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methods were used to measure’ NH and OH 11ne broademng r/esul t1ng fr’om ‘

A study of the’ proton exchange reactwns 0

- ABSTRACT

. in aqerus ac1d1c solution was conducted

u
?

——r
I

f15

.t

NH that take p'lace

Nuc1 ear magnet1c resonance

\

_' exchange over the temperature range 30°C to 80°C, enabhng computatwn

',re.a\c-ltibn (4):
.ol
reaction ,(6):

reattion (7); . HyNH'

' of actwation parameters for the react1on§,

Mg

+' N .
. -4 :
| k
N N e i,
‘ q. 3 . -3
y kg
+ OH '+ NHy
.//

‘ have been reported in a prev1ous study of aqueoUs ac1d1c 14

.0

: w}nch mlght be. assbmated w1th an act1 vatwn energy of zero 1s mcons1stant

. w1th the d1ffu51on mechamsm 1nd1cated by the bulk of data on such reactwns,.

exchange react1 ons.

th1s study was undertaken

S1 nce. for the recomtnnatwn reactwn, any mechamsm

kS

yand |

T

—— HyN. + HO' + HNHj
| o Y
Actwatmn enerQIes of essentw]]y zero for reactwns (-4) and (7)

NH 4, proton

poss1b1]1ty of a contmbutmn to the NH I1new1dth by broademng ‘due to

quadrupo1ar re]axatwn. ' :

mole

The actwatwn entha]py for reactwn (4)"was found'to 'be 14. 6' keal

-1

[

" The f5N 1sotope was used. to. ehmmate the v

Rate constants for reactwn e 4) were found to conform well to a
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. The conaqgate bases of most ac1de of the type —OH .-NH a-NH " Wl .
' ~ . T o o, 3
and SH.whose pKA ~va1ues 'he 1n the nange -1 to +1§ have rate constants NS
e p . . N ,O " ) , ~'3’.§
IS - for the récbmb1nat1 on, w1th the. hydr.ogen 1on on t,he order nf 1{)9 set:1w1 -M"}‘\. U
Ca R e . A "'.4}"", .‘n:{__
) to 10 usec ‘?1 M 1, thea genem]qzed equatmn for' the recqmb1nat1 on reacfgon EER AN f,
R S BT Ty Co L 0t ,;.".,'.e..,"';‘
oL ~.be1ng SRS O r I T ISP -
: L : ' @ . : s L o L ' ? . 9 co '. L - : )". f'
. ' ) 2 ‘ ] e el ' ) S .. , 9 e e n B K y i,
P - H3o — BH . H20° R N ¢ )
| ) ) i | | - }:' .' ‘w.-n o E ":I: ’ ll."“‘ 0‘0" D-:- ‘I . . :": “ ,‘o','h ': N '”'r ‘u

W

s

Con,]ugate bases of most CH type ac1ds have smgn‘gﬁcant'lgy,sma'l'ler IR R

i

recomb1nat1on conextants. . . o “; HER ;,,'.-.."- o ),f? Co . g

&
L '.',’
¢,: <k

E'lgen and his schoo] have amassed rate constant data for mdny such LR S

1norgamc “and orgamc ac1 ds, and have been abl’e to show tha.t, Jn solu—
. . o . Gt e e
tmn, the rate of recombmatwn w1 th the’ hydrogen ion 15 usua'l‘l_y ]1m1 ted
[ ".._‘.
by fhe frequency of encounters of tne reactants dUe to the1r therma'l
v R trans1gt1ona1 mot1on. ' D1fferences between measured reaction" rates ancl TN
e encounter rates c 1cu1ated from di ffuswn theor‘y ane attr1buted by :
} 4 " N . .- e v’ 3 . N DR “ " ‘cAr . :*
. e E1gen to four factorS' L, R e T T
‘ For a tabu]atwn of. these rate coustants, and a thor0ugh d1scusswn Lty
, of the nature‘of the reactions wi th wh1 ch they are assoc1ated ‘see . St T
references lwand. 2. - . . .. o IR T P
Yo ° . 'a'" e ' RS .\ ' : ..." s ' . L Tt e N .
RANEN N . A - “ . v © . “t R uo- f 0 N ' Lo . Yo T
! . ‘ R e . S e T el
i E} "b'i v ' v , < ’ a c . RPN ‘_‘ M ’ © -
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| :1) " spacial symmetry_and steric factors,

3) hydrogen bond structure, and f ~. ' .‘“"{

(=4
-
.
\'_-
R ]
»

e L. e

o o

2) eiectrostatic.interactions,

&

4) e]ectron d1str1but1on and mo]ecu]ar structure.

Accord1ng to E1gen, the requ1rements for the frequency of encounters

Fald

: Ato be rate de(erm1n1ng are met on1y if the proton has free access to the

rehct1on site via hydrogen bond1ng to solvent water mo]ecules, and 1f

. the!reactants are in.a conf1gurat1on su1tab]e for react1on Hence,

1
1uc1datlon of the mechanlsm of fast proton trﬁnsfer processes has

progressed hand in. hand with. e]uc1dat1on of the hydrogen bond and the

- phenomenon of so]vat1on

TRn

o
’

Elgen has deve]oped a theory corre]at1ng the k1net1c constants of

proton transfer react1ons w1th the pK d1fference of donor and acceptor,

¢ not yet 1nvesu1gated Th1s is a s1gn1f1cant step toward the descrlp-
\

: mak1ng poss1b]e est1mat1on of k1net1c constants of acwd base systems

-

It1on of the mechan1cs of ac1d base cata]ys1s and of part1cu1ar 1mpor—.

tance in the area of enzyme cata]ys1s, since the’ propert1es of the

rare; not always known

-

act1ve groups occurr1ng “in prote1ns wh1ch "?omote ac1d base cata]ys1s'

- A
2 v

.
U , :
<

. Of the fast react1ons exam1ned 1n this study, the . react10n of NH

with hydrogen 1on vould appear to fa]] into the category of react1ons

_descr1bed by E1gen. If however, in a study reported in.1960 by Connor

. and Loewenst‘em,3 an act1vation energy of zero for the react1on was

\ ocorrect]y determ1ned a d1fferent mechan1sm from that postuIated hy

I
&) n . .0

E1gen 1s necess1tated T R B o

i

[mffus1on contro]]ed“heact1ons typ1ca11y have act1vat1on energ1es

1

S

vt b

i)

w2

e

]
7
{
i
¥

s

p ptady

"
z

el

N
=P

-'é','-.‘..

:...? . s
RS

F

X0




P B

i . - \ e

4 . . : - 2:5 o \ _ : . 3

iﬁ'_il .'4 N f'of about 3 kcal'mo1e 1, to 4 kca] mo]e If due to any of the four ;:' - _ f .
-é' o ' n“_ ' factors affect1ng react1on rates, a react1on fo]]ow1ng an encounter is o

é T ','not comp]ete before reactants aga1n separate, 1t cou]d be expected to ,

'. have an activation energy greater than that for a d1ffus10n contro]]ed
) ‘react1on. The most cr1t1ca] of the four factors, the effect of the
; o | ‘hydroge1 br1dge structure s app]icab]e to the reactlon of . NH3 w1th the
hydrogen ion. It is pr1mar11y the existence of hydrogen bridges that

"

accounts for h1gh rates of recomb1nat1on ‘of bases W1th the hydrogen 1on

AL,

S

?. _ That' CH and C. groups do not read1]y.form hydrogenubr1dges,accounts 1n :
2 part for the low recomb1nat1on constants of the conjugate bases-of -CH ‘vé
E I . type aC1dS-. Itz1S possab]e that for a. part1cu1ar react1on ra1s1ng the %
; ttemperature cou]d cause a -disruption in “the hydrogen br1dge system 1n ' é
; ‘d":‘ "' .the V1%;n1ty Of the reaCtantSs"‘ESU]tmg 1n an alterat1on of. the'react1on %

, rate. Such’ an effect wou]d not be drastic enough to appear to"1ower the £

v e

act1vat1on energy to zero, however, w1thout warranting postu]at1on of a’

g

é- o d1fferent mechan1sm. .;u - T s ' . P
fﬁ‘ b ’ Also affect1ng the recomb1nat1on rate of NH3 is the 1ack of

2 ) ‘ e 1 AR .
-§e‘ ' o §§~ mutua],e]ectrostat1c attraction w1th,the hydrogen‘1on.‘ Bases of the ot

A

wECa e

-N type show a reduction in rate of recombinatiOn:with hydrogen;ion

s
i s

2 from va]ues for .similar, but oppos1te1y charged part1c]es 2 This

- \1 . L
N 2

i effect is. a: re]at1ve1y m1nor one, and most 11ke1y 1ndependent of '," -

LTy

» . . X e

temperature. S S i .

i
1
d

. The realm of the kinetfcsnof'fast reactions in-solution was opened - - .- i
':’to'the physical'chemist with the advent of‘varfou5‘spectroscopic.

techn1ques and the deve]opment of oscp]]ograph1c fast- record1ng gear.

He needed no ]onger Tabel react1on rates which were fast compared td

. the time requ1red for m]x1ngjand observation "1ﬁmeasurab1e."_.Certabn

et dr "VL““,V ] Ful
Mty
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e ,::' ‘-relaxation methods and florescence quenching and e1ectrochemical"

e S N

| ‘methods: have extended the range of accessable react1ons to those w1th

-1

halftimes .as small as 10 -9, sec. A o : ' . L

" The nuc]ear magnet1c resonance method exp101ts the coex1stence - |
| | in so]ut1on of rap1d1y equ111brat1ng spec1es possessdcg different \f\e\\;_;;
& - nuclear spin systems. Marked changes in correspond1n§ spectra] lines . '

; ‘ o i_ C occur;ggen 11fet1mes of these 1nterchang1ng spec1es are\in the range ‘

; . of about 1071 sec to 10 sec\\\ln ‘the fo]]ow1ag chapter (Chapter II S

i"'- : o opp 11 —23), are presented some of the techn1ques wh1ch ‘have been devel—

I - .._' oped for extracting k1net1c 1nformat1on from var1ous types of n. ﬂn r. data;”

2

" These will be the tools of this study.
Interest1ng1y, one ‘of the ear11est app11cat1ons of the n. m. r;l
-Tine shape to reactlon k1net1cs mas to the ammonia - water system.
Ogg, in 1954; observed the‘coilapse'of-the trip1et of intensively
dr1ed 1aqu1d ammonia to a s1ng]et upon the 1ntroduct10n of water to- the ,

i - extent of . no more than a few parts per m1]11on He reported similar

L effects upon tHG}hdd1t1on of Ky, NaNHZ, NH4Br, and HNBF,. He,

T

est1mated from 11new1dth measurements of amm0n1a - NaNH2 so1ut10n

spectra the rate constant of the react1on
“ ‘ ‘,.' ‘.: ] ’ ' ) . . -_-. d . l‘ . ~ . . ‘ ‘
g NHyT NHy et NHy My e @)y

. i P R ' ) : ’ - .
S 4 . ~
o . . . -~ g .

‘to be 4 6 X 108 1,M'1 at«o°c, and-its activation energyfnot'tO'

. ' R exceed a few k]loca]ortes Dgg suggested similar magnitudes for the

}

react1on

o St R
Ceormt Ry

RN ST S

g L o B




L R S
o NHy o NHp s Ny b NHg L SN (3) .

Lo N i"'- Subsequently, 0gg found.'the spectrumof NH4N03 in water'to'be a

4+ - .7 - ..single averaged resonance at room temperature.5 The spectrum of. the samd -
;» L

"solut1on when sl1ght1y ac1d1f1ed d1sp]ayed the NH tr1p1et d1st1nct from

. the'water Tine. He. therefore suggested the direct transfer react1on

a N . , [
“ . Al . . - ¢t

T S 4+
NH4 :+, H20 -———:f ,NH3: + H3z0 ' . o ) 1

- . : . '
o B . ‘. . . B .
. 2 B . i

. . c s ) .
. o -

5

L S to be too slow to cause ob11terat1on of spectra] details, and p1aced
\ /. o
/ an upper limit bn the rate constant of - 108 se 1 for h1s exper1menta1 v

| condltlons.,,

LIV FE., SN LR}

Brodsk11 and Su]1ma, hav1ng prev1ous]y 1nvest1gated the proton
exchange of the aqueous ammon1u@ ion usrng deuter1um as a tracer, had ‘
: found a ha1fl1fe of exchange for NH4N0 in 54 percent HNO to be between»
% : o ‘_‘b ;\?; 1 and 10 m1nutes at OTC The halfllfe was determ1ned more prec1se1y for .
; L o the xchaoge w1th buty] a]coho] by Kap]an and W11tzback us1ng tr1t1um |
- o as a. tracer to be 3 m1nutes at 0°C again in 54 percent HNO3 .

R
Th1s early data 111ustrates the marked dependence of the rate of

I e F L

, proton exchange on hydrogen jon concentrat1on The exchange 1n an

I

aqueous ac1d1c med1um 1s known to be due pr1mar11y to a process flrst

i

order in-ammonium, ion concentrat1on and. to at least two second order

wrn

processes wh1ch are- dependent on- the product [NHq][NH3]

In the pH. range 1 to 4, both types Of process contr1bute measurab]yh :

»

to the exchange rate, the‘3ate of the flrst order process be1ng 1nde—

R T YT AR A

pendent of pH and- that of the second order processes decreas1ng with

1ncrea51ng ac1d1ty.8 At very 1ow pH the second order processes cont,}bute v

. \}

‘}”'n'i«'}:;‘szgs TR

-

ol
Fted Yy



’ (‘he§11§ihly'tq.the overall exchange.’ Also, ih the. very Tovah regioh,'
e SRR ';;1 .theffirst order process:shows a-very marked decrease 'in rate -The data
h " of Emerson, Grunwa]d Kap]an, and Kromhout9 presented in Tab]e I 1mpres— !
s1ve1y 111ustrate the suppress1on ‘of the exchange rate. . :': _ "..' _
" Table I: - Halflife ofhthe Isotopic*Exchange:,/ oo | T ﬁ:}\
e If\\,.NHBD'P g ',Hzo' ———+"NHZ ',,+'-.Hoo . ‘ |
' Ha1f]1ves are given for exchange taking-place . -
at 25°C in su]fur1c acid --water m;xfures
N ; Vo /“f'- -
| ”wvt.%ljz_SOA. R -
4914, . 105 sec NG T
S mE e
oo ee3 - 15k
¢
{ , The work of Brodsk11 and Su]1ma and of Kap]an and W11tzback was
é ' 'performed 1n this - h1q£'ac1d1ty reg1on of suppressed exchange rate Also;dl
% ' because of'deuter1um and tr1t1um 1sotope,effects, ‘the ha1f11ves reported
‘ " by these.workers are,longergthan wou}q occyr -for exchange within undoped :
L reaction mixtures. _ i | | . - .
. The pH'range of the aqueous ammohiug ion reaction mixtures ‘from o
E e _.,whlch k1net1c data was obta1ned durlng this’ study is about 0.6 to 2 0

¥

As will" be shown in Chapter vV (p. 70) “the flrst order exchange process .

.3.1s to no g:gn1f1cant exteht a, functlon of hydrogen ion concentrat1on in
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) uth1s range. : _‘l _ v

} Me1boom, Grunwa]d and ‘co- workers, us1ng the n. m r. techmque,

I SR

) vaneered the search for the mechamsm of the' protoTys1s of aqueous

"ammes, 1nvest19at1ng f1rst the methy'lammomum 1on 10, 11’ 12, 8

Pr1mar11y respon51b1e for proton exchange of a]ky'lammomum ions 1s a

s ]
mechamsm 1nvo]v1ng two StepS' C

. +d_ _ sTow o , : . .. ’ SNl T
RNHT + B —— RN _+ B .. - (5)

T o

b ; :~ 21. ’-l : o fastf' . §t+ = 2 f J;‘;f" %,'n “'aA ' . f%
S RN HBHY —— R B, () Lk

with B a base.' The specific reactions accdunt_iqg',tor the slow step

p-&....:q.-
i

e

ﬂ!‘!ﬁ i

.
R
“S

» .= . considered were:

&
R
IR, =Tl

i1

]
.
+
¥
433

-+
4
8 }z?r

reaction (4). R_3NH_ + H?(,) — 'R3N F .H30' R t\

(= URS CT TR

P FUSE N2 %
=

* ., L . . . - ) . ' "."" ' -."';' ‘ ; i‘:
. reaction (5): RgNH' 4 TOHT —2 RgN 4 H,00 , T Tl gE

f
4
o
o -
e
£

N + .R3

T ek o
o ~ . .. " reaction (7): RoNH . + OH + RN —~——r RgN .+ HO -+ R NH . . LR

gt ey o
S Ve e
o AR S Ry

réaction (6): RyNH .+ Rgi- =8 R NHT ., and

‘

3

The above notat1on mtroduced by Grunwa]d Loewenstem, rand Me1b omn‘,

' s adopted for use in th1s th91s Also _adopted. is the‘de§1gna a‘on- U O
L , 4 ‘ »
ction (-4): RN + 1,.1.01; ——+’k4 RN’ ,+ o0 | -
reaehonl(-. ): Ry + Hy 3 a0

ket

*'l'f':' mjhﬁl‘%ﬁ i



‘ _ . - o <
" An'upper limit of 0.2 sec”}
nt oot ,

at 19 * 2 C was p]aced on the rate

i

e
—

F . constant for reaction (4) for the methy]ammon1um case'.}1 Two ’ separate'

mechanwsns were postu]ated for the slow step. of the second order

WA

a7 -‘:A: processest eactlon (6), 1nvo]v1ng transfer d1rectly from NH4 to NH3,

\

S  and reactaon (7), 1nvo]v1ng at least one 1nterven1ng water mo]ecule.

— .

These two paths were found to be fo1]owed at comparable rates for the

ay

s i RE . .
iy methy1ammon1um case, the rate constants be1ng 3 x 108 '1 M"1 at
1 19+2%. . . ) e

.

The inv st1gat1ons were extended to the proto]ys1s{reactions.of
u

N R T A LA

m 1ons. Sone

..of the results along w1th more recent data, are’ summar1zed in Tab]e II

- the ammon1um51on and to those of di- and tr1methy]ammon

Al e

Emerson, Grlunwald, and Kromhout showed by app]1cat1on of the
-Dehye Smo]ucho ki -theory of d1ffu51on contro]]ed react1ons, that the -
r ~.values of" the rate constants of react1ogaf -4) and react1on (6) for the -

ammon1um ion were in agreement w1th those expected for a d1ffus1on

.

controlled reaction. - C e,

bE ' . | . Connor and Loewenstem3 put th1s speculation to. test exper1menta]1y

L

'.'by do1ng a variable: temperature study oﬂ the proto1ys1s neact1ons of the~

R PN

:m‘.j : 'ammon1um and methylammon1um ions. The act1vat1on energ1es for react1on

(6) and react1on (7) were found to be essent1a11y zero for: both cases.

0

[0 5 TR TR Y R
p=

‘~ﬁ ' An act1vat1on energy of 12. 2 O.S-kcal mo]e ‘was found for'react1on (4)

L IR

l'for the ammoni um 1on case, for whlch Connor and. Loewenste1n quote the "

UNSRN_Jpuw 1 Py

fentha]py change AH “for the ac1d d1ssoc1at1on equ111br1um to be 12. 4 kca]
‘-mole, , thus. 1mp1y1ng an. act1vat1on energy of zero for the reverse reaction,’
(~4)L Current theory cannot account for'these anomalous]y low act1vat1on

1

For a presentat1on of the theory, see Chapter v (pp 81 - 83) and
references ‘49, 50, and 51. i
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. at 250 C..

U ammonium v = 5

PP e i . _ i .
N ‘i (," . ’ -_;
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. -Table I, Rate Constants I}for Proton Transfer React1ons of Aqueous A]ky]ammomum IOns o

/ .
Rate constants and ac1d d1 ssoc1at1on constants are gwen for aqueous al ky]ammomum ion solut1ons

l
S . , .
; e A : S VB
t N N .

NPT 10,
Alkyl- - Ky q 1077 kg

References -
»(secf})] M) (sec 1M 1) o

T

'10" (sec M ) (sec 1y 1) (sec™ M 1) (sec” 1)

“. NH

25 568, 4.3 34 - 117 - c0.9 ) .22 | 13, 16 17

)

CHNHE o t—. 0242 — o %7 40, 53" . .62 18,9,10,17

- (QH;)ZNH?_._ - 08— 30 - 0.5 9.0 . — . 1.2 19'

y

CHCHMT a7 sz . 3.0 20 0D, o« 34 100 15,2, 17

! . .o . o .o T DR ST : L

A - : - S -7 N

e e AN AT R




IR R AN
"

[

o< -
g T

v,

: to 80°C. His data 1nd1Cate react1on (- 4) for the recomb1nat1on of CH

.act1vat1on 3. 3 kcal mo]e

such complication arises since

e
g
|
|

. . . . . . ’ X ’
energ1es, unless perhaps the phenomenon of tunne11ng 1s 1nvo]ved

Assert1ng that these ‘activation everg1es shou]d be no less than that -
15

for the d1ffuslon ‘of the reactants, Grunwa}d re1nvest1gated the k1net1cs o

!

1of the aqueous methy]ammonlum 1on system over the temperaturé range 35 c

3NH

w1th the hydrogen ion to be a s1mp1e d1ffus1on contro]]ed react1on
/

i, Reaction (7) was . found to have the dec1s1ve1y ndn—zero entha]py of '

1.. \l SN " 1

The 1ncons1stency of these tw0'studies'has prompted_this'further

1nvest1gat1on of the aqueous ammon1um ion system. It'is possible that :

' the 14NH resonance is 1nf1uenced by a 1ong1tud1na1 re1axat1on ‘time

14

shortened by quadrupo]e relaxat1on of the N nucleus. Th1s eventualityfi

- is e11m1nated.]n th1s wqurby the use of an 15NH4 sa]t, with which no

15N has a zero quadrupo]e moment

e Recent 1nvest1gat1ons have 1ed to a remarkably deta1led p1cture of .

‘the react1on mechan1sms of reactions (4) - {7, of the nature of the sol~

"vat1on of - the species 1nvolved, and of the making and breaking of the. hydro-

gen bonds assoc1ated w1th these solvated comp]exes * In Tab]e II-(p. 9) are
( .

11sted the va]ues whlch have been determlned for the\rate constant'kH for

e A -
PO L P-4

'the break1ng of the R3N : HH§2- hydrogen bond. That k is very 1arge for.-
NH3, by far the 1argest for. any of the amines,’ 1ends p]aus1b1]1ty to- the .
: theory that a breakdown 1n the hydlogen bond structure m1ght occur at h1gher
‘ -temperatures and thus account for a low act1vat1on energy for the recom§1-
, nat1on reaction. It was hoped that th1s study w1]1 add c]ar1ty to th]S

' aspect of the 1ncreas1ng store of knowledge about proton exchange react10ns

v

Naw

*See, for exampfe,"referenceSVZO, 21, 22, 23, and 17.
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-React1on Jate_determ1natfon from‘11ne shape i

"I1. NUCLEAR MAGNETIC RESONANCE METHODS -

.o T e : Ca
' . ’, 1 .
o . \ o . ! t

!

\ The n. mors techn1que of react1on rate determ1nat1on from 1jned'

/

shape is app11cab1e to the system in wh1ch a nucleus is exchanged‘between
I /,

© two or more magnet1ca1]y dwstfh t env1ronments Such env1ron ents can .
/

' exchang1ng between the two s1tes
T

be Eg(se of d1fferent mo]ecu]es, of d1fferent s1tes on the sa e mo]ecule, :

_or can be the resu]t of nuc]ear sp1n coupllng

, In the extreme of, very s1ow exchange, for the case of nu 1e1 X

cand” B two d1st1nct reson nces w1th

'frequency separat1on w are observed \one correspond1n§Lt\4t e resonance

: !

‘ pos1t1on of ¥ at A the other to that of ¥ at B. As exchang becomes
~’faster, and the mean 1mfet1mes TA and’ r of X at A and at B,Tngspectfvely,

",are no 1onger 1arge compared to the frequency separat10n betteen A and B

- s1tes, the resonances are observed to broaden, merge, and fi

ca g

'1s shown to co1la;§e¥w1th 1ncreas1ng exchange rate

a]ly to

i /
<sharpen 1nto a s1ng]e band at a resonance frequency wh1ch is a

.

‘we1ghted average of the resonance frequenc1es of, X at A and at B s1tes.

F1gure 1 111ustrates th1s phenomenon for the case of a sp1n - spﬁh

-,-

. doub]et, w1th X exchangfng between equal]y popu]ated s1tes The doublet

i

'j The f1rst quantftative treatment of the exéhange rate - 11ne shape

25

phenomenon was g1ven by Gutowsky, McCa1], and Slichter and has s1nce

} i1 e

" been extended from the1r der1vat1on of the equatiohs descr1b1ng the llne, -

TR B0 TR e MUY NI e, e - P S O YA I P

shape of a sp1n doub]et to 1nc1ude equat1ons for h1gher ‘multipiets and

ke A e _ o . '
: QBEhorOUQh.treatment of this phenomenon is given jn(reference 24, pp. 218" -
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" Figure 1:

-

* and Stejskal30
and allowing 1 to vary as 1nd1cated

The Effect of Chem1cal Exchange on the L1neshape of the Sp1n
Doub]et O TR

< o c s
. . i

‘Theoret1¢a] 11neshapes are computed From’ an express1on given by Takedd’

464 rad sec-l and T2

using .the values.J = = 0.5 rad sec™l,
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to cases featur1ng varied. c0nd1t1ons af - exchange 11 25 °26 27 28 29
) The relatlve1y s1mp1e treatment. of McConne11 s based on the | ,
"fam111ar Bloch equat1ons genera11zed to 1nc1ude exchange. For the procesc“' 'j?
exchang1ng X between s1tes A and B solution to the mod1f1ed B]och equa~ i?
t1ons for the s]ow passage case g1ves for the absorpt1on mode | | :
¥ 5 - 'f,%
S f
Ty jh‘ oL '
s , 7 |
. -'\ - . ;
'w1th Y the magnetogyr1c rat1o of X Hl’ the app11ed radio frequency P;l. } . A‘é
'; 'f1e1d,. g, the equ111br1um z magnet12at10n of‘X at A,‘TA and TB, the o

mean 11fet1mes of X at A and at B, respect1ve1y, 1A ¢ and TlB’ the 1ong1-. :’ o '}k
tud1na1 re]axat1on tlmes of X; and. T2A and T, B’ the transverse re]axat1on : ]~'i
‘.‘t1mes of X, and w1th |

. . o oo ’ . ‘ B LN . - A_." ?"
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g £l W Nt St L
At d

AR

Sy
et

T i e T o T U

and s1m11ar1y for T -and TZB
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- For the special cas e of s]ow exchange; in wh1ch the mean l1fet1mes ‘

he absorpg.: Y

‘1TA'and g are large‘compered to the frequenex separat1on

e g o
AR T

.o N N - . ¢

tion mode is given by
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Lovmgalug 0

~“with p,, the fractional population.of the A site’;

T

L SR oL “-;‘
‘o ! : . . . - e

énd simi]arly‘tor vg- - “A descr1bes a Lorentz1an curve w1th a. 11new1dth o

J

at ha1f helght glven by h S j”' :f; :,~'f L i.-

n

n

8 o Tan A
vahe absorpt10n of X'at A for th1s case‘1s said to be W1th1n the 11m|t
'.of 11fet1me broaden1ng, and can be treated 1ndependent1y of the absorp-‘
| '. tron of X at B for exchange rate determ1nat1on puanses ‘{and 11kew1se ,
;.for the absorpt1on of x at B) For the. react1on m1xtures Used in th1s
?zstudy, the cond1t1on of leetlme broaden1ng‘can benapp11ed fa1r1y we]l -
"up to 50°C to the ]1nes ref]ect;ng eXchange between N and 0 sites and I,

-exchange between N(+>) and N(- P) sp1n states

R S

T, measurementvfrom water wigglesv

)
'
E

It can be seen from equat1on (12) that measurement of nANH al]owsi-'

A Qiscussiqn of this method is: given in reference 34, Pp.. 40 ;.4?>4‘5:‘,
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B tdeterm1nat1on of (1/'r)NH 1f (1/T2)NH can be eva]Jated An add1t1ona1 ?:;.: S,

L -ContPTbUt1on to the w1dth of the NH- 11ne arnses from broaden1ng due‘%o‘ R o
magnet EXt”aCting (1/1)NH va]ues o

H‘ﬂ LT magnet1c f1er 1nhomogen1ety. (1/T2)
L.“from 11new1dth measurements requ1res eva]uat1on of both (1/T")NH 3"d ]' ":".‘ft‘f

IR o T
, ro ~“<(1/T )magnet' The sum of these contr1but1ons w111 be termed-(l/Tz)NH o
.1‘for conven1ence._ In general, 1/T2 and 1/T W111 be defined as. : Lo ¥
. Ty T T, 7 Ty magnet o and o ~ C x
.o . . u e - LT
. il . S N . :'. .' o R ',..‘ ,i:
. ,‘.1 - 1 i .cl " .‘ u : N ‘:.‘A 3 S . \;
PR SE R - P . ,'..(‘1‘4) o
o ol ’ ' o P . Ik‘
: ) s o L e e ; ;
P ‘~ , : : ) . [ - . } , f;
VT An est1mate of (I/Tz)NH 1s obta1ned from the water 11ne accord1ng to the T
BRI fo]]ow1ng cons1derat1ons . R -,.jz«;A' ifV Coe v: C
‘-b.n ‘ ;, Dur1ngrfast passage through resonance the macroscop1e moment M. 1s ¢
‘ffﬂ."'ﬂ'ﬂ.s' unaBTe to return to its equ111br1um value at a rate comparable to, the'rate.of5f5f \
- : ) o '
,‘\ passage of magnet1c f1e]d H through resonance, as for the s]ow passage case .
. ?" M 1s left 1n a nonequ111br1um state precess1ng at a frequency equa] to l%
SR
e

(H ), where H s sma]] compared to Hl’ untEJ the- transverSe

WX
¢

. ]"ES '\ i »* -
‘ components eventua]]y decay The decd& is exponent1al~aqg depends not ‘--:”1;?\‘ &
-TSSA'. t en]y upon the transverse ré]axat1on t1me but upon f1el homogen1ety, ";1s'ﬂ - f _z
';ﬂ;jf_ ~and upon such. processes as chem1ca1 exchange which. 1nvo]ve cdrre]at1on. ﬁ;; ' ,5
JaE t1mes which are of comparab]e magnltude tQ llyH F1gure 2 shows the-/Iiil . ;
o typ1ca1 osc111atory trace obta1ned after fast passage through a water e T
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b uﬂ""v'-E§QQre'2 Decay Enve]ope 0bta1ned After Fast Passage Through Nater~-}%i"hl'tL" '3”

o Resqnance ‘,’f A F‘“' ”‘?3 AR FIE -fi' '“;"' '
-;iFor th1s trace, (l/T )oH is 1 4 sec 1}£-fr.r1£: ST ."-%A'nT‘ o

“_E“; f':fr _"i -
For aqueOUS ammon1um 1on systems, eva1uat1on of the t1me constant
T of the exponent1a] deeay of the 50 ca]led w1ggles of the,water line,,kv 14[4

v

?,'produced by fast passage, g1ves (1/T2)0H, W1th

/ . (TE)OH —. (T2)0H+ ( magnet ( )OH ’ R (15) v

'

‘(Tz) H be1ng the transverse re]axat1on t1me of an HZO proton, (1/T2)

the f1e1d 1nhomogene1ty contr1but1on to the water 11new1dth, and TOH’ the

Le

magnet hfﬁj'

@

)

. "X fiean 11fet1me of a’ proton in the OH env1ronment

o

S “f'i‘(éf.e ¢ broaden1ng from f1e]d 1nhomogene1ty is the main’ contr1but1on to. e

4 ;

A FNH:B,;'f‘the 11new1dth of the OH resonanre, and 1s s1gh1f1cant1y Iarger than the t’
”contribut1on (1/T2)NH of, the transverse re]axat1on to the NH 11new1dth, ST

S ',the decay of the water w1gg]es serves as a measure of (1/T )NH' : ﬁ. f‘ Z"rxlfhuh‘-~
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co and no sma]]er,than 2 5 sec

}'fr most s1gn1f1cant at 30 C, at wh1ch temperature (1/-:)NH 11es 1n the range

0 2 sec _

. : magn1tude comparable to that of (l/T )OH'

" ".Adiabatic half passage: - - .. el

AP Y - SR g AT

Over the temperature range 30 C to 50 C at wh1ch thls techn1que 1s e

app]med 1n this work, these cond1t1ons are, e1ther met by the systems

be1ng stud1ed or are read11y corrected for 1f not met ;(1/T )UH’ to

h1ch (1/T2)OH is. equa] fpr the reaction m1x¢tvgs under the cond1tions o

31

C;ed 1n .this " study, as measured’for a1r—free Mater by Kryn1ck1, ranges.“-

-1

from a va1ue gof 0 248 sec at 30°C to 0. 116 sec” at 50 C. Values for.

(1/r)0H may be determ1ned by eXtrapo1at1on from exchange broaden1ng

data obta1ned from the water 11ne 1n.th1s work at hwgher temperatures. :;',Ay

At 30°C (1/T)0H is fbund to fa11 1n “the’ range of about 0 1 sec -1 ‘to f
-1

[3

1arge as 1 0 sec 1

"f hlgh sa]t concentrat1on The va]ues of. (1/T ) OH’ obta1ned from the wate?

w1gg]es were no sma]]er than 1.5 sec 1 for the react1on m\itures at 30 C

! : -

-1at 50°C..

C]ear]y, though the broaden1ng due to f1e1d 1nhomogen1ety is the

1argest of the contr1but1ons to (1/T )OH’ (I/T)OH contr1butes 51gn1f1~ t','

'A cantly Th1s 1s accounted for by a. correct1on to 11neW1dth measurements SO

descr1bed 1n Chapter IV (p 39) N ' o ;”,f- fif.';,i ..'ﬂ‘i";
o

(1/T2)NH, wh1ch is. eva]uated in. chapter v (PP 74 '“78)’,has a

oo

‘ Any error 1ntroduced by approx1mat1ng {1/T )NH with'(l/f“)oﬁ‘ts

o

-1

7 sec to 16 sec -1 for the reactlon mlxtures stud1ed

n

-, -_.A convenient method’ of measuring the' transverse ' relaxation.fime Ty

)

. - )
e

24 o
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for the’ reactlon m1xtures stud1ed At 50°C (l/r)OH is. as ":_: -

for m1xtures of low hydroﬁen ion concentrat1on and of :

O
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N e
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S ‘? 'f,‘wh1 ch: e11m1 nates the effect of f1e1d 1nhomogene1ty ‘has been descnbed by S

L, b, F1gure 3.‘ S R T T T T R e

' So]omon.:?"2 33 Termed ad1aba