0.117 mole) dlssolved in methanol »

(2000 m1) was-mided to PA)C (5

9:8 g] and B0 (100 ml). Hydra» R N
-l © .zine (85%; 300 k) was cautluusly addedn‘to the solutmn and the

i mu(ture vas refliked for 36 h. The hot solutlon was flltered
through Cehte and the solvent removed by dlsnllatwn under
reduced* pressum The res1due was ﬁ:ssulved H\ hot ligrein (b. p.

100- 115°C) and, whlte pn,sms (21.8 g; 86. 8% yleldJ of o- am'l p-

-amnobenzyl phenyl sulfides formed on-¢ool: 5 . p 80- 82°C

[11: e alfc (167)] [Found C, 72.57; Hj 6. 083N, 6.38; S, .
1. 93 Gy ot requxres 5 15 843 H, 6.09;'N, 6.51; 5, .14. 8681

e product was recrysralhzed tbree tnnes fram 11gro1n (b Pu

“100- 115°0). . = %Ly . S i T
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An n.m.r. spectrun (CCly) sw ihree‘absor;x;:im.s a b;oad
singlet at 6. 30 - 5.99 S (}H:), a singlet- at 6.00 T ((Hz) and a
mult)plet from 3. GD to 2.61 t-haVing two maJorpeaks at 2.79
and 2.77 -t (protys attached to the aromatic rings). The ratio
of the respective integrationswas 2:2:9. An i.r. sf;ectngn (_CCI.)
showed “absorptions at’.3440 cm! an;l 3345 ucm'-‘ (medium) for the -
asymetnc and symetnc NH, stretches: 3060 cm“ ani 3020 am™

(medium) for the armuc CH stretch’, 2950 .cm with a shouldex

. at 2920 ‘en”! (small) For the CH,-S. stretch fszo ot (smmg)
for the NH; defnmatmn, 1495 c.:m‘1 and 1480 art. (medmn) f'or r.he
H, defomutxon and wag and 1090 cm- 1 (medxum) for the aryl- S

stretch. ‘A fass spectrun showed the’ molecular ion had anmfe . -

- value of 215%

9-T‘hia

10-dihy enanthrene: _the Pschorr’ Reaction. . -

o ~(i) A mixture of o-‘and p-aminobenzyl ‘phenyl sulfides (8.6 g;

-Sohd sodmn nitrite- (3.0 g; D 0435 mle) was'slowly addqd with”

- surrmg over 0. Zs'h and the resulting diazonium salt was stxr- 5

red for 0 Sh af T, t.he ndd.\(xm Copper. powder 3.0 £ 0 017

mnle) was slowly added to the cold soluthm. L 5
The gas whx:h eVolved (983 ml) was collecled over yater and
' ‘its valume exceeded the theorenl:al “amount of mtrogen by 24 .ml,
- Thg_excess was tentat:wely atenbutod to nicrn'gen dm‘;ide, the
dish-brown coler and pungent odor of which were rcndilf detect -

~ 0.040 mole)-dissolved in HC1 (3; 300 ml) was cooled to” -5°C ’ _\/




= 5 I | .
. stirring over 18 h, ‘and .finally warmed to ca. 400C un‘t'il the
. evolution of gas was complete (0.5 h).

Diethyl ether (100 m1) was added to the cooled solution ‘and
the nnxture was filtered thrvugh Celite. The residue w;s washed
with water (100 m1) and two portions of diethyl ether (50 mI)- )
The layers were separated and the  /aqueous layer was washed with
three portions of diethyl ether (150°ml). The combined ethercal

k extradts were dried. over anhydrous magnesium sulfatc, and the -
solvent was removed by distillation under rcduced pressure i Q.

The residue was extracted with pcttoleum ethér’ (b.p: 30 -
60°C) and the extract was placed on a neutral alumina colum
(300 g) devettped by petroleum ether (b.p. 30 - 60°C).. After an
ixﬁt‘ial 300 ml of cluent, a light -yellow oil began to issue from
(rhe Colufm. ii)ution with*a further 400 ml of solvent appeared

'
to completely wash the . 'oil from the column. Aueuws to crystal- \

sze (Dl;(}f) or sublime the oily residue (3. 30 g) after solvent ‘v‘\
evaporatmn faﬂcd to scparate the products. :
A mass spcctnm of the material showed at least three mle-
,cular ions at m/e values of 198, 200 and 234. A g.l.c. amlys:s
showed five separate peaks (see:Table XLIX). A sample of the
. residuqmm-:layer $

. petroletm cther (b.p. 30 - 60°C) showed five spots, confirming

plate ped with

the g.l.c. analysis. ) ) >
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- ) TABLE XLIX

A GAS LIQUID CHROMATOGRAPHIC ANALYSIS* OF THE

PETROLEUM ETHER (b.p.. 30 - 60°C). sowsm PRODUCTS FROM
- F= o« B THE PSEHORR REACTION

PEAK NUMBER RETENTION TIME (MIN) STRUCTURE ASSIGNED $ O %

1 8.6 . CeHls-Oa-5-CoHls 7.2

2= 14.1 J/ * " CeHs-8-S-Cells Jore
3 RIEtE ©0-C1-CoHy -Gz -S-CeHs  18.9
c4 e P-Cl-CeHy -0l -8-CeH; 128
: 5 27.2° : mic_le;xtified** L 392 wl
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The residue was distilled under reduced pressure (0.05 .-
0.03 mn Ig) and four fractions were collected. A g.l.c. analysis
of the first Faction (96 - 103°C) showed the major component had
a retention time of 846 min, The fraction was taken up in hot
méthzmoyl and on cooling (-5°C) crysf;als of benzyl phenyl sulfide
were isolated, m.p. 39 - 40°C [1it: m.p. 39 - 40°C (168)] [Found: .
C, 77.945 11, 6.05; S, 16.05. 131128 requires'C, 77.94; I, 6.04;
S, 16.0281. The g.1.c. retention time of recrystallized benzyl —* *

phenyl sulfide was 8.6 min, and this coincided with the rectention

time of an authmiic sample of ‘benzyl phenyl su}(idc. b

n.m.r. spectrum (CCl).showed two absorptions, a ‘singlet .

: An
m%) and a multiplet fron 3.00 t to 2.67°t , the major

peak appe‘aring'\at\z.sﬂ 1 _(protons attachell to the aromatic rings).

The ratio of the respective integrations was 2:10. An i.r. spec-

] trum (CCl,)} showed ;\bsoavt'ions 3055 cm™! and SOZD_CWFl (strong)

for the aromatic (G stretches, ™1 (medium) for the QIS .
stretch, 1589 an™! and 1608 cn”) (strong) for the monosubstituted © .

benzene ring stretches, a.series a ’1498 ™! 5 1485 ‘em-?, 1458
bt :

? and wags, 1095 cm™! and 1073 cm~! (both medium) for
- RS F

stretch. A mass spectrum showed the molecula
“of 200.
“The second fraction (110 - 113°C) was analyzed by gil.c. and

L - the major peak had a retention time of 17.1 min. The fraqtion\
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was a mixture of t:zm(l phenyl sulfide (16.1%)3 o-chlorobenzyl-.

.phenyl sulfide (6276%)*, and'p-chlorobenzyl phény; sulfide (21.38)#*:

This analysis was confirmed by an n.m.r. spect;'um (neat) which
had four* ahsorptmns three singlets at 6.52 1 (A, of p- chlero-
benzyl phenyl sulflde) 6.41 1 ((Hz of benzyl phenyl sulﬁde) and
6.27 1 ((e; cf 0= chlorubenzyl phenyl sulfide), and a mult1p1et

. from 3.62 1 to 2. 96 T (protons attached to v.he .various amnauc B

rings). The ratio’ of the. Tespective methylene mtegratmns indi= « { s )
. cgted that the mlxtuire was 62.‘5% o-chlorobenzyl phe{lyl gulflde, ) )
15.9% benzyl phenyl sulfid.e and 21.6% p-chloroben‘zyl phenyl sul- )
flde The ass1gnments of the latter°two methyle‘ne singlets were
conflrmed by the correspandmg Tise in intensity of the  Tespec-
tive s:gﬁ@; with the addition of authenuc samples of each to
the mixmre: ) . . . .
"o ir. spectrum (CC1,) of the mixture had absorptions at - i P
3050 cm’' (medium) for the aromatic CH stretches, 2920 ! (weak)
for the (H,-S stretches, 1580 an™! (medium) for the aromatic ring
. ~_stretches, 1478 en”! (nédium) and 1437 cn” (nediwn) for the Gz
- » ‘ _ deformations, 1090 an™! (medium) for the aryl-S stretches, 74D
an”! (medium) “and 690 cm™!" (medium) for the C-C1 stretches

*This is a tentative structural ass:gnment [1it. b.p: 1149C at - coa
0.03 mm Hg [169)]

‘o
**This is a tentatlve structura.'l ass1gnment, proven correct

“below. : ; . . o 2
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'\}lnons was 2',, the m:egratlons of .the latter two absorptim\s

[Foimd: | C, 68.4; H,. 5.03 C1, 1156} S, 15.3.. The mixture, if

correctly determ d, T

res C,68.3; H, 4.9; C1, 11558,
55, 3$7: k -

The th)rd fraction. (113 - 116°C] was. taken up “in hot meth’mol,

and on Coullng,whlte pnsmq of p- chjorobenzyl phenyt sulflde ;
rye:amzed, m.p. 77.5 - 78.5% [lit.'m.p. 77:5 - 76°C (169)]

* [Found: C, 66.68; 11, 4.86; C1, 15.03; S, 13.51, Cn"].lClS Teg 1rcs'

C, 66.50; 11, 4.73; Gl 15,115 5, 13,6681
A g 1 B analysxs showed a s1ngle pcak at a rctmtmn time-

of 21.4 min. A mass spectrum showed a mélecular-ion at_an m/e \

'\faluc of 234" ‘An'n./m.r. spectrm (Cclu) had three absorptmns,
a smglet at 6.00 T (OI;) and two smglets at 2.80 1 and 2. 79 A

(protons attached to amm;\t)c rmgs) The ratio of, r.he mteg—m-

being combined. 'y 1 T. spectrum (CHCI;) shamad absorptwns at’ -

3060 cn”}. (medium) for the aromatic H stretches, 2980 cm ba

(medlum) and 2920 cm™? (small) for the ol,-8 stretchegs 1585 cm
_witha shoulder at, 1595 cm" (medmm) for the aromatit ring
stretches, 1480 en”! (strong) for the Glz deformatmﬁ and 1093

Gt (strong) for the ‘bry1-8 stretch

The. fourth fraction (121 - 125°C) was exammed by g 1l.c. and

* showed only two major peaks at retentidn t)gnes' of 21.4'min and

27.2 min. The former corresponded to that of b-chloro‘l;enzyl

phenyl sulfide. The cc:‘r[lpu[lents of this fra_]ctibn could not be

)separated. g SE o L0 i

i




A'g.l:c.’ analysis- showed that the retention e (@1 nin) -
of an-authentic sample of diphenyl’ disulfide, when mwared with
5 ,.t.h_e retention_ tines of the Components of the Pschorr Teaction i
~ nixture, mx"uﬁpondcd with'¢hat of peak mmber 2; Table ALIX.

An n.m.r. spectrun (CC14) of the complete Pschorr reaction

. muture mdlcated the umdcntlfled compeund (g.l.c. retention

"A-, i W time 27 .2 min) had elght aromatic protons. This: datum was de- g A

duced by identification of the other conponents nnd their sub-

tractmn from' the spectpw/ wh)le assummg thc contnbutmn of
d:phenyl dxsulhde was. ncghglhle ‘ﬂ .

A Ssn&meyer roacuon (170) was carrzed out usmg the mixture

" of o’ and p-aminobenzyl phenyl sulfidés. Botho- and p-chlors-
benzyl phenyl sulfides were isolated, and their respective ret
tion t_ime.s (17'.] min: and 21.9 5in)‘ cumspond:ed to t.hf: Tetention
times assigned to o- apd p-chlorobenzyl phen}.rl sulfides produced

in the Pschorr reaction.

(ii) " A mixture of /o and p-aminobenzyl. phenyl sulfide$ (7.1

. g 0.033 mole) was addbd to acetone. (1000 ml) and sulfuric acid
(conc; 18- ml). The 1/ sul:u}hydmgen sulfates were diazotized
at 00C by the addition of/ scpentyl nitrite, (9 m1). Solid sodium

. mchde (20 g, D 133 mole) was added to the cold solumm, ‘and a ’
gas was spnntaneously evclved The solutmn was warmed to 80°C _ : ‘i'
v i PR, -

‘and poured into hot water, whereupon an uily organic layer sep-
arated but did nct crystalhze n). ’
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° The free 1od1na was tnken up w1th sodium duosulfate (6N;
50 ml) and the sulutmn was washed wlth diethyl ether (150 m1).

The ethereal cxtract was dried over anhydrous magnesium sulfate,

“and the solvent was thén removed bjt distillation under reduced

prcssuré. The residue was taken up in hot methanol and on cobling:
vhite prisms of p-iodobenzyl phenyl sulfide formed (2.1 g; 19.5%
yield). “The product was recrystallized (G;OH) and sublimed,
m.p. 87.5 - 88,5°C [1it. m.p. 88°C,(172)] [Found: C, 47.83; H,
3.50; I, 38.83; S, 9.90. CiaH)1IS requires C, 47.85; H, 3.40; R
1, 38.92; S, 9.83%]. ‘ ’ . y
A mass spectrum of the ;;roduct, shvwe/d a molecular ion at an .
m/e value of 326.  An n.m.r. spectrum (CCL;) had fou‘r absorptions,

a singlet at 6.04 T ((’:rlz), a doublet at 3.03 .1 coupled to a doub-

" let at 2.43 T (A2B2 system for protons attached to benzylic aryl
" ‘ring; Jp,B, = 8.4 Hz), and‘a singlet-at 2.80 T (pratons attached

. to the phenyl ring). The.respective lntegrﬂtmns were in the

ratio of 2:2:2:5. Ani.r. spectmm (CCI,.) had ahsnrptmns at

3065 cm" and 30107dn- % (both medium) for the aromatic Gi stret-
ches 2915 an’ ! (weak) for the (H,-S stretch, 1588 cm™' (nedlum)
for the aromatic rmg sttetches 1490 cm* and 1445 ! (both -

., strong) for the q-l; deformations, 1095 cm™' (npedlmn) for the

aryl-S stretrﬂ\ and 1065 cg»! (strong) for the aryl-1 stretch. -
(iii) A mixture of o- and p-aminobenzyl phenyl sulfides

,'(21_.5 g4 0.100 mole) in sulfuric acid ESM; 200 ml) and ethanol
g (95%; 400.m1) at 0°C was diazotiied by the addition of solid
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. sodiwd nitrite ;(7,1 g; 0.103 mole). The ‘solution was%tirred for

1'h at 0°C_and then cwpér powder (10.0°g; 0:158 mole) was slowly
added. The sulut!un was allwed to cme to_room tenperamre with
stirring over 20 h. The vol_ of gas evolved from the reaction
was 2530 ml, slightly exceeding the thegretical amount of mn_-c-

. The solution was reﬂmmd for an addition: & 0 2 h on a stean

-.bath After coohﬂ'g, diethyl ether (300 ml) was added, and the

; solution was fxltered through Celite. The filtrate was »separated-

and the aqueous layer was washed with three portions of diethyl
ether (300 m1 total) The cmbmed ethbreal extracts were dried
over anhydrous magnesmn sulphate, and the solvent was then re-
moved by dxstxllstwn under. reduced’ pressure * The residue was
extracted mth petroleun ether (b.p. 30 - 60°C) and the snlvent
re!bved in sumlar_,f.ashwn to ‘the Jatter. -y R
A g1, of the residue (temperature at 2200C and the flow
of helium c;:rrier gas at 0.714 ml/;ec) showed m peaks at reten-
tion tines of. 2,05 min and 6.0 min. The compound ascribed to the"
fo'rme;' was 'beﬁ;yl phenyl sulfide and under, ngw’ conditions (temp-
eraturé at 190°C and r.he flow of hehun carrier gas at 1.25 ml/
sec) the retention tmve of the latter was 27.2 min, correspmdmg’
to that of the umdentxfled <unpolmd from the dilute HC1-Pschorr

reactmn (see Table XLIX).
e

¢




The gesidn; was distilled \im!er -reduced pressure (0.05 -
0.03 m Hg) , and two- fractions were collected. The first frac-
tion]“(Z.B £; 14.0% yield) collected at 104 - 106%C gave a single
g.1%c! peak at a retention tine Of 8.6 min, . It was recrystall-
izéd twice (Qis0H) , m.p. 38 - 400, and its n.m.r.; i.r., and

3 - -
mass spectra were similar in all respects ta an authentic sample

of benzyl phenyl $ulfide. The second fraction (2.6 g; 13.18

yield) collected at 122 - 124°C was identified.as 9-thia-9,10<
; ;

-dihydrophenanthrene and it had a's‘mgl.e g.l.c. peak’at a reten-’

* tion tf:ue of 27‘.2 min. It was recrystallized twice (CHsOH)' and

: ' 0. C
s\cuimd,.m.p. 75.5 -_\((a.oﬂc [lit. m.p, 75.5°C (167)] [Found:

" GY78.70; H, 5.215 S, 16:05. CisHyeS requires C, 78.73;H, 5.00;

s, 16.18%1. s
A mass spectrum of the compound had a plecular ion at;n

. T R 2
n/e valué of 198. Ann.m.r. spectrum (CCL) showed two absorp-:

“ tions, a singlet at 6.29 T (O%) -and a multiplet-from 2.99 T-to
. 2.20 T (protons.attached to the’ aromatic ri.nq)'. Thewrespective

integrations were-in the ratio of 2:8. An i.r. spectrum (GiCls)
had'absbrptiu\s at 3045 an™' (medium) for the aromatic (H stret-
ches , 2890 e~ @ 2800 cn™! (both weak) for the Giz-S stretch,

1587 en? (medium) for the aromatic ring stretches, a series, of

. (strong) peaks|at 1485 cn™?, 1468 an”'," 1445 cm™* ‘and 1422 cm™!

' g
for the Oz c_iefomations, and 1075 ant (medium) for the aryl-S
stretch..
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9-Thia-9,g‘b-dg'ﬂxd@enanthrene'9~oxide. - (i) - 9-Thia-9,
10-dihydrophenanthrene (2.62 .g; 0.0132 mole) dissolved in glacial
" acetic ‘acid (50 fl) and methylene chloride (50 m1) was'cooled to
-5°C, and 30% hydrogen peroxide (1.79 g; 0.0132 mole) was added
dropwise to the stirred ‘;giuticn. ,}E\;{e'reaction mixture was al-
lowed to come to Toon temperature cgv'\é/{' 48 h. The metl|yiene chlo-
ride was remvgd by distillation under reduced pfessure and the
solution was lyophilized. - T @residueé was taken up in hot ben-
zene-hexane (1:4) ‘and on cooli:ng white prisms of 9-thia-9,10-di-
hydrophenanthrene-9-oxide (1.61 g;. 57.1% yield) precipitated o
from the solution. : The material was recrystallized three times
“ft&n benzene-hexane (1:4) -and washed v!ith petrg]’em ether (b.p. -,

60°C) , m.p. 101 .- 102°C [Found: C, 72.83; H, 4.72; 0, 7.47;

-7 Cyalh 05 requires C, 72187; H, 4.70; 0, 7.47; S,
i . o
14.96%1. )
A mass_spectrum of the compound had a molecular jon at an'
/e value of 214, An n.m.r. spectrum (CD;00CD;) showed two doubs
lets of)an AB quartet at 5.79 v and 5.51 t (nonequivalent methyl-
ene’ protons; Jag = 14.0'Hz) and a multiplet from 2.72 t to 1.90 ©

(protons attached to aromatic Tings).

(i1) - 9-Thia-9,,10-dihydrophenanthrene, (1.98 gg, 0.0100 mole) =

in methanol, (200 m1) was added to sodium metaperiodate (2.14 g;
- 0.0100 mole) dissol\;ed in meth:anol (2500 m1) at 0°C and the °

solution was ‘stirred at this temperature for 5 days.
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The solid material was subsequently removed by filtration %
yshed with diethyl esher (Zi]() ml). The solvent was removed
rom the filtrate by diétillatiun under reduced pressure-and the
residue was taken up in diethyl ether (200 m1) and filtered. The
combmed ethereal SOl\ltlol‘LS were dried over anhydrous magnesium 7
sulfate, and the solvem: mmoved by distillation under reduced
pressure. '
The‘ rcsidu:;ﬂ"'diséclved in ‘benzene (2 ml) was pla;:ed on a sil»‘.
ica gel G (47 8 g) chromatography colum which was develuped by *
‘the eluents detzlled in TABLE L. Each fraction coliected (50 ml)
was examm/ed subsequent to snlvem. removal by distillation under
reduced pressure. The residue of the combined ¢hloroforn -Frac-
© tions was taken up iﬁ hot beniene-hexane (1:4) and on moling )
white prisms of-9-thia-9 lﬂ-dlhydrophenanthrene -0-oxide (1.427g;
50,4%. yield) precipitated; m.p. 101 - 102°C [Found: C, 72. 75
H, 4:80; O, 7.57; S, 14.82. C,4H,;08 Tequires C, 72.87; H,.4.70; -
0, 7.47; S, 14.96%]. The n..r. ((D,00CD;) and mass épectta of |
thé material wére similar ‘in all respects to those of g-thia-b,

10-dihydrophenanthrene-9-oxide prepared above.
5 N \

- Thioxanthene (25.0 g; 0.126 mole;

Adrich Chenicals) dissolved in chlorofom (20 ) was placed on

a silica gel G (500 g) chmmatography colum developed by petrol» .

eum ether (b.p. 30 - 60°C;- 4000 m)..  The petmleum ether was

remnved frqn the collected fractjons by distillation umder reduced
’ % - :

4 ' ) e -
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. TABLE L

THE ELUTION OF THE ‘9-THIA-9,10- nnﬂvmmnmm AND SODIUM PEI‘APEIUOM’E
REACTTON MIXTURE ON A SILICA GEL G DMN'OGIAPHIC COLUMN

ELUENT m]'ﬂm/ J VOLUME OF ELUENT

petroleun et}ier'(b.}i. 30 - 60°C) ) h
Vi 7-10 ' . benzene-petroleum ether (1:9) i 200
r viv AR benzene-petroleun ether (1:3) - 100
T E .o1s-1s R bg;nzme,-petmlqn.l ether (1:1) 8 o 150
s ; 6-2 - - bl : - Lm0
- = 21-28 - benzene-chloroforn (3:1)- S 200
e W Ben ) benzene-chloroforn (1i1) 150
A . -3 s benzene-chloroform (1:3) ; 150
\'h‘._‘ 31-80 ; ) & chiomfom e i 2500

‘96T ..
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pressure, and the residue was récxyst'lllize'd three times from

chloroform-ethanol (1'3‘) The x:esul\‘.mgr w}ute needles of thxox‘
anthene (23.1 g, 92.4% y;eld) were r.olle:ted and air drled m.p.
130 = 131°C [lit. m.p. 128 - 131°C (173)] [Found: 'C, 78.70; H,
5.42; $, 16,03, Cy3ihy,$ requires C;o78.75; I, 5.08; §5:16.178].
Purified thioxathene (14.37 g; 0.0725 molé) dszotueddin

g]acxal acenc acid (100 ml) and methylene chloride (200 ml1) was
cooled to 5°C and 302 hydmgen pcmnde (§ 21 g; 0.0725 mole)

was added dropwise to the solution. The reaction nuxturc was

gradually allowed toecome to room temperature’ with stn—rmg over,

48 h and the solvents were subsequently removed by lyophlhzaﬁmn

The resxdue was taken up in boiling hexane and white crystals "
(13.86)3) precipitated from/the cold‘ksoi‘ution. An n.m.r. spectrjum
(CDC1,) indicated that this material was a mixture of 5% thiox-
/anthene (CH, at 6.17 1), 92% thmxanthene 10-oxide (two AB doub-
‘lets at 6.23 % and 5.85 1;. JM = 16 8 Hz) and S% thwxznthene 10,
) 10-dioxide (G4, at 5.78 7). 4
- The mxxtum (5 21g) dlssulved in chloroform (2 ml) was ,
placed on a dry neutral alumina (Fluka 500 g) chromatography

-~ column. Th'ge ;column was initially eluted with petroleum ether

the material ffom the initial 20 fractions did not increase or

decrease appreciably with fraction’ nuﬂigné, but remained between




0 145, g and 0.120 g for each fraction. The total weight of the

acnons was' 2.65 g, representing

macerxal recovered from these

slightly more than 50% of the material placed un'the colum. :The
mﬁteria‘l was recrystiallized'from chlurofom-etﬁannl (1:3) and i
identified as thioxanthene, m.p. '130.3 - 131.0°C l[lit‘ m.p. 128 -
13i°c (173)]. An n.m.r. spectrum (CD;COCD;) and a mass spectrum
o . " were similar in all respécts to those of purified thio;tanthene
grepa;ed above:
- - T ' . Matenal (0.160 g; 3% of reactxon mixture) recovered from
subsequent elution of the column thh benzene-| petroleum ether“
6 2000 ml) and neat benzene (1000 ml). was recryst_alllzeci from
i cthanol. It was identified as thioxanthene-10 10-dioxi$e, P,
- ' 173 5 - 174, 5°C [lit. m.p. 174 - 175°C (173)]. '
The column was then eluted with benze‘ne chloroform (1:15
" 2000 m1), neat chloroform (2000 m1) and chloroform-diethyl ether
(9:1; 2000 ml). The material (2.38 g; 45.6% of reaction mixture)
recovered from the final eluent was. fecry’iéallized thre; times

fran c}alurufcrm, and was identified as thlcxanthune, m.p.. 213 -

214°C [111:. r]l p. 213 - 214°C (i73)] [Found" C '73.52; H, 3.82;,

s, p 05 Cy3He0S Tequires C, 73.56; H, 3.88; 0, 7.54;

S 15.10%7. . A mass spectrum of the donrpumd shuwed a mlz\ﬂ@r
S “ion at an m/e value of 212, and an n.m.r. spectrum (CD;00CD;3) indi- -
_cated anly the presence of protons attached to aromatic rings.

This chromatography procedure was repeated using material
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(5.52 ) from the initial reaction mixture and similar results
..erefbmn'ed, i.c. 533 thioxanthene, 4% thioxanthene-10,10-diox- *
ide ar‘n‘] a3 t;hioxznﬂxme. In both experiments, thioxanthene—m-.
-oxide cm;lxi not be recovered. )
i ,The;l’eﬁﬂmi!?g material (3.13 g) from the reaction mixture
was rfaz:!:i':sl\:zivllized~ three times Efgu hexane. The resuiting white

crystals of thioxanthene-10-oxids

p. 117 - 118°C [1it. mp.
116 - 117°C- (174)1, were thEn sublimed (90°C; 1 mn Hg) and ro-
crystallized from hexane, m.p. 110 - 111°C [1it. m.p. 109 - 110°C
amy, o

The reaction pm}:edure was repeated using purified thioxan-
t.hsne (5.22 g;.0.0264 mole) and 1;05 hydrogen peroxide (2.95 g;

‘ 0.0264 mole). . Following lyophilization,ethioxanthene-10-oxide )
(4.75 g; 84% yield) was isolated by recrystallizatioy (C‘H,.)'
and‘ sublimation, m.p. 110 - 111°C [1lit. m.p. 109 -'11996-(173)]
[Found: C, 72.79; H; 4.75; 0, 7.38;.5, 14.95. Cy4Hyo0S requires
G; 12873 1, 4_.70; 0, 7.47; S, 14.968]. A mass spectrum of the
éwpound indicated a molecular ion ;t an m/e value of 214, and
;n n.m.r. spectrun (CDCl;) of the compound ‘showed two Jdcl.ﬂsleE
(;f an AB quartet at 6.23 T and 5.85 T (nméquivalmt protons. of
Qa3 Ipg = 16.8 Hz), and two multiplets, 2.67 T to 2.48 T and
2.18 T to 1.83 T (protons att’ached to aromatic rings).

The re‘act‘ior! prolcedure was repeated a third time using puri-

Fied thioxanthene (1.98 g; 0.0100 mole) and 30% hydrogen peroxide

=
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(1.13 g; 0.0100 mole). Following lyophilization, the reaction
mixture dissolved in chloroform (2 ml) was placed on a silica

gel G (200 g) hy column developed with petroleum

ether (b.p. 30 - 60°C). Material recovered from the petroleum
ether fraction (500 ml) vas identified as thioxanthene, and,sub-
sequent elution of the colum with benzene (500 m1)- l}a‘:] to the
isolation of ithio‘xmthme-mllo-dicxide. The colum was then

éluted wit_h chloroform-benzene (1:1) and finally neat chloroform.

Thioxanthene-10-oxide, ing 81% of the ion mixture,

was isolated from the: combined chloroform fractions.

Protan deuteron exr_hange at the ‘cyclic methylene of 9-thia-
-9,10 dihydrophenanthrene- ‘Lmude - 9-Thia-9,10-dihydrophenan-
threne-9-oxide (0.550 g; 1.57 x 1072 mlnf diss:o_lved in acetone-
dg (3.85 g; 6.02 x m-’= mole), deuteriumoxide (0.275 g;-1.38

- X 1072 mole) and triethylamine (0.550 g, 5.45 x 10°* mole) was

allowed to stand at room tcwperature for ca. 0.5 h. The solutmn

" was then lyophilized and the residue was recrystallized twice

from benzefie-hexane (1:4), m.p. 101 - 102°C.
e o

- (i) Thioxdithene-10-oxide (0.750 g5 350 x
10~ % mole) dissolved in acetone d; (2.45 g; 3.83 x 10' .mole),
“deuterium oxide (0.375 g; 1.88 x 102 mole) and triethylamine
(0750 g3 7.43 x 10;’ mole) was allowed to stand at room tempera-

ture for ca. 5 min. The solution was subsequently lyophilized
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and the resirlg.ie.uas recrystallized twice'from hexane, m.p. u7 -
- mp./116 - 117°C A7), - =
(i) To thioxanthene-10-oxide (0.050 g; 2.34 x 107* r’no1e)"

118%C T1

aicﬁup of aqueous sodium hydroxide (6N) was added. Within 10 min
\
at 5.1:. 400C the methylene protons could not be detected in an.’
< { =3 s

n.m.r. spectrum., The yellow solution began to tumn blue within

15 min after the-addition of base, but reverted to a clear yel--

low color upon shaking) .The recurrence ‘of the blue color per-

sisted for several hourd after several ‘repetitions of the shaking

procedure. &
..
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:. 7-1." 9-THIA-9,, 10-DIHYDROPHEN)

The synthetic route to 9-thi_a-9,lﬂ—dihydrcrpha.nanthmne»g-, = "'_
! -oxide (TDPO), i}lustrgted'by Figure XX, has been par’tia“lly in-
vestigated by Liittringhaus and Kolb (167) in their study of
9-Eljia penathraniin perchIorates AUERoUgH Tho Grésent. spmblis-

is_ of TOPO followed a similar route, the yields of internediate
products and the pmpertie; of these products were not always .in ° . 3, %
agreenent with thosé described by Liittringhaus and Kolb. The . e

integrity of the 9-8\ia-9,10-dihydruphen"a?ﬁhrené (TDP) prepared
in the present s;:udy has also hegn; verified by Dewer,—Fcrrester
and Thonson (175) , who have concurrently synthesized TOP in an |
. alternate mann(er but describe a similar melting point. . 5w o

Althcugh Rabideau, Harvey, and Stnthers (176). have calculated

‘the free energy barri for ional inty ersions of

; various 9,10-dihydr n derivatives; no such batrier was
cbserved in the case of TOW0. N.m.r. spectra (CS;; CDiSOCDs) at
temperatures ranging from -85C to 100°C did not indicate any B
coalescence of the AB quartet,‘ nor the appearance-of another dupli-’

cate quartet. Althnug}n the possibility of a large free energy

/ barrier to' conformational interconversion may eXist.such that

/

solvated TDP occurs only in one preferred féml, rapid intergon- - - o
‘version between the two stable- conformers (177 178) probabl, : ’

‘reptesents amore correct mtetpretatmn of n.m.r, spectral te:np-
erature mdepende'nce (see Figure - XI) .
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9-i111A-9 10 -DIHYDROPHENANTHRENE - 9-0XIDE ' ;

b . S
o CHCl Na anbydrous CHp — 8
" 5 @ + xylene
: ’ NOp . reflux . NOp
% o-nitrobenzyl  sodium o-mtmbenzyl &
‘ = chloride . d\iophefmxide 3 phenyl sulfide

" hydrazine (85%)
P4/C (5%) | reflux

. : methanol/water
\ P
” iy
(1) HO /NaNo . .
e — ( | \@
‘ 9-thia~0,10- d;\hydraphstmnﬂnme » " o-amincbenzyl phenyl.

‘ . - ’ sulfide

. o | P8 puéxmg (308)
s glacial acetic acid/methylene chloride e V,} .
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* Nm.r. spéctra of TOPO which has undergone pafdial hydrogen-

-deuterium exchange at “the cyclic )nethylene pOSlt](m m:hcate

that, the methylene proton represente - )"the ugfleld dotiblet of

the AB quartet is more lahile' in basic media than the proton

. - Tepresented by the downfield doublet. It is equally evident that

. 'the chemica)] shifts of li and “B’ the methylene protons, do not
interchange positions when the partially deuterated TDPO is dls-
501\{,&]5 in triflum;ngcstic acid with respect to their cha.nical
si{sfts in dimethyl sulfoxide-ds. (see Figures XXIT and'xxm).

This is lmphed by the n mr. spectral shift of the "sluw -exchange''
proton, labelled by the downfleld unresolved ~CHD- triplet repre-
senting one of the two'd1asteteo1smr1c forms, ‘which rémains
downfield in both trifluoroacetic acxd and dimethyl sulfoxide-de,
i.eq, the two AB doublets of the quartet do not interchange n.m.t.
spectral positions with reéizect to each other when TDPO is soi- )
vated respectively by trifluoroacetic acid and dimethyl sulfoxide-ds.
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PORTIONS OF N.M.R. SPECTRA OF PARTIALLY DEUTERATED
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‘(a) the'unresolved.-GiD- triplet- of one of the

TDPO diastereoisomers generated in the proton-

Te: . at the meth

“Pposition

50T - 5561 | 60T
® the spectrff)shown in (a) with the As-qumeé<
resulting added protim TDPO




i T , o FIGURE XXIIT
PORTIONS OF N.M.R. SPECTRA OF PARTIALLY DEUTERATED,
TDPO_DISSOLVED IN DIMETHYL SULFOXIZE-d

—
3
50; - - . . 607 . 50; T 80
- (a) the unresolved -GHD- triplet of cne of the (b) the spectrum showri in (a) with
* TR0 diastereoisomers generated in the proton- the AB quartet resulting from added "

gt the meth ) protium TOPO




7-2. . THIOXANTHENE- 10-OXTDE

Thioxanthenc-lo-oxide\(ﬂol) was prol;nre;l by the si:nﬂ%oxid-
o atmn of thioxanthene (see Figure XXIV). The reacuon of TXO in
W,’—gprotgc solvent media” (petroleum ether, benzene, chloroform, di-
i gthxl ether) on a neutral alumina column appears to be a ﬁov‘el
disproportionation in which the TXO is converted to thioxant{wne
and thioxanthone (see Figure. XXV). Although the oxidation of
the methylene group to ti;e corresponding alcohol may occur via
an intranolecular mechanism due to intramwlecular hydfogen bond-
ing, ‘the fact that thioxanthene and -thioxanthone are probably

produced in equal propartmns suggests that the secund oxxdatmn

. step occurs via an mtemolccul'nr _mechanism.

In a study of TX0 and mmerous denv;\twes, Ternay and co-
workers a79, 180, lﬁl, 182, 183) argue that the polymorphlsm
exhibited by two different melting:species of TXO 17), which -
:;rgpear to have different ihfrared spectra in the SO stretching

. region (173, 183), corresponds to the two stable conformational
forms. of Tg(\see l‘lgure XXVI). Although this is®in emplncal
agregment-with the present work, Ternay et al. have not as yet
published evidence of a m;re c"unclusivg nature to substantiate
"the existence of the two conformers as separate crystalline
entlt;es. 3 v

Ternay and Chasar (181) have pruposed that the pseudoax%a

proton of TX0 is coupled to the aryl.protons of the adjacent
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g phenyl rings’ (see fiéune X)), Th:eir pm‘pusal is‘ supported By
the observation that the N signal for the- upfield. doublet
of ‘the AB quartet i$ considerably broadened (based on wmth at
half he1ght) compared to the downfxeld doublet when TXO is dis-

solved in rChIDT‘QfQTm-d ‘[see Figure XXVII (al]. This observation

is further supported b& decoupling experiments ‘described by Ter-

nay, Ens, Herrmann,and Evans (183)' in which irradiation of the

aryl protons (2.61 t) sharpened the signal cf‘ the broadened up-

field doublet almost three times more than that nf the downfield
doublet R “ E L
Fram this-and other evideice arising from an extensive in-
vestigation of c’onfoma’tionally‘ restricted derivatives of TXQ,
,~Tem‘ay et al. have proposed that TXO prefers the Pseudoequatorial
array m chloruﬁ)mkd (see Figure XXVI). These workers have ob-
served hmver, that if TXO is. d)ssolved in trifluoroacetic -
acid the broadened doublet signal cfv the AB quartet lies down-
'field to' that of & sharper dopblet,[see Figure XXVII(b)’]. This
: spparent mterchange of 'shift positions for the dovblets has ’
been anterpreted as evidence for a’confomatmnal change such
that TXO now occupies the pseudaax1al array (see Figure XXVI),
whilé .the broadened doublet, signal continues to represent the -
psem/ioaxial proton of the meth)v'lene group (183). o

The l;yul I & i T i for the methylene

. -protons of TXO occur rather ?api‘d.ly‘ in the slightly alkaline




FIGURE YIVII -
PORTIONS OF N.M.R. SPECTRA OF TID' SHOWING e
THE_AB QUARTET OF THE METHYLENE PROTONS . ol

v i
b : EN ¥
5571, 60T ' 65T
(a) TXO dissolved in CDCI, B
12
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501 . 55T  60T.

(b) T%0- i
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mcdi:x_ of deuteyium oxide and mtrictl\ylamiﬂc; with the more labile
methylene pmmn 'hcing represented by the downfield doublet of ’
the AB quartet in ths_nf .r. spectra (c.f. Figage XXVII). This'
"[ns7t~cxcl1nngc pruton Corresponds to the methylege proton Ternay
et al. lmvé cited as occupying the pseuduequ:itcnal position when
TXO is (l.jsselvcd_in chloroform-d. In the initial stage of the
exchange ‘redctions, an ug.rcso{veé tripiossignar ecared siightty
to high field of the dpfield doublet shift of the methylene quar-
tet (sbe Figure XXVITI) increases’ rapidly with tine. This signal
. represents the -(D- of a diastereoisomer, the protofi of ‘which
N uarrcsponds to the methylene proton which is rcpre= erited by the
upfwld doublet of the AB quartet in the n.m.r. spcctmm of un-
reacted protium TXO. The'lccatio_n of the wnresolved triplet ar-
ising from the »6111- of the diastereoisomer then, in effect, labels
the upficld doublet of the methylene, such that the two doublets
of the AB quartet are distinguishable in n.m.r. spectra of pe;r-
tially deuterated TX0. Since thé n.m.r. absorption'signnl for
the -GD- of the dias'terqol:somer does not change shift position
with respect to the A and B doublets of the quartet, i.e., remains
upfield, when samples of TXO and partially deuterated TXO are
“solvated by trifluoroacetic acid, chloroformsd and dimethyl' sul-
foxi&e-d's,vrespectively (see Figure XXVIII); it can then be
dssuned that the metiflene protons of protium TXO'do not inter-
. chan.ge ‘n.m.x. _shift positions with respect to each other i‘n thes%x R

solvents. .




L ) FIGURE XVILI ( =
PORTIONS OF N.M:R. SPECTRA OF TXD WHICH SHOW THE AB' QUARTET OF THE . . 5

PROTIWM METHYLENE AND THE UNRESOLVED TRIPLET OF ONE OF THE PAR]‘IALL\;‘
> =
DEUTERATED TXO DIASTEREOISOMERS

T T e A P ) [ (g T el :
50T 5517 60t - . 601 65T 551 ~ 601 651 &
(a) protium TXD and partially () protiun TXO and partially  (c) protiun TXO and partially

TRt in O dis in crated TXO dissolved in

CDCls CD4SOCD,
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'rﬁis observation is directly opposed to the supposition of
Ternay et al.' (173, .183) which states that the n.m.r. signal of
the proton occupying the pseudoaxial position is downfield to |
thzt p’f the pseudoequatonal proton when TXD is solvated by tn-

rﬂtlomacetlc acid, bt is upfield when ’I’X() is dlSSOlVBd m

chloroform-d and carbon tetrachloride, If the conformational

change proposed by Ternay and co-workérs for TXO is correct, ¢

. namely that TXO changes from a pseudaequato}ial array in chloro-

‘form-d to a pseudoaxial array in trifluoroacetic ~a;:id (ds’ evi-
dencéd by an interchange of n.m.r. shift positions for the pseudo-
axial and pseudoequatorial protons) , t)‘:en the present results can
only ‘be interpreted to mean that an extrénely rapid exchaﬁge pro-
cess occurs in which all the d‘ﬁstereoisomer, representéa by the
upfield unresolved triplet, must be converted exactly and only
to the other diastereoisomer. The rgquireménts of this exchange
are doubtful u'nd:er any cmhitiuns, but are even more unlikely"
when the_hypothetically exchangmg species are subJected to the
highly acidic medium of trifluoroacetic acid. -

- Regardless of whether the’aforementioned conformational
change'of TXO occurs or does not occul; with the appfcpriate
“change in solvation, the present work would appear to suggest
that the broadened doublet,of the AB quartet does not always
Tepresent the same methylene protnn; 'Lut indeed can represent
the. n.m.t. signal’ of either the pseudoaxial or pseudoequatorial

proton.  Since the effects of n.m.r., signal broadening are not
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- likely to be e 'fienced by the pseudoequatorial proton as a

result of aryl prcton cou'plmg [c.f. (184)], and in view of the
fact that the dewuphng experunent descnbed by Temay et al
, (183) could not be sansfaa;only reproduced in the present vork, |
the explanation given by Ternay, Ens, Herrmann, and Evans, °
n;mely that n.m.r. signal broadening of oné of the methylene“
doublets of TXO is a Tesult of afyl protori coupling, mist be

suspect.




' SUMMARY

From the p;\bgvnt investigation of two conformationally res-

tricted sulfoxides, namely gvthia@ 10~dihydrcphenanthrene-9-onide

and thioxanthene-: 10~ox1de, the followmg may be czmqluded'
«(1) The methylene protons ad)acent to -the sulfoxxde group
in each compound mtam their n.m.r. 3hift pcsnmns thh Tespect-

—to each other regarglless of whether the" compaunds are solvated by

' dnnethyl sulfmude -dg or trifluoroacetic acid.. Thls observatmn
15 contrary to that noted for the methylene protons of phenyl~
7 sulfmy]acet]c ac:d but is in agreement in ﬂus respect w:th
prxor mvest:gatmns of other sulfoxide systems
1 (2) Althuugh a preferred conformation has been prevmusly
reported for thloxanthene 10-oxide [183), the results of the
‘present 1nvest1gat1nn do not lend substantxatmn to the exxstence
of preferential ccnfonwers in solut.mns of thmxanthene 10-oxide
or 9-thia-9,10- dmydraphenanthrene 9 -oxide, " but father unply that
the conformers of each compound are in rapid equi ibrium. .

(.‘a) The downfield doublet of the AB quartet in nmr. speG-
tra of thmxanthene -10-oxide Tepresents the mor labile methylene
proton of the compomd while the more acidic n&ﬂmﬁﬁtm nf

_ 9-thia-9,10- d]hydrcphenanthrene 9- oxide is 51gnal ed by the up

f1e]d doublet of the AB quartet in‘n.m.r. spectrs of the 1atter
(4) When d1>=ulved in‘aprotic solvents and exposed to

alumma thmxanthene 10-ox1de appears to undergo a movel.
N

7
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disproportianation‘ toyield th‘ioxanthcne and thioxanthene,

Preliminary experijhents indicate that a similar reaction may

: {occur in the presence of dilute aqueous sodium hydrt e
U e £, (182)1.° -
) Further quantitative empmcal examination of the phenyl-
4 L I suifxnylacetxc acid system may be warranted. Investigation of
’ ‘ specific pi‘oton/water participation in the-solvatién of the
- acid,- and tl{e cbrrespgnding rnlé played by deuteron/deuterium
\'oxide in the hydrogen-deu‘t:erimn exchaﬁge process at the me'thy~'
Jlene position remains a priority‘ As stated above, thg factor
prekusly cuns1dered to: predonirjant in the exchange process
nwas the éffect of the intrinsic symnetry of the sulfoxide
= group on the relative chemical Ty actwu:y of the adjacent
.methylene prutcms in conjunction with compentwe confomer
stability. Thls notwithstanding, solvent parnclpatwn may
also be a .significant factor 1 the Emton ~deuteron exchange

' " process at the methyl:ne pOS)t on of phemylsulfmylacetlc




FIGURE XXIX "
NEWMAN PROJECTION DIAGRAMS_(VIEWED ALONG THE S-C BOND)
OF POSSIBLE SOLVATED STRUCTURES FOR PHENVLSULFINYLACETIC ACID
AND AVION IN AQUEOUS ACIDIC AND ALKALINE MEDTA

#

I o : I
solvated phemylsulfinylacetic . . ' solvated phetrylsulfinylacetate
acid in aqueous acidic media ) anion in aqueous ‘alkaline media




"' from proton-deuteron exchange, the rate of interconversion L

v

exchange [see Figure XXX].* Since stereoselectivity 15:evi-*

denced by unequal populations of the diastereoisomers :itising "~:.‘

and, hence the rate of inversion; must’fha less than the rate
of exchémze.‘ 1"’he implication that inversion significantly
affects the product rdtio of the diastereoisomers, haever,
only requires that the rate of oxygen exchange at sylfur be
competitive with that of protor-deuteron eiéhange/ o

In one of a series of papers Oae (145) has reported the -
rate. of oxygen exchange vat sulfur for three sulfoxides in the
presence of carboxylic acids of varying acidity. Although
quntitative measurerisnts were fot Tecorded for phenylsulfinyl-
acetic acid, ‘an,approximation of the rate of the sulfoxide
exygen exciange st 2500 WouTd yield a~valie it Tess than 1077
sec™! to within onef order of magnitude. If the deutetium’

exchange reaction at the adjacent methylene carbon is assumed

* to be pseudo-first order, the rate of exchange is' also

*Inespecnve nf the rate of shterconversion, unequal populatmns
of the diastereoisomers may arxse as a consequmgce of a seccndary
Jsucope effect‘whxch would produce stereoselective collapse of
the solvated acid sl;bsequent to deuteration as shown in’ Figure
XXX It is doubtful, however, whether the difference in the’
populations of the diastereoisoners’ can be-tot‘ali); accounted for

by a secondary isotope effect.. TR e
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FIGURE XXX .
NEWMAN PROTECTION DIAGAS ALONG_THE §-C BaD)

OF PROTON-TEUTERON: EXGIANGE TN A SOLVATED PHENYLSULFINVLACETIC
D CONFORMER UNDER CONDITIONS OF . RAPID
oummmcm. INTERCONVERSONY .
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00D
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conformer - confomer enantiomeric carbanions
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- 0,0
. 2 isuwpeﬁ‘pffect'

dxastereoumers may -arise as a cmsemxeme of a secondary uutOpe effect.
On ﬂlis bsis, the populations ‘of A and D nught be expected ‘tc differ from
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approximately 10~7 sec™! at room temperature. = 4

Recently, Durst and co—workers ~(185) have shown that the
d.'\fferenual kl.netlc acidities of the dlastereotop)c protons
in benzyl methyl sulfoxide depend on.thenatureof the base

and the solvent system, indicating that proton-deuternn ex-

change rates are not solgly intrinsic propertigs of “the unsol~

vated sulfoxide and related carbanions. D'Amoz:erand‘Bramnan ‘
(186) have also questioned the validity of the assumptmn [see
Wolfe et al. (158)] that .the product: ratios of ‘the monodeuter-
ated conformers of benzy] methyl sulfoxide obtamed via.
quenchmg techniques reflect the relative stabilities of the

corresponding carbanions. From thexr kinetic study of the

. rates of proton-deuteron exchange and ephnérization of methyl

: 1 phenylethyl 5u1fnx1de, D'l\more and Braman conclude that the

rate of mterconversmn ‘between the diastereoisomers may be
comparable to the rate of quenching. Hence, the resulting
produi:t ratios are not n‘ecesiarily a measure of ;el’ative vcar—
banion stability nor are the)"v indicative of ‘px‘otcm lability.
This conclusion is Supgorted by Nishihawa and Nishio (387) A '_
who report‘ix similar f@émg f;mn studies of thereffect_ of,
quenching on proton-deuter(‘m} exchange in b;nzyl’n\gthyl Sul-
foxide dissolved in tetrahydrofu-ran,

Hence .an analys]s of the possible. effects of solute-

‘-solvent interactions on the reacnvxty of the methylene



protons of” phenylsulfinylacetic acid would necessitate the -
detemination of the rate of racemization of an cnantiomer
of the acid in aqueous media and the rate of °0 exchange at
sulfur, A comparison of these values with the ratc of
proton- deumron*gxﬂh(mge at the mcthylenc position would then
perhaps offcr somc ,1n’dmatmn of the umxhcamc of solute-

-solvent interactions in aqueous med)a and suggest the rcla-

© tive }quwox;tané‘c of solvated species in. the proton-deuteron

exchange process.

% .
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APPENDIX T
, APRDIX T
A DESCRIWION OF THE TINSLEY AND GENERAL RADIO -

IMPEDN‘ICE WAMTOR BRIDGES AN'D “THE CONSTANT




‘accessories were assembled according to the description.of,

A sim?lified block di:‘;gnun»of the 4896 Tinsley Bridge with '

auxiliary equipment is shown jn Figure XXXI. The bridge and

'Rébertsép (188), but minor modifications in this design were

necessary because of ,the ‘compercial unavailability of some of

the compenents described. T

A Hewlett ;acka}d oscillator (model 200 /\B) sl‘Jpp']icd the
altematmg current (AC)- nt 1000 cyclc§ per <ccnnd (cps) to the-
hndgm A mnstant vnltdgn pcwer source (117 +1 vol't) for the
usmnamr was suppl)cd by a Sorensen AC mgulntor (ARC 5000
model) Comectcd to a 120 volt mains output.

l!alqncing of the bridge was obtained by ohserving a
Lissajouas paner}{ i His s ilgacoe! (Hewlett packard 1208
model) whiclr derived its signal from a 1000 cps high gain
ampl)fler (see Flgure XXXII). This amphher was connected to

the bndge output thmugh a 578-A transformer, and the amplifler

output was fed throug]\ shielded leads to the verhcﬂ input

“plates of the usc1lloscope [For a.more detailed dlscusswn, see
@)1, :
" The G.R.I.C., type 1605-A," is designed to measure the

ma@ifude and phase angle difference between two external
impedances. The instrument essentially consists of a.special

self-contained bridge measurement system, composed of a signal

’ ‘source, a bridge and a detecting circuit "(see Figure XXXIIT).
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N oso = A DIAGRAM OF THE 1000 CPS AMPLIFIER CIRCUIT

%390:’: él»&ll

33K 33K =
100Q¢/s TUNED FILTER: ~- =
Vi :




N
" FIGURE YOOI

1605-A) :

i ) A DIAGRAM OF THE IMPEDANCE BRIDGE CIRCUIT FOR THE G.R.I.C.

] - —
X PLATES -

DOUBLE TRIODE
COMPONENTS

4 = erd

2,3 = Anode
5,8 = Cathode
6,7 = Heater

oz




. o 228°

e

-The bridge proper ‘has two external in‘rpedances to be Vcokrpared

. and two highly precise-1:1 ratio ams. Since these ams are
e;iual torwithi‘n 0.0001%, the accuracy of the impedance measure-
ments depends largely upon the pr’cciéicn of ‘the external stan-
dard, a General Radio resistance box, type 1432. This decade
box has a resistance range of 0.1-111,111 @ and the-accuracy of
the resistance increments was given as + 0,053, The bridge was
calibrated apainst a Leeds ;md North%xp (n\odel 4756-S) standard
resistance box with low frequenc)' dependance, and the resulting °

‘discrepancy was less than 0.01% bétween 100 @ dnd 50,000 0.
A detailed dcséri]ltion'.of the oscillator, a:;plifier and

bridge circuit is given in the General Radio operating instruc-

tions for an Impedance Comparator,, type 1605-A.

Constant Temperature Bath. - The bath assembly consisted of a
- 39" x 29" x 24" metal-framed unit which supinorted two stainless
_steel tanks (each 28'" x 13" x 18"), one mounted above the' other,
which were insulated by a 1" coating of styrofoam on' the outside.i
As constant cooling and_ continuous heating were nec‘\:ssary to
maintain temperature control, the lower fank was used as a \
. '.cooling béth and the upper tank served as the constant tempera-
ture bath. »
Cooling coils constructed from ca. 25t of copper tubing
(3/5" diameter) wound in five Spirals (ca. 2" apart) were
Ainstalled 3/8" above the bottom of the upper bath. These coils

were comnected to the lower cooling bath with hedvy,.insulated



* 229

_ rubber tubing. Thé flt}w of coolant {water at 21°C) circui;ted
by a centrifﬁg_al .pump (maximum rate, 1.5 1/min) from the cooling
“sbath through thevcooling coils in the upper bath was’ reg‘xlated
by a bypass arrangement with a dual control valvé system set in
the tubmg. B
The temperature “of .the water i the ‘cooling bath was main-
-tained by the cooling coils frmn a Tecumseh refrigerator (% hp).

These coils were. constructed of ca. 100 £t of copper tubing

: .(3/23“ diameter) wound in si;: spiral:s abou‘t 8" apart and were. .
supported /in the lower bath by a metal frame. The water in this
bath was circulated over the refrigeration coils by ;neans of .a
stirrer (Redmond, type T,’mgdel 9407; 1/10 hp) mounted Re
side of the bath. The temperature of the water was regul t:ed

" to.21.00 + 0.25°C by means of a Fenwal Electronics. thermistor
(GB32J2) in a modified Wheatst;'ne Bridge circuit (see Figure
XIV) . ) ) .

The constant temperaturé bat;h was filled with Voltesso .
‘transfomer uil‘(189] which was agitated by means of a Cenco
Contrifugal Electfic stirrer (1/20 hp; rated circulating
capacity for water, 105 gallons/min) nounted at one end of the
bath. The \;empetature ’nf the oil was controlled by a Tronac

Ragulator (PTC - 1000A).

This regulator essentially consists of a backg-round heater

(250 watts) and an-intermittent knife heater (250 watts) . The-

- latter is controlled by d thermistor probe and temperature
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controls se: in a Wheatstone Bridge cm:mt whxch is excited by

‘a stabxhzgd AC source. The Tronac is capable of regulatxm to
+0.001°, with long tom drift of leis than ¢ 0.005°C per veck.
A full description of'its specifications and operation is
staTad e, ek supplied by Tronac, Inc.

; The temperature of the bath was maintained at 25:000 +
0.005°C for long periods of time. Over several hours d;e e
‘tal;peramm varied less than + 0.0024°C. Temperature o.GEtml
of the bath was 'facilitatgd by its l_cx:ntian in a constant

temperature;, air-conditioned room.
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ROBINSON AND STOKES METHOD
‘DIMENSION C(lﬂd) »EC(100) ,ALF(100),Y(100) ,DENOM(100) , : ALI(

1100) ,BLF(100),¥¥(100) ,DENON (100) ,GOLE(100) ,Z(100) ,EP (100)

- 2,5(100) ,AKA (100) ,DEV(100) , ADEV (100} 1

‘PRINT 3

FORMAT (1X,26\WCINNES—S}EDLDV5KY METHOD)
READ 2,AL0,BETA,BA,B1,B2 : 3
FORMAT (6X,F6.1,F7.4,F8.5,F7.4,F8.4)

L=0 E

LeLHl )

READ 1,C(L) ,EC(L) ,LAST A

FORMAT (6X,E11.4,F9.4,12) : v
IF(LAST) 20,20,30 ’ x

K=L

EL=L

PRINT 18 T

FORMAT (1X,13HCONCENTRATION,3X,8HEQUIVCON,3X,8HLAMBDA I‘, 5

lx,llm':QUIL.CONST,3X,9HDEVI.{\TIDN)
SUMK=0.0 . .
D0 9 L:l-,x 4
ALF (1)=EC(L) /ALO
X-B1¥ALO+B2 . ] g
F(L)=SQRT(ALF (L)*C(L)) ;
Dmog(l.)nl.ﬂA*YtL)

ALT (L)=ALO- (X*Y(L) ) /DENOM(L)




. BLF(L)=EC(L) /ALI(L)

YY (L) #SQRT(BLF (L) #C(L))

D.E“DII(L)"I.-*‘BA"YY(L)

GOLE(L)=-BETA*YY (L) /DENON(L) ',

2(L)=2.30259%GOLE (L) ) X § f
EP(L)=EXP(Z (L) )

S(L)=(BLF(L) *%2) ¥EP (L) %%2%C(].)
ARA(L)=S(L)/(1.0-BLR (L)

SUMK=SUMK+AKA (L)

CONTINUE

AVKA=SUMK/EL -

SUMD=0..0,
DO 4 L=1,K

ADEV (L) =(AVRA-AKA(L) ) %2

. SUMD=SUMD+ADEV (L)

* DEV(L)=((AVKA-AKA(L) ) /AVKA) ¥100. .

PRINT 14,0(L) ,EG(L) ,ALL(L) , AKA(L), DEV(L)

FORMAT (rx,Eu.A.,sx,p‘-q.A,Ax,n.2,3')6,1511.:;,3)'(,1:1'1.;)
CONTINUE ¥ ’

EDEV=SQRT(SUMD/ (EL-2.))

PRINT 92,EDEV ' \ .

FORMAT (1X,22HAVERAGE DEVIATION IS ,E11:4)

PRINT 91,AVKA ’
FORMAT (1x,1smwmﬁz‘ KA IS ,ElL.4)
CALL EXIT

END
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€ L " IVES METHOD
DIMENSION C(100),EC(100) ,ALF(100),CI(100),¥(100) ;X(100) ,CAL
1C¥(100),DTB (100) ; ARA(100) , DEV(100) ,ADEV(100) ;Z(100) ,2 (100)
s Rmr 4 o T | P
. 4 FORMAT (IX/LIHIVES METHOD) ’
" READ Z,ALO,EETA,EA,Bl,BZ
2 FORMAT (6X,F6.1,F7.4,F8.5,F7.4,F8.4)
" PRINT 31,ALO . »
. 31 - FORMAT (1x,12HLAm1?AfO) = .Fs,{l)r;.

L=0

20 - L=L41
ant READ 1,0(L) ,EG(L);LAST L R
1 FORMAT (6X,E11.4,F9.4,12) ’
IF(LAST)20, 2 130 :

- I © R S T :

‘OK=K

EL=L

PRINT 88 .
88 FORMAT (1X,8H" -SLOPE,6X,11H INTERCEPT,3X,l0HERRQR IN B,3X
1,14HERROR IN SLOPE) 4

: : 60 . SUMK=0.0"

SUMX=0..0

! smaxv-0.0 ' ST o = B .

; ). SUMXX=0.0




DO 25 L=1,K

m(n)-sc(z.)/!m; ' X

A=B1*ALO+B2

- CI(L)=SQRT (ALF(L)*C(L)) 5

Y(L)=EC(L)+A*CI(L)

Z(L)=2.*BETA*CI(L) ) X s

R UL ozz@=l00mwzLy - ’ o ¥

' ’ xm=(c(m«zé(n>"_z)/(zz(L)*mq-nexh.))‘»
 SUMX=SUMX+X(L)

',k( . SUMY=SUMY+Y (L)

- SMOTmSBOOAX(MAW)

<23 SUMKK-SUMKX#X(L)*#2 -

DENOM=SUMX**2-OK*SUMXX

SLOPE=(SUMX*SUMY-OK*SUMXY) /DENOM
B=(SUMXASUMXY-SUMY#*SUMXX) /DENOM
swp=0.0 . !
DO 3'L=1,K 4 -
CALCY (L)=SLOPE#X(L)+8 ¢
DI -caLoYa)2
3. SUMD=SUMDDIB(L) '
» RE=0. 6745%SQRT(SIMD/ (EL-2.)) .
|, - ERROR-REFSQNT(SUMXX/(-DENOW) ¢
ERB=RE*SQRT (OK/ (-DENOM) )
/ g PRINT 6,5Lon.n,;MR,nu
6 FORMAT (1)(,:}1.A,Jx,rq.A,:x,!u.b.Sx,zn-.b). B
DIF=ABS(ALO-B) ‘s




PRINT 50,DIF
< 7 . 50 FO_RMAT (1}(.37®IFFERB!CE,LAIBDA(O)-I/INTER‘CEPT 1s ,F7.2)
IF(D1F-0.01)15,15,17 . ) o,
17. IF(DIF-20.)16,16,95 ;
. - 16 Alo-B
G0 T0.60. : - 2 r
* : Las éara=-1. /51675 )
P P : B PRINT 23,SAKA ’
23 FGWT‘(H,IQH KA FROM SLOPE IS .El‘l.b)‘
DO 29 L=1,K ’ 25 e
ARA(L)=X(L) / (B-Y(L)) “‘ . te
B © 29 sutsumRrARA(L) A A k
’ AVKA=SUMK/OK
PRINT 93,AVKA i < g ; L T
g : 93 . FORMAT ('lx.l.SHAWRA(;E' K.‘A 1S ,E11.4) © B N .- .

PRINT 33

\ 33 FORMAT (1X,1 T 3X,11HEQUIL.CONST,3X,13H  DEVI &

1ATION) ¢ . - '

DO 45 Lg1,§é ’
: Bt oo - egDEV (L) =AVKA-ARA(L) S : ke .
I T A y

* " SUMB=SUMB+ABEV(L) & : = G e

5 T : PRINT 42,C(L) ,AKACL) ,DEV (L) 2 o 3

: © 42" FORMAT (IX,E11.4;5X,Ellv4,4%,E11.4)

: L 45  CONTINUE







K 3 ; 38 ’
. - ) b . o

N ‘c'- S ruoss HKTHOD
' g e nmt@o» C(100) ,EC(100) Ac(xo ALF(100),Z(100) ,F1(100) ,F - . =

. * 12(100) ,F3(100) .oou:(mo) ,q(mo) EP(100) v(mo) $(100) ,XX(1
zoo) ,AKA(100) CALCY(!.OO),DIB(IM) DEY(100) Anzv()oo)

.. 'Y 5T mnr 4 st o % mps v oa

. 4 PDRHAT (IX,IZZHFUOSS ITERATION METHOD) .

B EEADZMBETABABIBZ- o e &~

FORMAT (ex F6.1,F7.4 Pa.s,r_7 4;F8.4)¢ ’ B

- BRINT 31 Ao

+ a1 romur (1x<1-21-u.mm(o)= JF6.1)

L S R~ R ; : L

L i L .

P ) READ 1,5(1) ,ECTL) ,LAST

1 FORMAT (6X,E1L.4,F9:4,12) °
E IF(LAST) 20,20, 30 . e s

ety 30 Kl . -

ELeL ; s

PRINT 88
4 i 5 R 7
88  FORMAT (1X,BH  SLOPE,6X,11H1/INTERCEPT,3X, 10HERROR IN B,3.
1X,14HERROR IN SLOPE) Ve

K} 60 CONTINUE - * ) o o o

SUX=0.0 . i i &

SUMY=0.0 Y o 7

e SUMXY=0.0 ™.

WU sinfe

Dosr,-1x = s . 2o e

o ACW=ECWIC(L) R . Y



BT

9]

4

N]

OK=K

k=s1*n'.6+§2 ,
2 z(L)=x:§QR'r(Ac(L)/ALo{'«ai
F1(L)=1.-2(L) ¢ .
. ﬁzﬁL)=1,-z(L)*sgnT(l./Fl(L))
F3(L)=1.-2(LI*SQRT(L. /F2(L))
ALF(]_-)=EC(L>/(ALO*F3(L)I) 3 ::
: colié'(L)r;-ézra*§QRT(ALv(L)*c(L)5 .
"Q(L)=2.>30259*GOLE(L) ) ’

EP(L)=EXP(Q(L))

Y(L)=F3(L)/EC(L)
\

. ‘xx(L)-c(L)»\ac(L)*zp('L)u'z/ya(L)'} .

SUMX=SUMX+XX(L)

' SUMY=SUMY+Y (L)

SUMKX=SUMKIXX (L) k%2

SUMXY=SUMXY+XX (L) *Y (L)

" DENOMASUMK**2-OKASUMKK '
SLOPE= (SUMXSUMY-OK#SUMXY) /DENOM

B (SUMKASUMKY-SUMYASUMXX) /DENON .

" Fel.0/B

smp=0.0, | ¢
DO 91 L=1;K
YCALCY(L)‘-SLOP)?*XX(L)-!-B
‘ s (O
‘_‘smm;sumnm(m
RE=0.6745%SQRT (SUMD/ (EL-2.)) -
ERROR=RE*SQRT (SUMXX/ (-DENGM))
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Enn=xzasqkr(o§/(-vmon)) .
R PRINT 6,5LOPE ,F,ERROR, ERB _ . .
3 6 ° FORMAT (1X,E11.4,3X,F9.4,3K,E1L.4,5%,E11.4)-
DIF=ABS (ALO-F) )
' Arum‘ 50,DIF : .
~ 0 s0 FORMAT (1X,37HDIFFERENCE, LAMBDA(0)-1/INTERCEPT IS F8.4)

gy g .- IF(DIF-0.01)15,15,17

17 IF(DIFLZO.D)16,16,95

“ 16. -aweF . g ’ ] .
' G0 TO 60 " ’ . : ¥ F -

. 15 SAKA=L./(SLOPEAF*%2) ) LA

. . PRINT.23,5AKA C T

; 23 FORMAT (IX,19H KA FROM SLOPE IS el . : ;

| PRINT 33 ,

33 FORMAT (1X,13HCONCENTRATION,3X,11HEQUIL.CONST,3X,14H  DE .
i A . - S 3 ek
1VIATION) N O )

e SUMK=0.0 . L4
DO 29 L=1,K o
<_s(n>'=(mw>**i)*(sr(v.)*m*cm s ' 2} -
. ARA(L)=S(1)/(1.0-ALF(L)). - -t By
2 S-S AGL) " R
. . AVEASSUMK/OK: : e
< . ‘ SUMB=0.0
00 45 1.=1,|<'w we e S S z

0T D)AKA-AAQ) ;- %

ADEV(L) = (AVKA-AKA(L) Y42

- i P



" SUMB=SUMB+ADEV (L) -

PRINT Ai,c(L) SAKA(L) ,DEV(L)

FORMAT (1X,E11.4,5K,E11.4,4X,E11.4)

CONTINUE

PRINT 93,AVKA

FORMAT (1X,1SHAVERAGE KA IS ,E11.4)
EDEV=SQRT (SUMB/ (EL-2.))
‘PRINT 92,EDEV

FORMAT (1X,22HAVERAGE DEVIATION IS .,E11.4)

CONTINUE / e

‘CALL EXIT
b ®
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L - . SHEDLOVSKY 1 HE’I':HOD
- * DIMENSION C(100),AC(100),EC(100),2(100),F1(100),F3(100) ;AL
1F (100) ,GOLE(100) ,Q(100) ,Eﬁ(wo) ;¥(100) ,xx(mo)_,s(mo) ;u.gx('
2100) ,DEV(100) , CALCY (100) ,DIB(100) e X
100° PRINT 26 ' ‘ ‘ 4
.26 FORMAT (1X,17HSHEDLOVSKY HET.HO'D)
READ Z,ALO,BET‘A,E[‘\,BI,BZ :
2 FORMAT (6X,F6.1,E7.4,F8.5,F7.4,F8.4) = . -
. L=0 o . S

20 LRL4L : Tare

READ 1,C(L),EC(L) ,LAST
1 FORMAT (6X,EIL.4,F9.4,12) i o ¥ i Y

IF(LAST)20,20,30. * =

30 KL . : \ i
" feu s

PRINT 88 " o

8 ' FORMAT -(1X8#  SLOPE,6X,11H1/INTERCEPT,X , 10HERROR m'n,
. 13X, 14HERROR IN SLOPE) T .
60 - conrmwe C\ .

SUMK=0.0 )
SUMXK=0.0 ’
SUMY=0.0
SUMXY=0.0 ~

..D0 40 L=1,K
Ac@y=EC@IW ©
X=BLAALO+B2 )
ZEL)=XASQRT (AC(L) / (ALO**3))




40

F1(L)=0.542(L)

F3(L) = (FLL)¥SQRT (1 AFL(L) #42) ) %2
ALF(L)=EC(L)*F3(L) /ALO

GOLE(L)=-BETA*SQRT (ALF (L) *C(L))

i Q(L)-z.abzss*cm;(m

EP(L)=EXP(Q(L)) .

" Y(L)Y=1:/(F3(L)*EC(L))

XK(L)=C(L) ¥EC (L) ¥EP (L) #2#F3 (L)
SUMK=SUMHXX (L)
SUMY=SUMY+Y(L) =

SUMXX=SUMKX+XX (L) %42

SUMXY=SUMKY+HY (L)#XR(L) -~ . - | . °

CONTINUE -

OK=K

DENOM=SUMX* % 2-OKKSUMXX
,syoPsu(sm*sm-uK*sm)_/nkmﬁ
B=(sm;:(*sm1§<v—sm*smﬂtx)lnmon F
F=1:0/B .

DIF=ABS (ALO~F) 1.

SIMD=0.0

DO 91.L=1,K

. CALCY.(L) =SLOPE*XX(L)+B

DIBCL) =(2(L)~CALGY (LY M2
_ SUMD=SUMD+DIB(L) .
RE=0.6745%5QRT (SUMD/ (EL-2.) )

ERROR=RE#SQRT (SUMXX / (~DENOM) )

s




=3

6

50

17

16 -

©15

23
‘2%
5'

¥

70

K

42
45

. G0 TO 60

m‘.xgisux-r(ox/(-ﬁmom) ; L

PRINT 6,SLOPE, F, ERROR, ERB ik - -

’FDRHAT (IX El]_ 4,3X,¥9.4,3X,E11.4, 5%, Ellkn)
PRINT 50 DIF . . -
FORMAT (1X 37H.DIFFEILENCE LAMBDA(0) - 1/INTERCEPT 1S °,F8.4)

IFBIF-0.0115,15, p7e < ) e

1F(DIF-20.)16,16,95

ALO=F

SAKA=1. /(SLOPE*F*2)
PRINT '23,5AKA, ’ S N
FORMAT (1X,19H KA FROM SLOPE IS ',E14.4)

PRINT 5 )
. FORMAT (1X, 13HCONCENTRATIUN 3%, IIHEQUIL CONST, 3X,13H0/0 DE -‘ ) b
IVIATIGN) . t . N .
sue0.0, ) L
TI;EV-0.0 ' '
D0, 29 L=1,K o R .
S(L)=(ALF(L)*%2) *(ER (LY ¥C(L)

| ARA(LY=S (1) /(1. 0-ALF(L)) . o By
sum-su‘mum(L) ' ]
AV'KA“S‘(..‘MK/0](6 ) .

D0 45 L=1,K ’ ‘ “ : V ey
DB (1) = CVEA-AKA () *100. /47A- - . . 4

PRINT 42, C(L) AKA(L) DEV(L)

- FORMAT (1)& 1i.4,5%,E11. a‘l.x F6. 2) ,
TDEVSTDEV+(AVKA-AKA(LY ) 442 - R i



ADEV=SQRT (TDEV/ (OK-2,))
PRINT 46,ADEV d

FORMAT (1X,23H. AVERAGE DEVIATION IS . *,E14.4)

INUE ;
CALL EXIT X
B0 '
L=
. :
£
i .
-
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c A C;..ASSXCAL METHOD - v .
DIMENSION €(100) ,EC(100),AC(100),X(100),CALCY(100) ,DIF(100
& .41F100) - ; ;
1o
20 Lel+l 2 . g
_ READ 1,C(L),EC(L),LAST . 2 )
1 FORMT (6X,FIL.4,19.4,12) '
* IF(LAST)20,20,30
30 KL - .
PRINT 35 © Y > 3
35 - FORMAT (1X,13HCONCENTRATION,3X,10HLAMEDA X C,4X,1iHREC. 1A
1MBDA) : ‘ ‘
SUMK=0.0
5 suxx§=o.6 p = 3
SUMY=0.0
SMKY=0.0" " = 5 B S S
0 311,k
AC(L=EC(LY*C(L) .
X(L)=1.0/EC(L) )
PRINT 14,C(L) ,AC(L) ,X(L) ' E
14  FORMAT (1x,m.4,sx,zu.l.:sx,zn.b) . ; s ,
sch=éum+Ac(L) ;
. sum=sum+x‘(1.)' 4 .
SUMKX=SUMXXHAC(L) %42 i . o

3 SMKYSSIMKWAK(L)*ACKL) [

K=K :

. DENOMeSUMX*#*2-OK*SUMKX ~ =



SLOPE= (SUMKASUMY~OKASUMXY) /DENOM
B=(SUMK¥SUMXY-SUMY#SUMXX) /DENOM
F=1.0/B

PRINT 6,SLOPE;F . - ° .

6 FORMAT (1X,10HSLOPE IS ,Ell.4,3X,16H1/INTERCEPT IS ,F7.2)

o’ 15 sAael A(stopmkpewsy L i
Y »/// - . .
ch 2 PRINT 23,SAKA B

2.3 FoRMAT (lX,IVBH KA FROM SLOPE IS ‘,311.4)
PRINT 33

33 FORMAT (1X,10 CALC. 1/L, 5X, 10D TFFERENCE) '
SMD=0..0 o

DO 5L=l,k - .

. CALCY(L)=SLOPE#AC (L)+B

DIF(L)=X(L)<CALCY (L)

AIF(L)=DIF(L)**2
SUMD=SUMD+AIF (L)
PRINT 7,CALCY (L) ,DIF(L)

7 . FORMAT (1X,E11.4,3X,E11.4)

CONTINUE -

PRINT 93,ERB |
92  FORMAT (1X,19HERROR IN SLOPE IS-,EIT.4)

CALL EXIT T

END ’
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c = , . SHEDLOVSKY 3 METHOD

DIMENSTON C(100),AC(100),EG(100) ,Z(100) ,F1(100),F3 (100) ,AL *
1F(100) ,GOLE(100) ,0(100) ,EP(100) ,¥(100) ,XX(100) ,5 (100) ,AKA(
2100) ,CALCY (100) ,DIB(100) R ’
PRINT 70 :
N
70  FORMAT (1X,12HSHEDLOVSKY 3)
Sl = - <
L 60' » PRINT 100,J «
100, FoRMT (X, 220CELL NUMBER ,12) ! e o s
B e o
. ' Rea 42,A10,BLO,CLO v /
42 FORMT (6K,F7:2,F6.2,F7.2)
= READ 2BETA,BA,B1,B2
2 .FORMAT (6X,F7.4,F8.5,F7.4,78.4)
i 10 '
0 LM -

READ 1,C(L),EC(L),LAST ,FINAL

i 1% FORMT (6%,E11.4,19.4,12,F4.1)
R IF(FINALY20,20,30
T R - §
OKR=K. i )
‘. Pruv 88 2 v

. 88 TORMAT (IX,8H  SLOPE,6X{1lH1/INTERCEPT,3X,10HERROR IN B33

1X, 14HERROR TN SLOPE,3X ,9HLAMBDA(0)) ' .
L3 ELAL ; . " i o

.DO,"O,LSI.K L R ? o e
< ; Ac(L)-zc(L)té(L)



" “ALF(L)=EC(L)*F3(L)/ALO

249

" X=BI*ALO+B2 =" e § il
" 2(L)=X¥SQRT(AC (L) / (ALO#*3)) *

F1(L)=0.5%2(L) o

* F3(L) = (FL(L)FSQRI(L.+F1 (L) *%2)) ¥tz

GDLE(L)=-BETA*SQRT(ALF(L)“C(L'))»
0(L)=2.3oi59*co1.g(r.) 3
EW-ERQW) O PO ;
Y(L)=1./(F3LI*ECL) { - ’
XX(L) =G A FEC (L) HEP (LY *%24F3 (L)
CONTINUE FTT )
SUMK=0.0 .’ : o e " b
SUMKX=07.0 o
" sti=0.0 o A ; e P ’
. su-0.0 : : A
O 3 L=1,K
smesmoxay L o
SUMI=SUMY+H (L) ’ . Fod ) ¢\ >
. | SUMKK=SUMXK#XX(L)*%2 . .. ~ < .
SUMKY=SUMXY+Y (L) #XX(L) R e o w " -
@m&émkn-oxksum ) i ) ’ '
smvz=(sumﬂsm-ok*sm)/nmog« .
 B=(SUMK*SUMKY-SUMYASUMXK) /TRNOM
F=1.0/B g o= ’

* suMD=0.0

DO 91 L=1,K

" CALCY(L) =SLOPE#XX (L)+B




’ DIB(LI=(Y (L)-CALCY (LT*2 - . e s T
. © o1 sopenowma) - ’ = : =% »
R - RE=0. 67454SQRT(SUMD/ (0K-2.0) T ek .
S | ERROR-REXSQRT(SIMXX/(-DENGM)) = =~ o E .
; ERB-REASQRT(OK/(-DENON)) . 2 o
) N "' PRINT 6,SLOPE,F,ERROR,ERB, ALo i by S s
6. FORMAT (1X,E11. 4 3X,F9.4, 3X, zu 435%,ELL. b.zx F7. 2) ~ *
* IF(CLO-AL0)8,8,5 5 - - -
' 5 mo-aoiro : I = A "\ i
‘G0 T0.31 ‘.". S e ) o ey xS #
/ g =g xr(usr)g.h'n; i o e O - '
s s IR e S
o e T T T
. ; . & - LT s 4 5 e
! s . . .
" - R .
5 k < e
c P e ; o . .", . . TR
’ bl o 3
‘, £ Ko : s e 7




D ‘75 FDRMAT (1x, QMAMBDA(O) 3%,1 3 KA, 3X,17 D‘EVI

SEE E sm:m.ovsxv 4 METHOD .
DIMENSION- c(100) JEC(100) ;AC(100), ,2(100) ,F1(100) m(mo) T

lF(lOD) GOLE(IOO) Q(lOO) EP(lOO) 5(100) AKA(lOD) ADEV(IOO)

_‘pxmrzs' . .

.26.: FORHAT ax, 12115szst A) W DB g g
LY, T .

60 ' PRINT 10,3 L s

100 FORMAT (1X 12HCELL N‘UM.‘BBR pIZ)

'-J+1

'READ I:Z,ALD,BLD,GLD. . .
42°. FORMAT (6X,F7.2,F6.2,F7.2) "
<’ READ 2,BETA,BA,B1,B2 - Y

" FORMAT (BX,F7.4,F8.5,F7.4,F8.4) - - . R

e
© 20 L=L+1 ¢
READ 1,¢(5) ,EC(L) jLAST, FTNAL
I .FORMAT (5x,511.1.,'r9.4,Ibz',rbﬁ») ’

*' IF(FINAL)20,20,30

“ 0K

BRING 750 W P #ng

Lmom g

Yy 3 EL:L.‘,‘- A £ oo BN g

-« "SUMK=0.0

1% =

“\':'po 40

soweEemrew. . ¥ \




91

10:

v

,_ér(L)=z~:xr(’ ()

R
" IF(LAS‘T)Q,g,IO

© G010 60 .

XeBL*ALO+B2 - s v
2(L)=X*SQRT (AC (L)/ (ALO#*3)) )
F1(L)=0.5%2@L)  ° o

F3(L)=(FL(L)*+SQRT (1. +F1 (L) ¥*2) ) %2

3 ALF(L)=5C({,)*F3(L)/AL0

GOLE (L) =~ BETA*SQRT (ALF (L) *G(L))

Q(L)=%. 30259*GOLE (L)

S (ALF Doy (2R (L Rx2) S (1)

.
AKA(L) =8 (L)/(1.0-ALF(L))

SUMK=SUMK-+AKA (L)
CONTINUE
. -
AVKA=SUMK/OK A
*SUMD=0.0" P
DO 45 L=1,k

ADEV(L)=(AVKA-AKA (L) ) **2

. SUMD=SUMD+ADEV\(L)

EDEV=SQRT (SUMD /(EL~2.) )/ .
BRINT 91,AL0;AVKA,EDEV- =" ~-

FORMAT, (1X,F7.'Z,4X,E11:4 ,5X,E11.4)

&

IF(QLO-AL0Y8,8,5 .-

ALO=ALO+BLO . ~

~CONTINUE

CALL EXIT .




" APPENDIX 111
ISOTOPE EFFECTS

FOR THE THREE ISOTOPIC ACID PAIRS
" ROH2000H/RCD,C00H, WHERE R = PhO, C1, AND PhS

CALCULATED BY THE SHEDLOVSKY TII METHOD
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- o W
A
PHENOXYACET]C ACID PAIR
. CELL I
) . . 5 LR e

A, 'SLOPE,me(H) x 10>  SLOPE,m.(D) x 10  IS6¥bPE EFFECT
L9513 + .0008 ‘- .9612 + .0008 - 1.0104 % 0009

.9512 +.,0008 9611+ 0008 1.0104 + .0009

.9512 + .0008 T .9611 + .0008. 1.0104 + 0009

.9511 + .0008 19610 + .0003’ 1.0104 + .0009

L9511 + .0008 .9610 + .0008 ' 1.0104 % .0009

.9510 + ,0008 .9609 + .0008 1.0104 +'.0009

.9510 +. .0008 ‘ .9609-+ . 0008 -1.0104 + .0009

..9510 + <0008 . .9608'+ .0008 © 1.0105 ¢ .0009

.9510 + ..0008 29608 + .U(_)OB ! 1.0103 + .0009

9509 + .0008  .9607-% .0008 1.0103 + .0009

.-0508 '+ .0008 9607 + .0008  1.0104 ¥ .0009
< £.9508 + 0008 .9607 + .0008  1.0104 + 0009 *
©382.0.7  .9507 + 0008 . .9606 ¥7.0008  '1,0104 + .0009°
3.0 - .9506 + 0008 9605 + .0008  1.0104 * .0009
384.0° - .9506 + .0008 .9605 + .0008 . 1.0104 # .0009
385.0  ©.9506 + .0008 ‘' .9605 + .0008 - 1.0104 + .0009-
386.0 .. .9505 + .0008 /9604 + .0008 | -1,0104 * .0009
387.00 L9505 + .0008 - .9604 + .0008 1,004 + .0009
388.0 . .9505 + .0008- % _.9604 + .0008, © 1.0104 + .0000.
389.0 .9504 + .0008 9603 +_.0008 1.0104 +°.0008
390.0 .9504 + 0008, O +.0008 - 1.0104 + .0008"

391.0  .9504 + .0008 . .- .J603% .0008  1.0104 # .0008
392.0 .9503 + .0008- J +9602 + .0008 1.0104 + .0008
'393.0-  .9503 + .0008 .9602 + .0008 : 1.0104 %, 0008

394.0  .9503 + .0008 .9602 +.0008 . 1:0104 + .0008
395.0 - .9502 + .0008 9601 + .0008 . 1.0104 + .0008.

AVERAGE ISOTOPE EFFECT-= 1.0104 ¢ .0009




&

~ 370.0
371.0
372.0
373.0
374.0
375.0
376.0

©377.0
378.0
379.0
380.0
381.0
3820

T30

' 384.0

385.0-

386.0
387.0
388.0
389.0
390.0

391.0.

392.0
393.0
394.0

395.0

SLOPE, ng (H) x10?
.9514 + .0008
_.9513 + .0008
.9513 + .0008
.9512°+ 0008
.9512 + .0008
.9511 + ,0008
L9511 + 0008
.9510 + 0008
.9510 + 0008
.9510 + 0008
.9509 + .0008
.9508 + 0008
.9508 +..0008
.9508 + .0008
.9507 + .0008
9507 + .0008
.9507 + .0008
.9506 + .0008

.9506 + 0008 . .
.9506 + .0008*
*.9505 + 0008
- 19505+ .0008
"5 .9505 + .0008
9504 % 0008
.950% + 0008
.9504 + .0008

PHENOXYACETIC ACID PAIR

CELL 11

SLOPE,me (D) x 102

.9608 + .0008
L9608 + .0008
-9608 £ .0008
.9607 +°.0008
.9607  .0008
.9606 + .0008
.9606 + .0008
.9605 + 0008
.9605 + .0008
.9604 + 0008
L9603 + 0008
.9603 + .0008.

9603 £ .0008
9603 + :0008.
.9602 +. .0008
.9602 + .0008
.9602 + .0008
.9601 + .0007
L9601 # %:3\
.9601 + .0007.
96007+ 0007
.9600 ¢ .0007
.9600 £°.0007
.9599 #0007
.9599 + .0007
.9509. & .0007

%

"o

"o

,-AV!::D.MCE ISOTOPE EFFECT = 1.0099 + .0008

254
’

ISOTOPE EFFECT
1.0098 + .0009
1.0099 + .0009
1.0099 + .0009
1.0099 + .0009
1.0099 + .0009
1.0099 + .0009
1.0099 + 0009
1.0099 + .0009
1.0099 + 0009 "
1.0098 + .0009
1.0098 £ .0008
1.0099 ° .0008
1.0099 + .0008
1.0099 + 0008
1.0099 + .0008
1.0099 4-.0008
1.0099 + .0008
1.0099 + .0008
1.0099 +.0008
1.0099 + .0008
1.0099 + .0008 .
1.0099 + .0008
1.0099 '+ 0008
1.0099 + ..0008
1.0099 + 0008,
1.0099 +

.0008



o

255
o N
e " PUENOOYACETIC ACIDPATR - f 5
CELL 111
A SLOPE,me (H) x 10>  SLOPE,my(D) x 10* . ISOTOPE EFFECT
370.0 L9511 + 0008 .9610 + -.0008 1.0104 + .0009 -
371.0 L9511 + .0008 .9610 + .0008 1.0104 + .0009
% . 372.0 + .0008 .9609 + .0008 1.0104 + .0009
373.0 + .0008 9609 + -.0008" 1.0104 ¢ .0009
374.0 9500 + .0008 .9608 °.0008 10104 £ 0009
375.0 9509 + .0008 .  .9608 + .0008 1.0104 + .0000
376.0 L9508 + 0008  .9607 4 .0008 ' 1.0104 % .0009
. "317.0 9508 + 10008 9607+ 0008 1.0104 + .0009
) 378.0 .9507 + 0008 L9606 + .0008 .  1.0104 * .0009
: 379.0 9507 + .0008 19606 + .0008  1.0104 £ .0009
380.0 9506 + .0008 29605 + 0008 1.0104 + .0009
3810 .9506 + .0008 .9605 + 0008 ".0009
382.0 - .9505 .0008 L9604 £ 0008 .0009
383.0 .9505 + .0008 .9604 + .0008 * + .0009
384.0 .9505 + .0008 .9604 + .0008 0009
*385.0. - .9504 + .0008 - .9603 '+ .0008 .0009
- 386.0 .9504 + .0008 .9603 + .0008 .0009
. 387.0  .9504 + .0008 .9603 + .0008 + .0009
388.0 .9503 + .0008, 19602 + .0008 +.0009
389.0 -9503 + .0008 - . .9602 ¢ .0008 ;0009
390.0  .9503 + .0008 .9602 + .0008 +7.0009
% 3910 . .9502 + .0008 _  -.9601.%-.0008 1:0104+ .0009
| 392.0 .9502 + .0008 .. .9601 £ .0008 1.0104 + 0009
393.0 .g502 + 0008, .9601 % .0008 . .1.0104 + .0009
3040 | L9501+ .0007 . .9600 + .0008 1.0104 + .0008
¥ 395.0 . .9501'+ .0007 . .9600°# .0008 _..0104 ..0008

g § : s 3
AVERAGE ISOTOPE EFFECT = 1.0104 % .0009 2
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< PHENOXYACETIC ACID PAIR
. T

CELL IV
Ay SLOPE,m¢(H) x 102 SLOPE,m¢(D) x 102  ISOTOPE EFFECT

370,0 L9512+ .0008 .9615 + .0008 .0009
3710 ,{.9511 + .0008 .9615 + 0008
372.0° - -.9511+ .0008 . .9615 + .0008
373.0 ~  .9510 + .0008 L9614 + .0008 A
374.0 .9510 + .0008 .9614 + .0008 1 +
375.0 .9509 + .0008 .9613 + .0008 1 £
376.0 .9509 + .0008 .9613 + .0008 I +

< 377.0 .9508 + 0008 .9612 +.0008 * -  1.0109 + .0009
378,0 .9508 + .0008 .9612 + ,0008 1.0109 + 0009
379.0 19508 ¢ .0008 © L9611  .0008 1.0108 + .0009
3800~ - .9507 ¢ .0008 ' .9611-+ .0008 1.0109 + .0009
381.0 - .9507° .0008 - ,9610°+ ,0008 1.0108 + .0009
3820 .9507 +..0008 . .9610°+ .0008" ' °1.0108 % .0009
383.0 9506 + .0008 - _.9600 + .0008 1.0108 + .0009
3840 .9506 + .0008 - - .9609 + .0008 1.0108 + .0009
.385.0 . .9505 + .0007 .9609 + 0008 1.0109" + 0009
386.0 .9505 + ..0007 .9608 + .0008 1.0108 + .0009
387.0 .9505 + .0007 9608 + ,0008 1.0108 + .0009
388.0 ".9504 + .0007 - .9607 + .0008 1.0108 + .0009
-389.0 .9504 -+ .0007 .9607 + .0008 1.0108 +°.0009
390.0 .9504 + .0007 - .9607 + .0008 1.0108 + .0009 o
391.0 .9503 + .0007 19606 + .0008° . 1.0108 + .0008

3.0 L9503 3 .0007 .9606+ .0008 = 1.0108 # .0008"
1,393.0 .9503 + .0007 .9606.+ 30008  ~ 10108 + .0008
©394.0 . .9502 £ .0007 | . .9605+.0008 - 1.0108 + .0009
395.0 .9502 + .0007 | - -%9605 + .0008 1.0108 + .uoog/

AVERAGE 1SOTOPE EFFECT = 1.0108 ¢ .0009 |-

5 7. ..' /’ .‘ 7 y %
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N " PHENOXYACETIC ACID PAIR
CELL V

Ay SLOPE jme (1) x 102 - SLOPE m (D) "x 102 ISOTOPE_EFFECT

."370.0 L9511 % .0008 .9616 £ .0009 1.0110 + .0009
371.0 .9511 ++.0008 .9515 + .0009 1,0109 +. .0009
372.0 L9511 + .0008 ¢  .9615 + .0008 1.0109 + 10009
373.0 9510 + .0008 .9614°+ ,0009 1.0109 + .0009
374.0 .9510 + .0008 - ".9614 + .0009 1.0109 + .0009

| 375.0 ,9509 + .0008" .9613 + .0009 1.0109 4+ .0009
376.0 9509 + .0008 .9613 + .0009 1.0109°+ .0009
377.0 .+ .9509 +..0008 .9613 + .0009 . . 1,0109 + .0
378.0 L9508 + .0008 .9612 + 0009 1.0100 + 0009
379.0 L9508 + .0008 ©.9612 + 10009 - +31.0109 + .0009
380.0 .9507 +,.0008 .9611 + .0009 110109 + .0009
381.0 .9507 + .0008 .9611 + 0009 1.0109"+ -,0009
382.0,° .9506 + .0008 .9610 + .0009 _ 1.0109 + .0009
383.0 .9506 + .0008 .9610 # .0009 1.0109 + .0009 -
384.0 ".9505 + .0008 \9609 + .0009 ¥ 1.0109 + .0009
385.0. . .9505 ¢ ,0008 -.9609 £-.0009 ° 1.0100 + .0009
386.0 79505 + .0008 .9609 ¢ .0009 1.0109 + .0009
387.0 .9504 + .0008 .- 9608 + /0009 <1.0109 + .0009
388.0 . .9504 + .0008 .9608 +L.0009 =~ 1.0109 + .0009
380.0  .9503 + .0008 29608 + .00097~ 10110 + .0009
390.0 .9503 + .0008 .9607 + (0009 . 130109 * .0009
391.0 ~9503 + .0008 .9607 '+ L0009 10109 +°.0009
392.0 .9502°¢ L0008, .9606 + .0009  1.0109 £°.0009
3030 .9502 + .0008 - .9606 ¢ .0009 1.0109 0009
394.0 .9501 + .0008 .9605 + .0009 1.0109 + .0009
395,07 9501 + .0008 ,9605 + .0009  © 1:0109 # .0009

Lt - AVERAGE TSOTOPE EFFECT = 1,0109 + .0009 y 4
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) GHLOROACETIC ACID PAIR .
. B ) CELI--

s . ,
Ay * SLOPE,me (H) x 102 SLOPE,m¢ (D) x 102 ISOTOPE EFFECT

370.0 %4726 + .0003 .4780 '+ .0003 170114 + 0008 ®
S ) .4726 + .0003 .4780 + 0003 1.0114 + .0008- .
' <3720 .4725 + 0003 .4779 + .0003 . .1.0114 + .0008
373.0 . .4725 + .0003 .4779 + .0005 ' 1.0114 + 0008
374.0 .4725 + 0003 L4779 + 0003 1.0114 + 0008
. 375.0 7 L4725+ .0003 L4778 + 0003 . 1.0112 + .0008
376.0 L4724 + 0003 L4778 + .00R3 1.0114 + .0008
377.0 L4724 + 0003 | - .4778 % .0003 1.0114 + .0008 s
3780 .4724 + .0003 L4778 + (0003 "1.0114 + .0008 -
379.0 L4724 + .0003 4778 + 1.0114 + .0008 o
380.0 L4723 + 0003 4777 + 1.0114 + .0008 3 &
381.0 L4723 + 0003 ATTR 1.0114 + .0008
382.0 .4723 + .0003 4777 1.0114 + .0008 v
383.0 .4723 + .0003 ° 4777 1.0114 + .0008,
'384.0 4723 + .0003 4777 £ 1.0114 + .0008
. 385.0 .4722 + .0003 L4776 + 1.0114 + .0008
Sy 386.0 .4722 £ .0003 L4776 + 0003 1.0114 +-.0008
L 387.0 4722 +.0003 .4776 £°.0003  1.0114'% 0008
388.0  © .4722 + 0003 . .4776 + 0003 1.0114 + 0008 .
“389.0 .4721 + .0003 L4775 £ L0003 . 1.0114'+ .0008
390.0 .4721 + 0003 1.0114 '+ .0008 e
391.0 . .4721 + .00D3 1.0114 + ,0008 !
" 392.0 L4721 £ .0003 1.0114 + .0008
393.0. 4721 + .0003 1.6312,+ 0008
394.0 - .4720 + .0003 - 1.014 + .0008
\ 305,07 % 4720 + .0003 1.0114 + ;0008




A, SLOPE,m¢ () x 102 SLOPE,m¢ (D) x 102
.0003
..0003
.0003
.0003
40003
0003
0003
.0003
.0003
L0003
.0003
L0003
.0003
.0003
.0003 -
0003
.6003
0003 -
.0003
.0003
0003
0003
+0003
.0003
10003
.0003

370.
371.
372.
373.
“374.
" 8155
376.
377.
378.
379.
380
381.
382
383.
1384,
385.
386.
387,
388

389
390

" 3ol
392,
-1 393,
394,
395:

0.
o
0
0
0
0
0
0
¢
0
0
0
0
0.
0
0
0
0
0
0
0
0
0
0
0
0

GILOROACETIC ACID PAIR

CELL 11

.4725 L+ .0003

L4725
4725
L4725
4724

“.a724
4724
L4724
4723
.4723
4723
4723
4722
4722
4722
4722
4722
4722
4722

.72

.4722.

w4721
4721
-4720
4720
L4720

AVERAGE ISOTOPE EFFECT = 1.0116 + .0008

-

+ .0003
0003
.0003
.0003
0003
0003

oW

"o

. 0003
0403
.0003
.0003
. 0003
0003
-0003
0003

o

o

o

0003
.0003,
.0003
0003

R S TR

w oW
o o
.8
ISR=1
I a

0003 .

L0003 °

4780 +
4780
~4780
L4780
L4779
L4779
4779
L4779
L4778
5 .4778
4778
24778
4777
41777
4771
a7
4777
4776 +
L4776 +
4776 +
ATIE "
4775 ¢
4775 ¢
4775 ¢
4775+
4778+

oo

L L ST S ST
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ISOTOPE EFFECT
1.0116 + .0008
1.0116 ¥ .0008
1.0116 + .0008
1.0116 + .0008
1.0116 +-.0008
1.0116 + 0008
1.0116 # 0008

¢
1.0116-+ .0008

+.0008
1.0116 + .0008
1.0116 + .0008

©1.0116 +..0008

1,0116 + .0008
1.0116 +. .0008

.1.01i6 + .0008
1.0116 + .0008 _



W i )
* i

I
CHLOROACETIC ACID PAIR

< GELL IIT .

SLOPE,m (H) x 102  SLOPEme(D) x 102 ' ISOTOPE EFFECT . .

370.0 L4726 + 0003 .47 0 70114 + .D008
371.0 L4725 + .0003 | 4780 1.0116 + .0008
372.0 L4725 £ 0003 | .4780 1.0116 + .0008
373.0 L4725 £ .0003 . ' .4780° 1.0116 *
374.0 L4125 + .0003.. - .4780 1.0116 +
575.0 L4725 % L0003 - 4779 1.0114 .
376.0 .4724 + .0003 4779 1.0116 + .
377.0 L4724 + .0003 L4779 1.0116 + .
378.0 L4726 £ 0003 . ..4779 ©1.0116 ¢ .
379.0 4724 £ .0003 . 4778 1,014 4 .
380.0 L4723 + .0003 L4778 1.0116 £ .
381.0 L4723 + .0003 L4778 1.0116 # .
5 382.0 L4713 0003 4778 1.0116 # .
383.0 L4723 + .0003 4777 1.0114 + .
D 384.0 ©, L4722 ¥ L0003 4777 " 1.0116 £ . =
385.0 4722 % 0003, | L4777 % 1.0116 + .
L 386,00 . 4722 % .0003 C L4777 % 1.0116 + .
387.0° . .4722 + .0003 . 4777 4 1.0116 #0008
T 3880 . .4720.% .0003 \31,4776 +..0003 " 1.0116 + .0008
389.0 4721 & .0003 " .4776 + .0003 1.0116 + .0008 .
°390.0 L4721 + .0003 L4776 + .0003 1.0116 + .0008
3610 . - :4721 + .00057- .4776 +,.0003. ' 1.0116 + .0008
- 392.0 4720 ++ 0003, L4775+ .0003 1.0116 '+ .0008 .
393.0 .4720 + .0003" (4775 + .0005 . " 1.0116 + .0008
1 3940 - 4720 + L0003 L4775 + .0003 1.0116 * 0008
395.0 . .4720 ¢ + +,0008

.0003 4775 + .0003 - 1.0116

AVERAGE ISOTOPE EFFECT = 1.0116 + .0008



Ag'
370,0
371.0
372.0

137350,

374.0
375.0
376.0
377.0
378.0
379.0
380.0
381.0
382.0
383.0

384.0

385.0
386.0
387.0

388.0

389.0
390.0
301.0
392.0
393.0
304.0
395.0

.4727 +..0003
.4727 +°.0003
' 4727 + .0003
L4727 + .0003
24726 + .0003
+4726 + 0003
- .4726 + 0003
.4726 + .0003
.4725 + .0003
A725 £ .0003
,4725 + 0003
L4725 '+, .0003
T 4725 + L0003
L4724 % 0003
L4724 +.0003
.4724'+ 0003
4724 + .0003
4723 + 0003
4723 + .0003
. .4723 3 0003
L4723 + ;0003
4722 + .0003
4722 + 0003
4722 +.0003
4722 + 0003
.4722'+ 0003
Avamuf 1SOTOP)

" GHLOROACETIC ACID PAIR -

CELL IV

- 2
SLOPE,me () x 10°  SLOPE,me(D) x 102

261

ISOTOPE EFFECT. = ..

‘

- L4781
L4781
.4781
L4781
.4780
L4780
.4780
4780
4779
.4779
L4779
.4779
.4779
4778
L4778
L4778
.4778

" .4777

4777

4777
a7
4776
4776
4776
4776
4776

+

[P

[P

[P

o

[Fa

[P

t
+
t

3

+

£

¥

.0003
.0003
.0003
.0003
.0003
.0003
20003
.0003
.0003
.0003

0003

.0003
0003
.0003
.0003°
.0003
.0003
.0003
.0003
.0003
.0003
.0003
L0003
.0003
:0003
.0003

E EFFECT = 1,0114 + .0008

" 1.0114

1,0114 +
1.0114 ¥
1:0114/%
L0114
1.0114 +
1.0124 +
150114 +
1.0114 +
10014 ¢
1.0114 +
1.0114 +
1.0114 +
1.0114 +
1.0114 +
1.0114 +
1.0114
1.0114°
1.0114
1.0114
1.0114
1.0114
1.0114

[T

[T

“

1.0114
1.0114 +
1.0114 +

e

¢ 0008

.0008
.0008
.0008
.0008
0008
.0008
0008
.0008
0008

.0008

.0008

.0008 °

.0008

.0008

.0008

0008

.0008

.0008

.0008

.0008

.0008

.0008

.0008

0008

.0008
_—



oZ ‘ 22

= © ' CHLOROAETIC ACID PAIR

o CELL V. B

Ao~ SLOPEng(H) x 10°  SLOPE,me(D) x 10° . ISOTOPE EFFECT =

370.0 .4724-+ 0003 * .4782 + 0003 1.0116 + .0008
TL371.0 4727 + 10003 . ,4782 + .0003 1.0116 + .0008 -
.372.0 -.4726 + .0003 4781 0003 1.0116 + .0008 ,
G 373.0 L4726 + 0003 L4781 + .0003 1.0116 +,.0008
374.0 +.0003 L4781 + .0003 . 1.0116 + .0008
375.0 .0003 " L4781+ L0003 | 1.0116 + .0008
- 376.0 +.0005 . .4780  .0005,  1.0116 * 10008 "
377.0 L0003 ¢ .4780 + .0003 1.0116 + .0008
37807 | .4723 + .0003 - - ".4780 + .0003 1.0116 + .0008
379.0 © .4725'+ .0003 . 4780 + (0003 1.0116 + .0008
380.0 .4725 ¢ .0003 -.%,4780 + 10003 1.0116 + .0008
381.0 .4724 + .0003 -°  .4779 + .0003 __ 1.0116 .0008 ' _ . _
382.0, + ..4779 + .0003  1.0116 + .0068
383.0 £ .4779 + .0003  ~1.0116 + .0008
- 384.0 + ,4779 + .0003 1.0116 + .0008 =
385.0 L4778 + .0003 1.0116 + .0008
386.0. . L4778 +.0003 1.0116 + .0008
387.0 L4778 +.0003 1.0116.% .0008
388.0 A7T8 +.0003, 1.0116 + .0008
389.0 L4778 + [0003, 1.0116 + .0008
390.0 4777 + 0003 1.0116 .+ .0008
301.0 ' .4777 £ .0003 1.0116 + .0008
392.0 L4777 + .0003 1.0116 + 0008
393.0 L4777 + .0003 11,0116 + .0008
&7 394.0 .4776 + .0003 | (0116 + .0008 . S
39507 4721870008 L4776 % L0003 1.0116 + .0008 - -

. AVERAGE ISOTOPE EFFECT = 1.0116 + .0008 ° 4

o e =




PHENYLTHIOGLYOOLLIC ACID PATR " o -

: - CELT S P 5
- A SLOPEmc(H) x.10) SWOPEm.(D) x 10  ISOTOPE EFFECT -~ -~ .

370.0 ' .2465 + .0001 " .2515 + -.0001 1.0202 + .0006 -
371.0 ’.2464.+ 0001 ° .2515 ¢ .0001 . 1.0206 +..0006 . .
372.0 ° .2464 + .0001 ~ .2515 ¢ .0001 1.0206 + :0006 ' .
- 373:0 ‘L2464 + .0001 .2515'+.0001 © . 1.0206 + .0006 :
'374.0 .2464 + 0001 ~ .2515 + 0001 1.0206 + .0006 X
375.0 .2454 +.0001 - .2515°+..0001 - 1.0206° .0006 . 3
" 376.0 .2464 + .0001 :2515°¢ .0001 1.0206 + .0006. -
377.0 | .2464 + .0001 -*.2515 ¢ 0001 1.0206 + .0006 ~-*
378.0 .2464 + .0001 . .2515-% .0001 1.0206 + 0006
T 379.0 . .2464 + .0001 .2515 + .0001 1.0206 + 0006
380.0 *,2463 +..0001 L2514 + 0001 1.0207 + <0006
3810 . .2465 + .0001 “  .2514  :0001 1.0207 # (0006 ¢
©382.0 7. .2463 ¢ 0001« " .2514 + .0001 ©1.0207 * .0006 -
383.0° 2463 + .0001 1.0207 + .0006 - . .
38,0 .2463 + .0001 1.0207 + .0006
385.0 2463 ¢ .0001 -~1:0207 + 0006 o
386.0 .2463 +.0001 O .2514 + .0001 ~ +1.0207 * .0006
387.0 ° .2463 + .0001 - .2514 + 0001 1.0207 + .0006
388.0 2463 + 0001 . .2514 + .0001 -1.0207 + .0006 9
389.0 - .2463 ¢ .0001 .2513 + .0001 1.0203 + 10006 =
390.0 L2462 +..0001 , .2513.+ .0000 - -1.0207 + .0006~ .
391.0 .2462 + .0001 ,  .2513% .0001° ' 1.0207 + ,0006 :
392.0.  '.2462 + .0001 - 2513+ .0QO1 1.0207 +.0006 .
393.0 .2462 ¢ 0001 <. .2513 % .0001 °  1.0207 + .0006" . i
394.0 .2462 + 10001 | .2513'+ 0081 1.0207 + .0006 -
395.0 ~ .2462 + .0001 - L2513 + .0001 1.0207 + 0006

5 AVERAGE ‘ISOTOPE EFFECT = 1.0207 + .0006 o -



S+ D" SLOPE,my(H) x 10 - SLOPE,me(D) x.10 .

@

ISOTOPE EFFECT

. 370.0 .. 2464 ¥ .0001 -
] 371.0, ¥ .2464 + .0001 ‘
3720 ..2464 + .0001 1.0206 +..0006 *
©373.0 . ..2463 + 0001 1.0211 + %0006 . B
374,00 L2463 £ .0001 *, 1.0211 ¢ .0006
©e7 375,07 L2463 ¢ 0001 "+ 1.0211 +,.0006
L s i STAAD 2463 £ °.0001 * 1.0211 ¢ .q0p6 -
- 310 .2463 + 0001 1:0211 + .0006 = "
2. - 3780 .2463 £ L0001 1.0207 £ .0006
g i ©379,0 © ' .2463.t .0001 '1.0207 +-.0006 - * g
' 380.0 |, -.2463 + 0001 1.0207 + .0006
G 3810 .2463 + 0001 © 10207 + 0006
. 82,0 .2462 %' .0001 1.0211 # .0006
'383.0 2462 + .0001 10217t 0006
1340 2462 +.0001° 1.0211 £50006
. Css.0 L2062 +..0000 T1.0211+ 0006,
g 386.0  .2462.+ 0001 1.0211 # %0006
o 367.0 #4462+ 0001 1.0211 + L0006 J
S 3880 [2062 £ 0001 o 1.0207 + .0006 .
- 389.0 .. .2462 + .0001 1.0207 + .0006 *
© 3900 2462 +.0001 1.0207 + .0006
o - 391:0 -+ 2462+ 0001 * 1.0207 + .0006
e 0 2.0 . 2062 + 0001 10006
) "1 393.0, L2462 £3g0001 .0006
S0 o340 0 2461+ 0001 | 2513 Looo 1.0211 + $0006 .
- o 395.0 ' .2461 + ..0001L 1 © .2513-+ .0D01 - 1.0211 '{- .0006. .
..~ AVERAGE ISOTOPE EFFECT"= 1.6209 + 0006

%

; A




N .

370.0

37¢.0

*372.0: -

373.0 .

374.0
575.0
376.0

o
~377.0

378,0
379,05

3800

#L.0
382.0 "
383.0

384
3850

386.0
387.0°
388.0
389.0
390.0,

" 391.0

392.0
393.0°

30
- s

SLOPE me (1) % 10

‘PHENYLTHIOGLYCOLLEE ACID PAIR *

CELL 111

5

265

" 1s0m0Pt EFrECY

SLOPEme (D) % 10

2515 + .Q001 -

.2515 +,0001

\/25(5‘%0051
\2514 + L0001

".2464 ¢ .0001
.2464 + 0001,
-.2464 + 0001
.2464+ 0001
.2464 + .0001
.2464 + 0001
.2464.+ 0001
2463 + ,0001
.2463 +-,0001°
.2463 + .0001
.2463 + 0001
.2463 '+ .0001
L2463 + .0001
*.2463 + 10001
.24630¢.,0001
2462 + L0001
.2462°¢ 0001
.2462 + 0001
2462 + 0001
2462+ ,000]
L2462 + ,0001 -
.2462 £ ,0001
.2462 + 0001
.2462 + 0001 )
,2462 + ,0001
i2462 £ ,0001

AVERAGE 1SOTOPF;

.2514 + .0001
-2514'¢ ;0001
L2514 + 0001

L2514 + 0001

L2514 + 0001
L2514 + :0001

- 2514 £.0001

12514 £7.0001
.2513 + 0001
.2513 + 0001
.2513 ¢ .0001
L2513 % 0001
L2513+ L0001
L2513 + 0001
.2513 +-,0001

. L2513 ¢ ,0001

,2513 + ,0001
,2512 +.0001
L2512 £ 0001

W2B12 x_,unnf
L2512 + 0001
(2512 £-,0001

FICE = 1,0205°¢ 0006

1.0206
1.0206
1,0206
1.0202
1.0202

" 1.0202

1.0202
" 1.0207
" 10207

1.0207

© 1.0207

1.0207
1.0203
1.0203
1.0203
1:0207
1.0207
1.0207
1.0207
1.0207
1.0207
1,0203
1,0203
1,0203
1,0203
1.0203

t .0006
+ 0006
+,0006
+.0006
+.0006
+ 0006




266

v
CELL IV -~ %
0 / -

Ag -, SLOPE,m (H) 'x 10 SLOPE,me (D) x 10" *  ISOTOPE BFFECT

PHENYLTHIOGLYCOLLIC ACID PAIR

370.0 - .2464 £ .0001 .2516 +®0002 ' 1.0211 + (0007
371:0 2464+ .0001 .2516 + 0002 1.0211 £ 0007 -
. 372.0 %2464 + .0001 .2516 + .0002 1.0211 + .0007",
373.0 ..2464 + 0001 .2516 + .0002° °  1.0211 + .0007
374.0 2464 + .0001 * .2516 + .0002 1.0211'+ .0007
! 375.0 .2464 + L0001 © ,2516 + .0002 1.0211 +°,0007
° 376.0 2464 + .0001 .2516 + 0002 1.0211 + .0007
377.0 - .2463 + .0001 .2516 + .0001°  1.0215 + .0007
378.0 2463+ L0001 - .2516 + .0001 - - - 1.0215 ¢ .0007
. 319.0 " <.2463 % 0001 £2515 + .0001' 1.0211 + .0007
380.0 £2463 + 0001 L2515 +,0001 1.0211 + .0007
381.0 .2463 + 0001 12518 £.0001 ° ® 1.0211 + .0007
382.0 2463 + .0001 . .2515 + .0001 1.0211 +°.0007 _
"383.0 - 12463 + .0001 . +2515 % .0001 1.0211 + 0007,
- 384.0 1 ..2463 + .0001 L2515 ¢ .0002  1.021T % .0007 °
T 385.0 .2463 + .0001 .2515 + .0001 ~ 1.0211 + .0007
386.0 .2463 + .boo1 L2515 +.0001 1.0211 #0007
387.0 .2462 + .0001 . -2515 £ .0001 - 1.0215 + .0007
388:0 .2462 + .0001 .2515°+ 0001 1.0215 + 0007
389.0 .2062 £ L0001 . .aeld "1.0211 + .0007
390.0 .2462.+ .0001 -.2514 1.0211 + 0007
391.0 2462 + .0001 2514 1.0211 + 0007
.302.0 22062 £ .0001 . .2514 1.0211 * .0007
VL. 393.0 .2462 + .0001 1.0211 (0007 - -
C 0T L24627F 70001 T 1.0211 + 0007
395.0 ) .2462 + .0001 (11,0211 % L0007
AVERAGE TSOTOPE EFFECT = 1,021 + .0007 . {

1= .
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PHENY]

CELL V

Ay SLOPE,m¢ (H) - x 10 SLOPE,m¢(D) x 10» ~ ISOTOPE EFFECT

. 370.0 .2464 + .0001 .2516 +..0001 1.0211 40006
. 371.0 .2464 + .0001 .2516 + .0001 1.0211 & .0006
i 372.0. .2464 + .0001 .ZSlﬁ‘t‘ .0001 1.0211 + .0006° .
: . 373.0 .2464 + .0001 .2516 1.0211 + 20006
, 374.0 .2464 + .0001 .2516 1.0211 't .0006
' 375.0 .2464 + 10001 ".2516 ¢ T 1.0211 + .0006
376.0 .2464 + 0001 L2516+ .0001 1.0211 + .0006
377.0 .2463 + ,0001 .2516 + .0001 1.0215 + 0006
378.0 . .2463 + .0001 2516 + 0001 1.0215 + (0006
. s B A7 .2463 #.0001 .2516 + .0001 1.0215 + ,0006- °
. 380.0 .~ .2463.¢ 0001 . .2815 % .0001- 10211 + .0006 .
: 381.0 .2463 + .0001 -+ .2515 + .000%  ~1.0211 * .0006
382.0 .2463.14‘0_001“ .2515 + .0001 . 1.0211 + .0006
/383.0° .2463 + .0001 72515'¢ .0001 1.0211 + .0006
384.0 © .2463 # 0001 .2515+ .0001 140211 + 0006~ .
' i 385.0. - .2463 + 0001 L2515 + 0001 1.0211 ¢ .0006
386.0 .2463 +.0001 .2515 + L0001 1.0211 + 0006
.';87.0 .2462 + .0001" T .2515 +..0001 1.0215 + .0006
i 3880 .2462 + 0001 .2515 +-30001 1.0215 ¢ 0006
389.0 2462 £.0001 .2514 + L0001 . * 1.0211 + .0006
390.0 . .2462 +.0001 .  :2514 + .0001 ~  1,0211": .0006
T o300 -2462 3 .0001 .2514 "+ 0001 1.0211 + .0006
‘3920 . .2462°+ .0001 | .2514 £ .0001 1.0211 + .0006
“ 3050 " L2462 +.0001 L2514 ¢ .oo1 10211 + .0006
o % 0. L2062 + .0001 L2514 + .0001  1.0211 + .0006
' +395.0 .24627¢ 0001 2514 +..0001 1.0211 + 0006
; Lo o by

AVERAGE ISOTOPE EFFECT = 1.0211




‘ APPENDIX IV ’
ABBREVIATED RESULTS OF ‘THE SUEDIQVSKY TV TREATVENT OF
coNcmme-ggIvM.ENT CONIUCTANGE DATA OF PhS0;CHa000H

AND THE_ISOTOPICALLY" SUBSTITUTED ACETIC ACID PAIRS
Rﬂ{zCnOH/RCDzGJOH,"WHERE ‘R = PhO, C1, AND PhS
2 —rak v . .

A




380.4

e

36.29 ¢

b - ELr
. 5700 3608+ L1802

3791 36.95 ¢ 16957
379.2. 36.88 ¢+ .1600
9.3, 36.83 + 1520
3 '36.78 + 1458
9.5 36.73 + 1414
379.6-  36.68 + 1391

Lam7 seest Bt
579.8 7 -36.58 + 1407
379.9° 36.53+ .1445
3800 - 36.48 +-.1501
380.1  36.44 & L1572
.7 73639 ¢ 1656
303 36.34 +.1754
'+ 1859

—Ea

(AVERAGE K¢ t §)-x 10°

@ 11
36.98 + .1746
36.93 + 1643

36.88 + .1553 _

36.83+ .1479

36.78 + .1422

36.73 +-.1387 °

36.69 + 1371

36.59 + 1404

36.54 + 21450

%649 + 1514
. 36.44 + 1592
330 + 1683
36.34 + 1785
36.30°+ .1894

\YLACETIC ACID

CELL IIT -

.98 +
Sé.Q3 3
36.88 +
36.83 +
36.78

“

36.74 +
36.69 +

36.60 + 13783664

36.59 +
36.54 +
36.49 +
36.44 +
36.39 ¢

"ede

36.30 +

.1740
.1631
.1534
.1454
11390
.1346
1325
.1324
.1346
.1388
.1448
1524
1613
21715
.1825

. CELL IV

36.98 t
36.93 ¢
36.88 +
36.83 §
36.78 +
36.73 ¢
36.68 +
36.63 +-
36.58 +
36.53 ¢
36.49 +

" 36.44 ¢

"o

36.38

. 36.34 ¢

36.29 +

.1805 " -

-1697
1601
1521
1458
.‘}413
1389
1385
1403

1840 -
1496
~1567

1651
.1749
L1853

N

CELL V'
36.98 + .1801
36.93 + .1696

36.88 +7.1602

36.85'¢ 1526
36.78 + .1465

36.73 + .1423
36.68 + .1403
36.63 ¢+ .1402
36.58 + .1422

36.53 ¢ .1462_

36.48 + .1519
36.43 + .1592

36.39 £ L1677

© 36,34 ¢ 1775

36.2@.1890 |

£
2
&



oSy “ PHENOXYACETIC ACID

o (AVERAGE Ky +'8) x 10°
E e g @ELI @i cLin GV LY

© . 379.8. 73.28+ .1818 ' 73.26 ¢ (1801  73.28 + .1788° 73.20 %1796  73.27 + .175|
® 3199 73.20% 07627 73.20'€ 1744 73.22°% 1753 -7;."2? + 1732 73.21 .17oi
. 38000 7345+ 713 * 75..14 +-.1695, _‘73.15 +.1686 7316 + .1676 17314 + .1658

380.1 - 73.09 & .1672 75,07 ¢ .1554‘5 73.09 ;V»ﬁ‘1e4s 73.10 + .1627 73.08 + 1622

380.2 73.02 + .1640 73.01 % .1622 73.03 + .1618 - 73.04 + .5537 - 73.02 + 1599,

v ©380.3. - 72.96 + .1617  72.95 + .1599 © 72.96 + .1508 7297 + .1SS7  72.95-% .15%
2T ® . . U =
380.4> 72.90 + 1604  72.80 + .1586  72.90 + .1587 . 7291 +..153%6 72,89 + .1567

¥ . '380.5  72.84 + .1600  72.82 + .1582  72.84 + .1585¢ 72.85 £.1525  72.83 + .1568
380.6.° 72.77 41607 472.76 + .1589 © 72.78 + .1505 - 7278 § 1525 7277 + 11580

380.7 72%1 + .1622 L%2.7O + .1605 72.?1 +-.1613 72.72 + .1532 72.70 + 1601

“E ,‘ 380.8 )(.65 + .154;‘ 72:64 + 1630 72.65 + L1661 7266 + A1551 72.64 % .1631

:;gso.s 72.59 + .1681 \72.57 + .1664 - 72’.59’2 11676 72160 %,JT579, * 72.58 + .1668

381.0 © 72.52 % .1721  72.51 + .1704.  72.53 + '.1720' A 72.54 + 1616, 72.52 % .1.71'5

: Bk 72.46 ¢ .1770 R AT .gs!/‘\‘?i\ié 1771, 72,47 + Zleéz | 72.45 +..1767
Lt ssLz . 72:40 £ ez 7_2.59 +.1810 72:40 + .1829° 72.41 £ .1715 72,39 + .1826

e

692



\ | PHENOXYACETIC-2,2-d ACID

(AVERAGE K¢ + &) x 10° 1 o

e e % e .. = 3 .

F P o5 e A CELL IT CELL IIT | CELLITV .CEIh?“/
379.3 72.70 + .Iém 72.71 * ._1}20 ' 72.72 + .1810  72.72 + 1984 7Z.7ﬂ“t .1986
570.4 7264 ¢ 1775 72.64 £ 1771 7265 :1757  72.65+ .1921  72.64 + .1929

: s
379.5 72.58 + .1728 72.58 + .1730 7259 ¢ .1711 72.59 + .1865 72.58 + .1879 -

T b

< 379.6  72.52+ .1688  72.52 + 1607  72.53 +°.1673 _ 72.53-+ .1816  72.52 + .1836

0379.7 , 72.45 £ .1657 - 72:46 + .1673 * 72.47 + .1643 72,47 + .1774 | 72,45 + .1801.

3798 7230 & 1635 - 72.30 £ .1657  72.40 ¢+ .1624. 72.40 £ .1741  72.39 & .1774
! :

379.9  72.33 + Y622 72,334 651 7234 +1613 72304 1717 0 72,33 £ .1756

"

L 380.0 ' 72.27 +.1619  72.27 +£°.1655 - "72.28 f».lﬁlZ‘ 72.28.% .1700  72.27 % '.17.45
L380.1 72.20+ 1625 72:21 4 .1667° - 72.22'+ 1620 72.22 % .1692 72,20 + 1744

0 7380.2.5772.18 5 (1641 72.15°% .1689 . 72.15 + .1637 * 72.15% .1693  72.14 & 1751
'380.3  72.08 + .1665 . 72.08 + .1718" . 72.09 + .1663 ~ 72.09 + .1703  72.08 + .1766 _
> ’ B
380.4 72.02 + .1697 = 72.02 + .1755 72.03 + .1696 72.03 + .1721 72.02 + .1790

o

380.5  71.96 ¢ 1736 | 71.96 + :1709 ~ 71.97 + .1737 71.97 + .1748 .71.{% + .1821
2 # SM 71.90 + 1783 . 71.?0 + .185Q ”71_.91 £ .1787 71.91 t .1783 71.9? + 1860

380.7  71.83+ .1838  71.84 ¢ .1907  71.85-% .1843  71.85+ .1825  71.83 & .1906




389.4

389.5

389.6

3897

' 389.8

38979

390.0
390.1
390.2
390.3

390.4

. 39006 -
. 138.9 + (3780 138.9 ¢

390.7

3808

.3845 . 139.6 +

189.5.4:,3459  139.5 + .
1139.4 + .3489 4% .

139.2 ¢ .3537- 139.2 &
139.1 + .3601 139.1 ¢

139.0 + .3683 .139.0

138.7. % 5886+ 138.7 %

-~ (AVERAGE Ky + &) x 10°

L 9B
CELL T CELL 1}
140.5'% L3864 < 140.57t .3966
14034 .3%53 " 140.4 + 3860
1}%2 +.3660 -+ 140.2 3 .5770
140.1 ¢ 3582 140.1 +.3695
140.0 + .3522 - 140.0 + .3638
) 139.8 + .3477 139.9 + .3597
139.7°% IS 139.7 + L3576
.3574

3587

3618 .

CHLOROACETIC ACID

CELL 11I-
140.5 4 .3865

| 10.4-% 3750
140.2.% .3647 .

140. 3y 3562 :

140.0 + .3495 ~

139.9°+ .3444
139.7 + 3412
139.6 + .3399"
"130.5 + 3407,
139.4 +..5433

13665 - 139.2 + 13475
3730 L3535
.3812°  139.0 5)612'
3905 138.9'¢ 3704
L4014 :

138.8 * .3809

. %

. CELL IV'.

140.5

140.3 +

140.2,
140.1
s

140.0
139.8

1397

139.6

139.5
1354
139.2
139.1
139.0
138.9
13‘8 w7

+ .4017

.3900

.3796

+..3708

+ 3636

p S 3589
+.3503
+ 3521
+..3522
+ 3540
+ 3574
3625

+ .3694

+ 3775

+ .3874

. ;M
140.5 + 3008
140.4.+ .3884
140.2 + 3782
IAU.i + .3697
140.0 + .3629
;3.9.9 + .3576
130.7 + .3542
139.6 + .3523
139‘.5 + .3527‘
139.4 + 3508

v‘139.2 *: ,3’584
139.1.4 3639
139.0 * .3710
138.9 + .379
7138.7 + .3895

T



- . v
" CHLOROACETIC-2,2-d,* ACID
A L GELI L CELL IT CELL III | CELL IV M
- 3899 138.3 % .2043  138.3 +.2118  138.3 4 .2187 138.2'% 2336 138.2
390.0  138.14%.1776  138.1+ .1852  138.1 ¢ .1920 . 138.1 + .2064 1381+
S0l ©138.0 + .1515  138.0 + 1503  138.0 £ .1658  138.0 + .1794 138.0
‘I ,390.'2 _157,.9 & .12.62 137.9 + .1343  137.9 + .1404 - 137.9 + 11527 137.9 ¢
. T™0.3 137.8 1007 1578 (1105 137.8 ¢ 1157 137.7 ¢ 11263 1377 4
-5 390.4 137.6. + .0794 137.6 ¢ ;0884 137:6 + .0928 137.6 + .1001 : 137.6 .
300.5 '. 137.5 + .0611. . 137.5 + .0700 1575+ 0726 137.540,0753  137.5 + :0789 )
390.‘:5 ‘137.4 + .0516 137.4 ¢ .6593 13])7.4 +°.0585 ' 137.‘4‘ + .0529° - 137.4 + ,0605- ) 5
3007 137.3 % 0554 137,3 20601 ’ 137.5 + 0553 172+ .05 157.2+ -0500
390.8  137.1% 10697  137.1+-.0714  137.1 % .0641 1571+ .0379 1371 + .0324 !

390.9  137.0 + .0901  137.0.+ .0898 "137.0 + .0816 L1570 £ 051 137.0 + 0665
T e amae 1% 136.9 ¢ 14 136.9 ¢ 2077 136.9 £ 0764 136.9 + -0869 O
7301 136.8 % .1372  136.8 + .1349 . 136:8 + ,126? ' 136.7°+ .1008 | 136.7 + .1100 ﬁ v
Lz 1%.6% 160 1566+ 1S9 1366+ 1505 136.6 ¢ 1206 y136.6 2 1362 o
T ‘

391.3 136.5 + 136.5 + .1839 136.5 + .1753 136.5 * .1516 136.5 + .1589 °



- 3 4 « 'PHENL’IHIOGLY’J)LL!CACID'.
. : a (AVERAGE X + 8) x 10°
o CELL | . GEL I CGLLIIT - GULIV . LV

380.6° 281.1 +.4506 ~ 281.1 + .4443  281.1 + ;4430  281.1 + .4853  281.1 # .4625

vl 3807 2809 +.441 - 280.9 + 4393 280.9 + .4371  280.9 + (4808  280.9 + .4573
3808 280.7 ¢ .4382 280.7 + .4356 280.7 + .4317 280.7 ¢ .4772 280.7 + .4529
33({9 280.5 ¢ 4337 280.5 +.4330  280.5 & .4271°. 280.5 + .4740 |, 280.5 & .4496
381.0 280.3 + .4296 280.3 + .4314 ’ 280.3 + .42?6 Zélv).l t .l73~4 280.3 '+ .4474
S 280.01¢.4275 280.0¢ 47 28025 4202 280.1 % 47260 280.1 3460
MLz | 29944259 279.9% 4314 280.0 + 4200 " 280.0 + 4730 . 279.9 4 1456

.. 3813, 279.8+ 4255 279.8+ .433L 279.8 + .4199  279.8 + .4785  279.8 & .4466
3614 279.6+ 4265  279.6t .4360  279.6.+ .4210  279.6 % .A772. 279.6 + 487
279.4 + 4396 _:7279.4 + 4227 '279.4+ 4807  279.4 + 4515
229.21 4260 - 279.2 + 4848  279.2 + .4553
P Z7\9.D + .4303 279.0 + .4899 ) 279.0 :4601

381.5 . 2‘79.‘; .4278
L6 279.2'% 4308

387 -zvé_.o + 14340
L8 218.8 +, 4400
Ca 7 38L9278.6 + L4457

8¢ 4568  278.8 + 4358  278.8 + .4962 278.8 + .4662
.278.6 + .4644 278.6 + .4416 278.6 + .5031 278.6 + .4730

N
S
P

382.0- 278.4 + .4525- 278.4.+ .4724  278.5 % .4488 ' 278.4 + 5106 278.4 ¢ 4800

.)_J.".__ S &=




- .. * <
3
PHENYLTHIOGLYOOLLIC-2,2-d, ACED !
(AVERAGE K¢ + 8) x 10° , -
L T g e el @ 11 Gz . @I Gy
ﬁ\\ 381.0  275.0 ¢ L6158 . 275.0 6194  275.0+ .6134  275.0+ .6594  275.0 + .6383

. - ! 5
381.1 274.8 + .6114 274.8 + .6157 .°274.8 + .6101 27418 + .6544 274.8 + .6333

T3BLL20, 274.6 4 (6077 274.6 + .6125  274.6 + .6076  274.6 & (6505  274.6 + .6291
27 UIBL3T | 274.4%t L6080 © 274.4 +..6103 ' '274.5 & .6059 . 274.4 +,6470  274.4 % .6254

W

3814 274.3 + 6025 .374.3
381.5 27g:,1jx .6011  274.1

60887 ©274.3 & 16045 274.2 ¢ 6004 ° 2742 + .6220
6076 1 274.1 + L6042 274.0 + (6419  274.0 + .6200

"

£ 6074 2730k . 273.9'+ 6403 273.8°+ .6184
G077 27374 6052 273.TafR6305 2737 # .6175

381.8 . 273.5 #, .6008 273.5 + .6090 . 273.5 + .6069 273.5 + .6394 273.5 t .6174

o
“.

'381.6  273.9 +.6001  273.
381.7  275.7 +.6000 -, 273.7

-

138197 273.3 + 6017 273.3
33‘2.0 275.1 + .6040  273.1

Y

6105 273.4+'.6001 - 273.3 + .6397 . 273.3 % .6177
.6189. .

"

6132 273.2+ 6122 273:1 £ .6409  273.1

N 3821 - 273.0 £ 6065 . 273.0 £ .6163 773.0 + 6157 - 272.9 + .6426°° 272,9.% .6206
; 5922 272.8.% .6100 272:8 % .6202 © Z72.8+ .6203 212.8 + 6452 2727 + .6232

C 3.2
“si2s

.62_;13 272.6 + .6543 < 272.6 + .6484 272.6 + .6262
6296+ 272.4°% 6306 272.4 + .6520 272.4 +-.6300 -

bz’ o






b33

P.R. Wells.. Linear, free energy relationships. Academic.

3 Press Inc., London.

o

6.

R o

1968.

JE. Lefﬂer and E.° Gr\mwald. .Rates and qthbna of

- organic reactions.- John Wiley and s{rfs, Inc.,

New York.

1963; Si'mpgsiu!n on linear free energy correlations. e

" Hdited by U.S Research Office, Durham, North ) -
Carslina, ~ 196 Buo il sy

A.J. Streitweiser, Jr.
Ad. Streitweiber, Jr.

P
J. Am, Chem.

(a) J. Bigeleisen and M.G."Mayer. J. Chem. Phys. 15, .

261 (1947).

A N.Y. Acad.’Sei. 847 576.(1960).
, W.C. Langworthy, and D.E. Van
Sec. 84, 251 (1962). o

A A .

=) . Blgelelsen. J. Chem. Phys. 17, 425 (1949) .

(€): J. Bigeleisen and M. Molfsberg. Theoretical and

experimental aspécts .of isotope effects in.chemiéal

! ‘Bdlted by I Prlgogme Intersclence Publishers, Inc.,‘ .
New York. - 1958. L

kmetu:s. In Advances in ;:hemlcal physl,cs. Vo

o 5 4%

L. Melander. irkiv. Keni, 2 21 Qosh); A }mander

Isatope effects en reactmn Tates. Ronald Press Co. 5

-
Netw York 1960

g &

\
vy

s Rogmsky Theoretlcal pnnclples of 1sotape methods

for investigating ch

U.S'S,R. Préss, Moseow, 1956 .. =

ical reactlons‘ Academy of Sczem:es,v it




10.
11

12.

14.

15,

161
7.
18.

719,
20.
21.

22.

276

E.B. Wifsan, 3r:, 5.0, Decius, and P.C. Créss. - Moleculat

vibrations. McGraw-Hill’Eook C;:., Ix::c., Néw York. '1955.

Pp.. 182 - 186. T - X U, A

E.i. Westheiner. Chem. Rev. 613 265 (1961): - '

R.P. Bell. Trans. Faraday Soc. 57, 961 (1961). )

R.A.. Moré 0'Forrall and J. Kovba. J. Chen. Soc. B, 985

(1967). ?

RI’ Bell and J.E. Crooks. Trans. Faraday Soc. 58, 1409

(19%2). H ’ "

S. Glasstone, K.J. Laidler,, and H. Eyring. The theory

of rate processes. McGraw-Hill Book Co., Inc., New York.
© 1941. ’

AJJ. Streitweiser, Jr, R.H. Jagow, R.C. Fahey, and S.

Suz £ J. Am. Qien. Soc. 80,2326 (1958).

M. \Wni_fsberg and M.L Sterh. . Pure Appl. Chem. 8, 325

(1964). o ¥ '

AV. Willi. Can. J. Chem. 44, 1889.(1966). ° .

V.J. hiner, Jr. Tetrahedron, 5, 243 (1959). ‘ :

L.S. Bartell. Tetrahedron Leiters,’6, 13 (1960).

L.S. Bartell. g. Chon. Phys. 32, 827 (1960).

L.§; Bartell. J.fm. Chem. Soc. 83, 5567 (1961).

L.D. Hughes, C.K. Ingold, and N.A. Taher. J. Chem. Soc.

949 (1940). : =

'S, Winstein and J. Takahashi. ‘r"e:rahedfmw 2, 316 (1958).

“



28. "

31
32.

34.

>
.35,
© %1960, *m S S b e

30,

V.J. Shiner, Jr.. ‘J. An. Chem. SUC 82, 2655°(1960) . .
5. Lewis and C.E. Boozer. J% An. Chen; Soc. 74, 6306

[1952)

ILb Lew15 and C.L. Bouzcr J. Af Chem, Soc 76 791 .

(19543 ¥ ,
V.J. Shiner, Jr. J. An. ‘ChEnII._ Sn~c4_ 75, 2925 (1953). b

M.M. Kreevoy and H. Eyring. J. An. Chem. Sog. 79, 5121

(1957)+ . - - $ g
M. ‘Simonetta and S. Winstein! J..Am. Chem. Soc: 76, 18

(1954). b ; o
E.A. Halevi. - Secondary, isotope effécts. In Progress in p o
physical organic chemistry. Vol. 1. Edited by 5.G. Cohen,. - . \

A. Streitweiser, Jr., and R.W. Taft. Inte\rsuence
Pubhshers Int New York, 1963.

V.J. Shiger, . J. Am. Chem. Soc. 74,5285 (1952).
“E.A. Halevi. Tetra‘}'\edror'\,‘ 1, 174 (1957).

AlJ. Streitweiser, Jr. and H.S. Klein. J. Am. Chem. Soc..

.85, 2759 (1963). , s «
E.A. Halevi¥ind M. Nussim. Bull. Res.-Coyficil Israel, S,

263 (1956). ‘ ’ .S

E.A. Halevi, M. Nussin, and A. Ron. J. Chem. Soc.

(2963). . w o i,

U. Feldman. M.Sc. Thesis, Israel Tnstitute of Technology. ™ .° < =




218

36. W. Van der L1ndc and R. . Rnhertsen J. A, G\Em Soc. \:
86, 4505 (1964). S
o .
37.. R Taft, Jr. Scparatwn o( polar stenc, and resonance

effects in reactivity.” In Steric effects in organic

chemistry. - Edited by M.S. Newnan. John Wiley and Sons,. = °
Inc. , New York. 1956, Chap. 13. ’ :

38. D.J. Bames and JM.N. Scott. Can. J. Chen! s1, 4t (1973)

59. LK. Hall, Jr. J. An. Chem. Soc: 79, 5441 (198

“40: M. Paabo, R.G. Baﬁs, and R.A. Robinson. *J. Phys. Chem.

70, 540 (1966): . &

41.. .C. Brawn., D.Jl, McDaniel, and 0. Hgfiige!.' Dissociat%on
constants. In Determination of organic structures by «
> phiysical methods.: Edited by E.A. Braude ahd F.C. Nachod.
. Academic Press, Inc., New York. 1955.%pp. 573 - 579.
_‘} S @ D.3.6. Tves and J.H. Pryor. 3. Chem. Soc. 2104 (1955).
43, D. Northcott and R.E. ﬁobertson. J. Phys. Chem. 73, 1559‘
ol (1969 . . : ‘
4. D.Ji Bamds. M.Sc. Thesis; Memorial méversity, of New-
% s —F foundland, 1966, . =
" 45, D.J.Pasto and R. Kent. J. Org. “'lm 30, 263 (1965).
46, " H.D. Croclgford and Lo Douglas. J. Am. Chem. Soc. 56,
ur2'(e3e). . oy g

.47, H.S. Hamed and B.B. Owen. ~he physical chemistry of
;kma:olucims. 3rd ed. Reiffiold Publishing Co.
New York. 1958.

—ige, - .

Vs



4.

4%

50.

em:yclcped)a of physxcal chemlstry and chemical phys:r.cs.

R.A. Robinson and'R H. S’tokes jElectrolyte solutions,

2nd ed. Buttemr}fl_\ Lnnéén 1970. e :
A Albert and E.P. Serjeant. 1omzatmn constants' of N
acids and bases. Methuen, London. . 1962. »

E.J. King. Acid-base, cquilibria. In The internationsl
encyclopedia of physical chemistry and chemical bhysics,
Vol. 4. Edited by R.A, Robinson. Pergamdn Press, London.
1965. T - ) v
_R. Fuoss and ‘F. Acc‘ascina Flectrolytic cond’éctance,
Incersc1ence Publishers, Inc " New York 1959.

J # Prue. Iomc equlhbna In The, mternatlonal

T v°1. 3. Edited by R.A. Robinson. | “ Perganon Press, London.

', 785 (1898). . .
57

"1966.°

W. Obtwald., Z. Physik. Chem. 2, 36 (1888).
F. Kohlrausch and L. Holborn. Das leitvermogen der
elektrolyte. - Teubner, L;\Pzig. 1916.

. E.J.King. Acid-base equilibria. In The intemational

“encyclopedia of physical chemistry ‘and chemical physics.

Vol. 4. Edited by R.A. Robinson. Pergamon Press, London.
1965, p. 20, .
o, Kohlrausch. Am. Physik.’ 50, 385 (1893); @ 66,

-

P. Debyg and E. Hickel. Physik. Z. 24, 185 '(1923).

f998



56 P. Debye ind E. Hickel, Physik..z. zi 305 ‘(wzs)

§9. E.J. King:, Acid- base equiljblia.- e intemnational
" cncyclopedm of physical chemlstry and chemical physics. i
Vol 4. E;d_l—t_e_d;lyxk./\. Robinson. Pergamon ‘I’re§s! Lundon. o
1065. p. 19. t ) E e v
_60. E.A. Guggerheim. ‘Phil. Mag. 19, 588 (1935).
“61. M. Born. Z: Physik. 1, 45 (1920); c.£. L.A. Moeluyn- thghes.

“Physical chemistry. 2nd ed. Perga:mn PTESS Jondori, -
1961 p. 895, ’ . g g
é;. L. Onsager.. Physik. 2. z, bssa (1926) ! e N
FS.A.L Onsager. Physik..Z. ZE 277 []927]
64. F.D. Rosslm, B.T. Gucker Jr 5 H L. Johnston, L. Paulmg,

and G.W. Vmal J Am. Chem. Soc 74, 2699 (1952).

’ ‘65. _-R. Fuoss*and 'F.} Z\ccaﬂscmﬂ. Electrolytic conductance,
* Grtreateng Publishers, Inc., New York. 1959, pp. 195 -
1% . = )
86, E. E;itts Proc. Roy. Soc. A217; 43 (1953)
67. R. FuussandL Onsager. Proc. Natl. Acad. Sci. U.S, 41,
. 274 (1955): . :
.68;_5-.'Arrhenius.' Z. Physik. Chem. 1, 631 (1887). «

69. R. Puoss and C.A. Kraus. J. Am. Chem. Soc. 55,:476 (1933)
“70% 1. shedlovsky. . J. Frankiin Inst. 225, 739 (1938).

7. HM. Daggett, Jr. J. An, Chem. Soc. 73; 4977 (1951)

“72._ D.3.6. Tves. J. Chen:.Soc. 731 (ms)‘ : o




73..

.

75,

* 70,

7.

78,

79,

80.

a1,
- 82.
83,

84.

85,

-
Chem I press.

- Al F].s:her, ByR. Maxm and J. Vaughan. J. Chem. Sm:

G. Jones dnd B.C. Bradshaw. J. Am. Chem. Soc. S5, 1780

M.5. Sherrill.and A.A. Noyes. dJ. An:’Chem. Soc. 18, 186l
(1926). w e ) ] STy e
D:A. Maclrines.. J. Am. Chem: Soc. 48, 2068 (1926).

D.A. MacTnnes and T. Shedlovsky. J. Am. Chem. Soc. 52,

1429 (1932) o B e

e L
R.A. prinson and R.H. Stokes. Electrolyte solutiors.

nd ed. Buttervorths, London. 1970. pp. 336 = 369.

R.A. Robinsén aid RH. “Stokes, Electrolyte solutions.
an ‘ed.s Butterworths Lond 1970. pp. 235 - 238.
D.J. Birnes, P.D. Goldmg and J. M W, Sgott Can. J. ’ :

D.Jé Barnes H.G. Benson, P.D: Gold;.ng, and J. M W, Scott. 8
To be published.

J.EJ Dlppy and F.R. Willians. E Chem./Soc 161 (1934).°
J.F.J. Dippy ‘and F.R. Williams. J. Uxem.. Soc. 1888 (1934).. :

Fur

D. Belcher. J. Am. Chem. Soc. 60, 2744 (1938): e
1003 (1961) «

(19333,

T. Shedlovsky. Conductometry. y_\ Physical nmethods of
 prganic chemistry. _2nd ed. Part I, Editedby A. ;

Weissberger. - Interscience Publishers, .Inc., New Yrk.

1949.




b s
. & B
86. H.M. Daggett, Jr., . Blair; and C.A..Kraus. J. Am. "
Chem. Soc 73, 7199 (1951).. ¢ '
y 87. W, V:m der Lmdc, D. Northcott, l\' Redncnd and R.E.
‘Robertson. Can..J. -Chem. 47 279 (1969) :
88. A.I. Vogel. - A textbook of practxcal or‘gamc Lh("l!“tr).
. 3rd ed. Longmans, London. 1964 p. 172, 5
8’9. Handbook of chemistry and physics. 4Ist ed.’ Chemical
Rubber mhlishingv Co., Cleveland. 1959. p. 1255, '
‘ “ 90. N.V, layes and G.E “Branch.. J. An. Chem. Soc. 65,
s s, ¥ L
91. AJ. Vogel. A ‘\exthor‘:k of practical organic chemistry:. ©
e el uongams, London. " 1964. p: 193, i
. 92. "A.d. Vogel. A teztbock of practical argamc Lhemstry.
= ' 5rd ed. Longnans, London. . 1964. - p. 48, :
'.93. L. mem:;s. orgamc chidfine compounds. “John huey ard ‘
Sons, Inc., New York. - 1948. p: 173, <
* " 94." N.J.' Leonard andC.'R Johnson. J. Org. " Chen. 2z, (1962).'
95. AI Vog‘cl. A textbouk of pm:ucal orgamc chamstry
o 5rd ed. Longmans, mndm. -1964. p. 174,
1+ . 9. landbook of chemistry and physics. Slst-ed. Chemical
% . Rubber Publishjng Co., Cleveland. - 1970. p.D -, 100. )
. 497 A WJ ’ Haner. 1& ‘structure of electrolytic solutiéns‘. John
. Wiley.and Sons, Inc., New York. 1950, p: 167. ;
5 934. ‘J.E.. Lind, Jr., J.J. Zvolenik, and RM. Foss, J. Am. '
_ Chem. Soc., 81, 1557 (2959). )

-




o )
99. liandhl;ok of chemiseryrand physics. dlst sd. oheiitay
Rubber Publishing Co ; Cleveland. 199 *'p. 2122.
100.  Handbook of chemmry \‘“d physics.’ 4i's‘t:ed: Chemical
' Rubber Publishing Co.; Cleyeland., 1950. ‘pler.
- 101. Handbook of chemistry and ‘physics. ‘A}SE ed. ' Chemical”, . »
‘mibbor Publishing Co., Clevelad. 1950, 5. 7.
02, G Jeffery and A T ~Vogel. J. Chen. Soc. 166 (1934)..
103.  W.C. Duer-and R.A. Robmson J. Chem. Soc. B, 2375
Qo71). e i ' i
104, P, Laughton and A. Bemayo * Private commpnilcation. T
105, | EJ, King aid J.E, Prue, . J. CGhen. Soc. 275 (1961) .
106. . Osiwald z,w.yslk Ghem. 3, 184 (1889).
107. T Shedlevs)cy, AS. Brov.'n, andDA Mac]nnes Tra.ns.v
Electroéhem Soc. 66, 165 (1935). o u B
< 108 B. Saxton and T.W. Langer Ji ﬁm“ Chem‘v Soc 55 ,3638
'(1933) . ’ &
M sne{novsky and R.L. Kay. I Phys Chem. -60, 151 (1956]~

D.A. lv‘kaCInnes 'l' Shedlavsky, and L.G. I,ongsworth. Chem.
_Rev, 13, 29 (1533) )
- 1110 P.D. Golding. M.Sc. T‘;Aesis..l\‘lemrial‘llniveyljsity of

Newfoundland. 1968, . ) -

'u‘, 12, Ji ﬁ'yur- Ph.D. Thesis, . A%rkheck_tuu‘ege, thiversity
of London 1954, 2z L
115" D.J. Pasto, . Mdfllan, and\x [ Org Chen. 30,
" 2688 a 965).
X
S u



114.
i1 {4
116.

117.
118:

‘119.
120.

o

122.

123
124,

125.

‘126,

127.

-128.

R. Pimmerer.’ Ber. 42, 2282 (1909); Ibid:‘d_.’i, 1401 (1910).

D. Walker and J. .Leib.
R.A. Robinson and R.lJ. Stokes.

2nd ed. Butterworths, London.

11.G. Benson. Privatc commmnication.

LK. Mysels, P,C. Scholten,-and K.J. Mysdts.

Chem. 74, 1147 (1970)g

284

Cn, J. .Chem. 40, 1242 (1962).

Electrolyte 501;1tions_

1970.,

Chap. 7:

J. Phys.

gt !

N

P8, Feates and D. J.G. Tves. J. Ghem. Soc. 2798 {1956).

A

.S, reates D.J.G. lves, and J.H. Pryor. J. Eléctrochem.

Soc 103 580 .(1956).

L
(2) " RA. Robmson.\dku Stokes, Electrolyte solutions.

nd ed, * Buttemorths, lendon

®) bid. p.
D.J.GC. Ives aIId B. G.! N Moseley.
(1970).

M.L. Kilpatrick. J. Chem P]\)’S

(a) oD.
[

(O lhid 513 (1943).
D.J.G, Ives and P. D. Varsden

. 1970, “pp. 92 - 95,

J. Chem. Soc. B, 1655

8, 306. (1940)..

. Ives andK Sames J Cncm Sag 511 (1943)

J. Chem. Soc. 649 {1965)

D.J.G. Ive§ ,’}GN M)seley “J. Chem. Soc B, 757

as66): ) 3

A Katchalsky, 1. Eisenberg, and 'S. Lifson. J. ig Chen,

[

- Soe. 73, 5889 (1951)..

T Shedlovsky and D.A. MacInnes.
1705 (1935)

&

Am Chem. ‘Soc. 57,

]



o

129.

130.

135.

136.

139.
3

140.

R.

clectrolytic solutions. 3rded. fReinhold Publishing Co.,

! " ss
P

{. Saxton and H.F. Meier. J. Am. Chem. Soc. 56, 1918

asy: o » =
F.G. Bmchlanandll \ﬂpatnck 3.8, Chem. Soc- 56,

1483 (1934).

R.P. Bl ind W.B.T. Mill€r. Trans. Fayaday Soc. 59,
1147 (19631 E
G.A. Ropp. J. Anm. Chem. Soc. 82, 4252 (1960.*° -

2
. ‘Scott. Private commmication.

. Robinson and RH. Stokes. Electrolyte solutions.

2nd ed.  Buttervorths, London. - 1970 pp. 118 - 132
E.A. Moelwyn-Hughes. Physical chémistry 2nd ed'
Pergamon Press, London. 1961. pp 856 - 862

Jr;. Kakinson and Y. Mori. J. Phys, Chem. 71, 352.3 (1967);
R. Femandge-Prini and G: Atkinson. T, Phys. Chem: 75,
230 (1971). . ’

T.L. Cottrell. The strengths bf chenical bonds. 2nd ed.
Buttenvorths, London. 1958. pp. 270 - 276.

H.S. Harnpd and B.B. Owen. The physical chemistry of

New York. 1958, .p. 231. . . N o
P. Laszlo and Z. Welvart ‘Bull. Soc. Chim. France, 7, * .
212 (1%66). ' S ) ‘
E.K. Thornton and E.R. Thornton. Origin and interpretation
of isotope effects. .lﬂIsctobe effects in chemical rcaét@ms.
Edited by C.J. Collins and N.S. Bownan. - Van Nostrand
Reinhold Co., New Jersey. - 1970. -p. 213. g

. \\ _‘

RN



g2
R
=y 5 4 e © 286
o 4 . . £ .
141. S. Mizushima. Structure-of molecules and internal rotation. ’
Acadenic Press, Tne., New York. 1050; S. Mizushina. Puro - 3
Appl. Chem. 7, 1 (1963). - ’ . " el
¢ 142, ILS. Gitowsky. J. Chom. Phys. ﬁ 219 (1962) . R
145. M. Ribm. . Tetrahcdron Lettors) 27, 3105 (1966).
144. J.A.Tople, W.C. Schneider, and H.C. Bernstéin. lligh )
resolution nuclear magne‘t’ic resonance. McGraw-Hill Book ,
Co., Inc., New York. 1959. pp. 377 385, ‘
145. 5. Oae, M¢ Yokoyama, and M. .Kise. Bull.-Chem. Soc’..
Japan, 41, 1221 .(1968). T ha
146. M. Oki.and IL, Iwamura. _Tetrahedron Lotters, 25, 2017°
(1966). o
147. 1LS. Prank and M.W. Dvans. J. Chen.Phys. 13, 507 (1945).
148. L.C. Bingham, J, Phys. Chem. 45, 885 (1941). - °
149. M. Nishio and T, Tto. Chem. Pharm, Bull. 13, VLS‘)Z‘(IQGS).‘ ‘

150. M. Nishio. Chem. Phamm. Bull, 15, 1669 (1967).
151. M. Nishio. Chem. Commun. 562 (1968),
152. M. Nishio. Private comuncation,

3. G.M. }ﬂ\iteside§, J.J. Grocki, D. Holtz, H. Steinberg,
- and J.D. Roberts. J. An. Chem. Soc. 87, 1058 (1965).
' 154. R. Davies and J. Hudec. Chem. Commn. 124 (1972).

155. R.F. ¥Watson and J.F. Eastham. J. An. Chen. Soc. 87,

664 (1965)-

156. E. Bullock, JMW. Scott; and P.D. Golding. Chem. Commun.’ %, %
C168 Qen. ... .- . -

e x




*.45:

158.

159.
160.

!(‘1 .
162,

163.

164.

166.

L1674

‘168,

169.

170.

7. : E. Buncel. - Private’ comunication.

A. Rauk, E. Buncel, R.Y.Moir, and S, Wolfe.

Soc. 87, 5498 (1965)"

S. Wolfeand A. Rauk. Chem. Commm. 778 (1966).

S. WoIfe, A. Rauk, and I.G. Csizmadia,

89, °5710 (1967).

J. Am. Chem.

; Aw\‘://"

J. An. Chem. Soc.

#

S. Wolfe. Accounts Chem. Res. 5, 102 (1972).

B.J. ilutclxinson,' K.K. Andersen, and A.R. Katritzky. J.

91, 3839 (1969).

A. Rauk, S. |Volfc, .deG Csumadxa
47, 113 (1969) .

- JiE. Baldwm R.E. Hackler, and R.M. Scott: €hem.

Omlmu'n 1415 (1969)

"Chen. Soc. B, 136 (1971). ¢

Ams Chen. £ :
S. Wolfé, fRauk, and LG. Csumadm J An. Chem.
" SoE 91, 1567 (1969). \

Can. J. Chem.

“s. Nolfe, A, Rauk, L.M. Tel, and 1.G. Csizmadia. J.

V.A. Liittringhaus and A. Kolb. 2. Naturforsch. 16b,

762 (1961).

E.A. Lehto and D.A, Shirley. 3. Org Chem.. 22, 989 (1957)

A unar and W. Schultze. J. Prake. Chen. f47,'S, 83

(1957)

)

A s Vogel "A textbook of practical organic chemistry.

'5rd ed. Longmans, London, 1964." pp. 591 - 593.

7. . Giauncy and E. Gellert.” Aust. J. Chem. 22, 993 (1969) .

v




172. N.G. Clark, J.E. Cranham, D. Greenwood, J,R. Marshall, ~* - . . ~
and H:A. Stevenson, J. Sci. Food Agr. 8, %66 (1957) . :

- 173, J.L. Hermmann, Jr. Ph.D. Thesis, j:ase Western Reser\(e

‘University:- 1970. .
174, L& Ens.. Ph.D. Thesis, Case Western fesorve Univcrsity‘._ "%
Y1969, £ . . T
5 ' 175. 'P.S. Dewar, A.R. Fnrrester, and R\H Thomson. J.C.S. -* i
Perkin I, 2857 as). u 5 o £, O
P.w. Rabldeau, R. G Harvey, and J.B. Stothers. Chem. i " s
N ‘ Conmu{1 2005, (1969): R
172, M."Bid, M. Ivamura, and N. Hayakawa.g Bull. Chem. Soc. - s ow g
! " Japan, 37, 1865 (1964). ¥ . =
i 178. K. Mis1ow and H.B. Hopps. | J.‘ A Chen.: Soc. 5_4, 3018 .
t (1962). ) o w B
179, ‘A.L. Ternay, Jr., D.N. Chasar, and M..Sax. J. Org. Chem. . -
. 32, 2465 (1967). - ' St T
1801 A.L. Ternay, Jr. and B.W. Uia.ﬁar.‘ J. Org. C}:nem. 32_,’381.4 : k
. . aoon. . o 3
§ o 181, A\J,._Tcrnay,er: and D.W.‘Cnasa_r‘. Fs Qrg. Chenm, 33, 2237 \ ‘h
(1968). . fo o, L
““ 182! A.L. Termay, Jr. and D.W. a{‘a-sar., J. Org. Cheg, 33, 3641 .
a9ey. T e S IS
. . 183. A.L: Temnay, Jr., L. Ens; J. Hém, N T “ 5
. A Qrg. Chem. 34, Qo (1969). - ) . T e TR




.184,

 thercin.

185

186.
187.

. 188..
189.

(a) ‘T. D@rs‘t, RiR: Fraser,'b‘ll.& McClory, R.B: Swingle,

e e ¥ - ¢ 289

P.T. Lansbury, ‘J.F. Béiron, and A.J. Lacher.. J. Am.
Chen. Soc 88, 1482 (1966), and references cited

R: Viau, 4ndY.Y. Wigfield. Can. J, Chein. 8, - -
2148 970y, e o P .
_ () T.purst, R. V]ﬂu, and M.R. Mcdlory J Am. Chem.’ "
Soc. 93, 3077 (1971). v
(c) R. Viau and T. Durst.' "J, Am Chem. Soc. 95 1}1/’:46
L (073). ; = g # 7 F e
MB. D'Anore and J.1. Braunan, Chem Conmun, 398 (1073). .
(a). K. Nishihata and M. leth. Chem. Cmm\um 958 (1971).
) ,_Nish{haca and M. Nishio. 'J.C,S. Perkin II, 1730
o). ) : i
¥ . %
R.E. Robertson.- Can. J: Chem. 33, 1536 (1955).

B.L. Murr.: Ph.D.- Thesis, Indiana University..:1961.
% R - o g







p.'35, line-5.

\ v Voo 5
«Equation [24] is obtained from a consideration of Equations’

{131, [21] and [22], and is given by

(28],

LN

t

= o - \
(-0, by

This Bduation may, however, be obtained from simpler asémnptidnsl

The classical equiliﬁrium constant, Kt, given by l;.-quation ‘[ZD) as

(1-a)

i

~, '

is dependent only upon the concentrations of the various species

present, expressed in the form of a general equilibrium for weak

carboxylic ac)d'; in aqueou':. media, i.e.,

suclt that -

-

‘

HA » 1,0 == 1,00 + 20D

KC

o MOy & :

L[HA]

However, since act)vxtles () rather than ccncentratlons are

appropnate »to themodynamm ethbria the expressmn may bc

Tewritten as

Ky

001 230




kg, 8 1
= e

Since the respective’activities are equal to the products of the

‘concentrations of the. species and their a riate activity

coefficients, thé expression for Kt can be reduced to

a?ece fs? -
Al :
a-f,
which is Lquation [24] as styted. 3 -

pp. 35-36. . .
Tt should be noted that besides the electrophoretic.and

relaxation cffects, the original.Onsager fcnnulatiun/also in-

. cludes a 'viscous drag effect' which arises from a consideration .

of Stokes' Law. FEquation [26].is stated in.the text as Onsager's
cxprcsswn for thé case of weak electrolytcs only. A discussion

of this point 15 prcsented more fully in reference 116..
p 37 lmes69. P LA &.éé:}

References to snppm'r the statement wh;ch reads, "Indeed

i the: validity of thcxr.appllcation to acid solutions has been

questioned- in as much as these treatments consider ionic migra-

tion as."submarine-like" motion, yhe'reas “proton jumps" might

be anticipated for the migration of hydronium ions.", are -



.

.+ °  provided by the following: o ,I " i
5 & (a) ‘E.J. King. Acid-base equilibria, In The international

encyclopcdla of physical chenustry and chemical physlcs.

Vol. 4k Fdited by R.A. Robinson: Pergamnn Press,

Londen. 1965. p. 28.
o) I;.A-. -Robinson and ‘R.H. Stokes. Electrolyte solutions.
" T nd ed. Butterworths, London. 1970. p. 121.

© Tp.39, line17. 3

i .
) " Equation [31], which is given as

: Bl R - 1-2{l-z[1-z(ete.) 7 82

is supported by thc following reference:’

- E.Js King. Acid-base gquilibria. In The mternatmnal
3 eq

encyclapccha of physical chemistry and chemzcal physlcs

“Vol. 4. Edited by R.A. Robinson,

Pergamon Press, London.
1965. p..35.

s

%

ppy/ 65-66.

The fmal step m the preparation of thé ceus- for conduc-

tance measurements, prior to the determination of the various

' cell constants, was the seasoning of ‘the cells with a solution
- of purified p'hepylacetic acid.

It should be noted that ‘the @

ORI
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cells were subsequcutly seasoned with solut%ons of t/lzz/utl\cr N
. acids examined in the study prior to the r determmatmn of ‘the

cell con:tants and the mvcsngatmn of~ t]\c conductivity of - I 4

solutions of thcsc acids. //'

. It is also noccworthy/tl\at following the cell cle.nmng ' .
process, the observed /rcs‘lstances of the solution of purified : ((
phenylacetic acid u;;:(fl to scason t‘hc cells were significantly

: l‘a.rgc'r than the'antic’ipated rcsistangcs. 1hes$‘§iffgrcnccs
in resistance coincided with a lgss in ionic concentration

‘which appmxmmtely mrrespondcd to-a monolayer dcposlt of 5

. the acid on the clean surfaqes' f the solution flask and cells.

p.lZD 11110%46._ |
o The frcqucncy dependenco of the resistances of sulunons \

of phcnoxyagctlc and p!]cnuxyacetlc -2,2-d, acids ‘was examzned. 7 i
Usmg the G.R.I.C. resistances of ca. 5000 @ were. recorded for’ )
the most: dilute solutions of these acids (hence, the most

"sus‘tcptible to frequency dependence); and ‘the resistan_ces re-

corded at 100 cps differed.by not more than 0.9  from those
recorded at 1000° cps. L. L - o Y ¥ \ g

pp. 182-183. S .

The initial steps in the synthesis of 9-thia-9,10-dihydro- -

. phenanthrene-9-oxide are described and the isolation ‘of pure



¥ ' E " . Tof doa.

' d . .
n-nit}?penzyl phenyl sulfide and o-aniinobenzyl ;)h;snyl sulfide is
cla’in]cd, even though in each f.eaqtion ;step mixXtures of the res-
pective o- and p- isomers were used. ,This apparent anomaly is
explained by ;he‘f‘act that the'reaction Steps wexie carri;d out
usmg the mixtures as stated but small samples were set aside

. fcr analyses. These samples gave reasonably sharp meltmg .

points’and yielded spectra {i.r.,'q.m.;’. and m.s.) from vg;\ich

it was extremely. difficult to discern the fact that they were

- inpure. Investigation of the integrity of the starting material
7 w:!s not initiated until after th¥ Pschorr redction products were'
ﬁ» examncd In the course of the investigation, pure’ samples of
; the respective o-+and p- isomers of nitrobenzyl phcﬁyl sulfide
and aminsbenzyl phenyl sulfide were isolated. Comsequently,
although thé initial reactions were carried out on méterial,
the bulk of which _proved to be a mixture, the pure o- isomeré’ .

were isolated and their properties appropriately recorded.

¢ ©L pp. 184-193. 0 - -
. . The notation ", -8 imthe“’l‘hesis is used to—represe'nt

the v;branonal stretchmg moaes of hydnogen atoms. attached -to s i,

carbbn in'methylefie groups l,ad;acent to' uhoxidized sulfur atoms.

Tlus Tollows the notation used in . i :

6 . “* N.B. Colthip; L.H. Daly, and S.E. Wiberley. Tibrodliction” <
) " to infrared and ranan spectroscopy. Academic Press, Inc. .

“New York.  1964. p. 306.




) 205 . -t
. ' ¥
. This notfxtion may be-misleading and these ¥ibratignal modes are )
" ‘. perhaps better yepresented by "C-lf of Glp-S". The\erroneous | -
nointian occurs on the followiné pages’ in tl\’c}t// . '
s . 184,_111'113 95 ’ - '
p. 187, line 16; e :
L p.1ss, line 17; g o e g
o p. 189, line 16; A ) ‘(; ¢
p. 191, line 195 i o
p. 293, Tine 20. . I A AL .
3 - .: G e . .
~ ; . . . .
t! ‘ . 5
. - -y .
L iy oy e
















	001_Cover.jpg
	002_Inside Cover.jpg
	003_Blank Page.jpg
	004_Blank Page.jpg
	005_Title Page.jpg
	006_Acknowledgements.jpg
	007_Preface.jpg
	008_Abstract.jpg
	009_Abstract 5.jpg
	010_Table of Contents.jpg
	011_Table of Contents 7.jpg
	012_Table of Contents 8.jpg
	013_Part I.jpg
	014_Chapter 1.jpg
	015_Page 9.jpg
	016_Page 10.jpg
	017_Page 11.jpg
	018_Page 12.jpg
	019_Page 13.jpg
	020_Page 14.jpg
	021_Page 15.jpg
	022_Page 16.jpg
	023_Page 17.jpg
	024_Page 18.jpg
	025_Page 19.jpg
	026_Page 20.jpg
	027_Page 21.jpg
	028_Page 22.jpg
	029_Page 23.jpg
	030_Page 24.jpg
	031_Page 25.jpg
	032_Page 26.jpg
	033_Page 27.jpg
	034_Page 28.jpg
	035_Page 29.jpg
	036_Page 30.jpg
	037_Page 31.jpg
	038_Page 32.jpg
	039_Page 33.jpg
	040_Page 34.jpg
	041_Page 35.jpg
	042_Page 36.jpg
	043_Page 37.jpg
	044_Page 38.jpg
	045_Page 39.jpg
	046_Page 40.jpg
	047_Page 41.jpg
	048_Page 42.jpg
	049_Page 43.jpg
	050_Page 44.jpg
	051_Page 45.jpg
	052_Page 46.jpg
	053_Page 47.jpg
	054_Page 48.jpg
	055_Page 49.jpg
	056_Page 50.jpg
	057_Page 51.jpg
	058_Page 52.jpg
	059_Page 53.jpg
	060_Page 54.jpg
	061_Page 55.jpg
	062_Page 56.jpg
	063_Page 57.jpg
	064_Page 58.jpg
	065_Page 59.jpg
	066_Page 60.jpg
	067_Chapter 2.jpg
	068_Page 61.jpg
	069_Page 62.jpg
	070_Page 63.jpg
	071_Page 64.jpg
	072_Page 65.jpg
	073_Page 66.jpg
	074_Page 67.jpg
	075_Page 68.jpg
	076_Page 69.jpg
	077_Page 70.jpg
	078_Page 71.jpg
	079_Page 72.jpg
	080_Page 73.jpg
	081_Page 74.jpg
	082_Page 75.jpg
	083_Page 76.jpg
	084_Page 77.jpg
	085_Page 78.jpg
	086_Page 79.jpg
	087_Page 80.jpg
	088_Page 81.jpg
	089_Page 82.jpg
	090_Chapter 3.jpg
	091_Page 83.jpg
	092_Page 84.jpg
	093_Page 85.jpg
	094_Page 86.jpg
	095_Page 87.jpg
	096_Page 88.jpg
	097_Page 89.jpg
	098_Page 90.jpg
	099_Page 91.jpg
	100_Page 92.jpg
	101_Page 93.jpg
	102_Page 94.jpg
	103_Page 95.jpg
	104_Page 96.jpg
	105_Page 97.jpg
	106_Page 98.jpg
	107_Page 99.jpg
	108_Page 100.jpg
	109_Page 101.jpg
	110_Page 102.jpg
	111_Page 103.jpg
	112_Page 104.jpg
	113_Page 105.jpg
	114_Page 106.jpg
	115_Page 107.jpg
	116_Page 108.jpg
	117_Page 109.jpg
	118_Page 110.jpg
	119_Page 111.jpg
	120_Page 112.jpg
	121_Page 113.jpg
	122_Chapter 4.jpg
	123_Page 114.jpg
	124_Page 115.jpg
	125_Page 116.jpg
	126_Page 117.jpg
	127_Page 118.jpg
	128_Page 119.jpg
	129_Page 120.jpg
	130_Page 121.jpg
	131_Page 122.jpg
	132_Page 123.jpg
	133_Page 124.jpg
	134_Page 125.jpg
	135_Page 126.jpg
	136_Page 127.jpg
	137_Page 128.jpg
	138_Page 129.jpg
	139_Page 130.jpg
	140_Page 131.jpg
	141_Page 132.jpg
	142_Page 133.jpg
	143_Page 134.jpg
	144_Page 135.jpg
	145_Page 136.jpg
	146_Page 137.jpg
	147_Page 138.jpg
	148_Page 139.jpg
	149_Page 140.jpg
	150_Page 141.jpg
	151_Part II.jpg
	152_Chapter 5.jpg
	153_Page 142.jpg
	154_Page 143.jpg
	155_Page 144.jpg
	156_Page 145.jpg
	157_Page 146.jpg
	158_Page 147.jpg
	159_Page 148.jpg
	160_Page 149.jpg
	161_Page 150.jpg
	162_Page 151.jpg
	163_Page 152.jpg
	164_Page 153.jpg
	165_Page 154.jpg
	166_Page 155.jpg
	167_Page 156.jpg
	168_Page 157.jpg
	169_Page 158.jpg
	170_Page 159.jpg
	171_Page 160.jpg
	172_Page 161.jpg
	173_Page 162.jpg
	174_Page 163.jpg
	175_Page 164.jpg
	176_Page 165.jpg
	177_Page 166.jpg
	178_Page 167.jpg
	179_Page 168.jpg
	180_Page 169.jpg
	181_Page 170.jpg
	182_Page 171.jpg
	183_Page 172.jpg
	184_Page 173.jpg
	185_Page 174.jpg
	186_Page 175.jpg
	187_Page 176.jpg
	188_Page 177.jpg
	189_Page 178.jpg
	190_Page 179.jpg
	191_Page 180.jpg
	192_Chapter 6.jpg
	193_Page 181.jpg
	194_Page 182.jpg
	195_Page 183.jpg
	196_Page 184.jpg
	197_Page 185.jpg
	198_Page 186.jpg
	199_Page 187.jpg
	200_Page 188.jpg
	201_Page 189.jpg
	202_Page 190.jpg
	203_Page 191.jpg
	204_Page 192.jpg
	205_Page 193.jpg
	206_Page 194.jpg
	207_Page 195.jpg
	208_Page 196.jpg
	209_Page 197.jpg
	210_Page 198.jpg
	211_Page 199.jpg
	212_Page 200.jpg
	213_Page 201.jpg
	214_Chapter 7.jpg
	215_Page 202.jpg
	216_Page 203.jpg
	217_Page 204.jpg
	218_Page 205.jpg
	219_Page 206.jpg
	220_Page 207.jpg
	221_Page 208.jpg
	222_Page 209.jpg
	223_Page 210.jpg
	224_Page 211.jpg
	225_Page 212.jpg
	226_Page 213.jpg
	227_Page 214.jpg
	228_Page 215.jpg
	229_Page 216.jpg
	230_Page 217.jpg
	231_Page 218.jpg
	232_Page 219.jpg
	233_Page 220.jpg
	234_Page 221.jpg
	235_Page 222.jpg
	236_Page 223.jpg
	237_Appendix I.jpg
	238_Page 224.jpg
	239_Page 225.jpg
	240_Page 226.jpg
	241_Page 227.jpg
	242_Page 228.jpg
	243_Page 229.jpg
	244_Page 230.jpg
	245_Page 231.jpg
	246_Appendix II.jpg
	247_Page 232.jpg
	248_Page 233.jpg
	249_Page 234.jpg
	250_Page 235.jpg
	251_Page 236.jpg
	252_Page 237.jpg
	253_Page 238.jpg
	254_Page 239.jpg
	255_Page 240.jpg
	256_Page 241.jpg
	257_Page 242.jpg
	258_Page 243.jpg
	259_Page 244.jpg
	260_Page 245.jpg
	261_Page 246.jpg
	262_Page 247.jpg
	263_Page 248.jpg
	264_Page 249.jpg
	265_Page 250.jpg
	266_Page 251.jpg
	267_Page 252.jpg
	268_Appendix III.jpg
	269_Page 253.jpg
	270_Page 254.jpg
	271_Page 255.jpg
	272_Page 256.jpg
	273_Page 257.jpg
	274_Page 258.jpg
	275_Page 259.jpg
	276_Page 260.jpg
	277_Page 261.jpg
	278_Page 262.jpg
	279_Page 263.jpg
	280_Page 264.jpg
	281_Page 265.jpg
	282_Page 266.jpg
	283_Page 267.jpg
	284_Appendix IV.jpg
	285_Page 268.jpg
	286_Page 269.jpg
	287_Page 270.jpg
	288_Page 271.jpg
	289_Page 272.jpg
	290_Page 273.jpg
	291_Page 274.jpg
	292_References.jpg
	293_Page 275.jpg
	294_Page 276.jpg
	295_Page 277.jpg
	296_Page 278.jpg
	297_Page 279.jpg
	298_Page 280.jpg
	299_Page 281.jpg
	300_Page 282.jpg
	301_Page 283.jpg
	302_Page 284.jpg
	303_Page 285.jpg
	304_Page 286.jpg
	305_Page 287.jpg
	306_Page 288.jpg
	307_Page 289.jpg
	308_Errata.jpg
	309_Page 290.jpg
	310_Page 291.jpg
	311_Page 292.jpg
	312_Page 293.jpg
	313_Page 294.jpg
	314_Page 295.jpg
	315_Blank Page.jpg
	316_Blank Page.jpg
	317_Inside Back Cover.jpg
	318_Back Cover.jpg

