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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

. Fﬂ)ﬁ
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: mode] for d1ffus1on contro'l]ed reactwns, mth AH 4 equa] to 2 2 0 3
) kca-'l mo'le . ,.-and' with Po & constant equa] to (4 2+'0.2) X 10 8 AH7- ? 4
" ;\ * ' .
<. was. a]so found to have- a~non— zero va]ug*, 473 1 .6 kca] mo‘le 1/and AH6
was found to equa1 \5\6 + 1.3 keal mole=d, T LT L )
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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 ’ © -
FR e s R ‘i‘i"‘rn T e - S U1 e
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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
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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
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" 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 .
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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
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: 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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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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."_ b ©

.. .
A Y]

O 5 TR ISR N -



Yy T Py

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
a2 3 resonance w1th f1e]d homogene1ty opt1m1zed ( e T 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‘-~

- B -t ' PR N
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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

) ——n

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 ad1abat1c ha]f passage by Me1boom.‘?4 the methqd V;’. ".

;‘i:jmvo]ves a] 1gnment of the magnet1zat1on a]ong the rf f1e1d H by an

:f,ad1 abat1c rap1d passage 'm the presence of H1 to the center of resonance,

‘,\ ~where the SWE@P TS StOPped The cond1twns of ad1abat1c rapwd passage :t.'
‘, must ‘be* fu] ﬁ'l'led. ‘ i ’
{. ' ' o . . v '”4 ’ o R

:Tr-l‘f';.'f“<< %‘-g—::jo <<yH1 : ;': 3

2' '_ , 1 1 e ,:'," o« i . . ' .

. L ’ [ N .. :Q” —\_'

- ,I:"'.":Smce yHl is 1arge compar‘ed to 1/T1. the magnetlzatmn rema1 ns ahgned ,'f:;'

mth H when the sweep 1s stopped and’ decays mth a tlme constant o

. : denoted by Meiboom ‘as 1/T(H ) A t.!PT ca'l record °f such a decay appans “

.o o - \ fene g

F1gure3 T_ypma'l Record Obtamed After Ad1abat1c Ha'lf Passage ThY‘OUQh

‘ B
‘ AR
. '

Water L1ne

For th1s trace, recorded at 65 C 1/T(H*1) = 1 5 §EC

L T P -
S v L SN -
‘11
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If the 1nhomogene1ty of the apphed magnet1c f1e1d H 15 srhaH

'compared to Hl’ T(Hl) 1s not apprec1ab]y affected by 1t In the coordmate
' 'system rotatn\g w1th Hl’ 1/T(H1) is effectwel_y the thermal t'ame constant

with wh'lch the magnet1zat1on decays in the apphed magnehc f1e'|d H1
T(Hl) is in some mstances equwa]ent ‘to the ordmar_y tr'ansverse

re]axatmn time T2' However 1f such procesSes as chem1ca1 exchange

' 1nvo]v1ng corre1at1on times wh*1ch are of comparab1e magn‘itude to 1/yH

occur, T(Hl) reﬂects these add1t1ona] mechanisms.. I"’le1boom34 has g1ven

a theoret1ca1 treatment of th1s phenomenon based on the B]och equatwns

_An. exphmt so'l ution of T(Hl) as a function of Hlland ‘the exchange /

rate 1s der1ved for the spec1a'| case 1n which the resonance consists of
|

-one dommant 11ne, aH other resonances bemg much weaker D1rect

. contr1but1on ‘of the weak ]1nes to the observed s1gna1 s neglected

weak resonances are cons1dered only 1nasmuch as they contr1bute to the o

i

w1dth of ‘the dommant 11ne through exchange -SubJect- to ‘th1s restr1ct1on,"

®.
e1boom gwes for a system of 1dent1ca1 nuc1e1, the members of wh1ch can S

-

be in any one: of n- d1ffkrent env1ronments wh1ch wﬂ] affect 1ts average )

\

)

P ] -

—~

s

i+,



: .:where P 1s the fract1on of nuc]e1 1n the 1 ‘enV1ronment 6

: env1ronment and.the domlnant 11ne, and T 1s the mean 11fet1me of a nuc1eus '

L;due to mechan1sms other than exch#hge.‘._

',l1ne of an aqueous so]ut1on of

:iby Me1boom becomes .f"* ;ﬂﬁ;;j“> = '.e.';_:, ] :”3_(; . ;j}‘:,-f;*‘?° H;:?N

"jwheré'PﬁH is the fract1on of NH protons, and J is the

."between protons coup]ed to\the upper sp1n state of

'the freQUency d1fference betWeen~the ]1ne of the nucle1 “in the 1th 1~nﬂtu Tvi”Voi

,qﬂ‘ln any one of the n env1ronments. T"character1zes transverse re]axat1onAj:.fw1.fj

For the water - ammon1um jon’ systems examwned in th1s work the

,:,-'dom1nant 11ne approx1mat1on 15 a good one, as’ F1gure 4 1]1ustrates The_f.ié"
’\4ad1abat1c ha]f passage techn1que proved usefu] Jn. exam1n1ng the broadeninjﬁJJ
-,”of the water ]1ne at’ temperatures suff1c1ent1y h19h that 15NH proton 11n95'7

'.fno 1onger sat1sf1ed the cond1t1on of ]1fet1me broaden1ng For the water

® "“4 "”th pH'% 4, equatlon (17) derived | ‘

15 N H coupllng

b?constant, so that (GNH 2) and (6 2) are the frequency d1fferences

15N and the water 11ne y

S and betWeen protons coUpled\to the Tower . sp1n state of N and the water ;

] ST . e : . . . R o, A

”..hne. respectwely R T O L
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) -, 22 v
'-',Tl"‘measnrement_ T -
R B The ad1abat1c ha1f passage techmque is seen to prowde a )
:for determmatwn of the spec1f1c rate of exchange 1/1 for the systems
of mterest 1f 1/T' can be eva]uated e ' .
If all mteractwns contnbutmg to transverse re'laxatmn are
| ""charactemzed by’ short corre1at10n tines, T' wﬂ] be equ1va1ent to T1
- The method of measunng T1 used in th1s work employs the ad1abat1c fast
passage cond1t1ons of equat1on (16) If these cond1t1ons are met dw‘mg
X -passage through resonance, the presence of the relatwe]y ]arge rf. f1e1d .
.. 1
. H1 reveries by 180° the nuclear magnet1zat1on v“e;:tor M of the sp1n system
B . B w
'Iunder in estwgatwn. Once the” sweep tllroug‘h resonance is comp] eted M
xrega1ns 1ts or1g1na1 magmtude and pos1tmn pamﬂel to H as depxcted in
4 R F1gure 5. The recovery is exponentml w1 th a t1me constant 1/T1
E R ( . o ‘ .
‘ R L ‘ 3
. ' @ %
" 1 280° A
H . »l . e ?’:'
r
. A
e |
) ]
Figulre 5 Ad1abat1c Fast Passage' Reversal and Recovery of =
Magnethatwn o ST .
: : . ‘ . 'n-«""‘ ' . "". | . . ?'T’
A presentation of -the method used is given in- reference. 35. I
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31 between the two sweeps. By vary1ng th1s t1me separat1on 1n 1ndependent j’?f~§1f

:f:j‘:f: ' exper1ments and record1ng the re1at1v ‘magn1tude of the mag t1zat1on,j
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" . Chemicals. .. ,:.-[a

. .',It was recrysta]hzed from abso]ute ethano] and dr1ed 1n ‘vacuo. No :
—

: second d15t111at10n was from a KOH so]utwn.-

" the computat1 on of sol utwn concentratwns was obtamed from the Inter-— ‘

- natwna'l Cr1t1ca1 Tab]es

. I1I. - EXPERIMENTAL

-« 7 R P - . ’ - e

15NHam was the ammomum sa]t chosen to be stud1ed in aqueous B
15

solution. It was supphed by Prochem and rated at 99 2 atom percent N.

IR T

/

_ewdence for the pre/sepge/ef"l NH4 was observed in n.m ro spectra of

NH4C1 so]ut]ons

1“NH C] was supphed by Shammgan and was' recrysta'l'hzed from

' abso]ute ethano'l

Doubly d1stﬂ]ed water was- the so]vent for aH so]utwnS/ “The -

. l\w'

Stock. so1ut1ons of ac1ds and- bases were used in the preparatwn of

‘.j.reactlon m1xtures and- 1n mak1 ng ac1d d1ssoc1atlon constant measurements
: of .the ammom um salts. HC] and NaOH so]ut1 ons, were prepared from ‘concen= -
' trated reagent grade so]utmns and were stored in po]yethy]ene bottles .
| 'NaOH so]utwns were standard1zed by potent1ometr1c t1trat1on agamst |
, potass1 um ac1d pnthalate(KHch ) obta1ned from the Natmnal Bureau of
Standarqs HC] so]ut'nons ‘were standardued potent1ometr1ca1ly aga1nst
' Standard NaOH so'lutwns Strongly ac1d1c react1on m1xtures were prepared

h by d1'lut1on of known welghts of concentrated H2504 ' Dens1ty data used 1n e

.-

35
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. Reaction mixtures =

‘Reaction mixtures were prépared :frbrn"'knqu"n _‘\\:vei‘ghts' of the appropriate ‘
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) oKA measurem_ent

"r

«'ammomum saTt, standard ac1d soTutmn, and doubTy d1st1'ﬂed water

s “ e

: 'M1x1ng of each soTutron was. effected as. rap1d]y as poss1b1e, and about
T ml was p1peted 1nto an ultra premswn n m r. tube (wﬂmad GTass
Co.), wh1ch-had been aged in d1'lute HC, washed w1th d15t1TTed acetone,

" . and oven dr1ed

It was des1red to examfhe the nature of exchange w1th1n reactwn

v 'm1 xtures of the same compos1t1on -over .the temperautre range 30 ¢ to 80° c..

Accordmg]y, to prevent chane in compos1t10n of: the- soTutaons through

' evaporatmn, sample tubes were sealed for use throughout the study

T

. T .
/ R
A ¢

L - )

' 'pKA measurements were made by the d1fferent1a1 potent1ometr1c method o

‘of Bacare‘l]a, Grunwa]d Marsha'lT and Pur]ee 31 'y so‘lutlon of the appro—:

pr1ate ahnnon1um sa'lt of known composi tjon_by welg_ht; was ac1d1fwed mth a-

known weight of HC1 sol ution - The forma]' concentration of HCl was set :

1n the range 0: 004 Mto O. 005 M Th1s is suff1c1ent1y hlgh t 1nsure the |

1mt1a1 hydrogen mn concentratwn was due pr1mar11_y to HCT yet suffy .

c1ent1y Tow to m1n1m1ze salt effects- The concentratmn of 14NH C1 in'

: seven, 1ndependent measurements ranged from 0.04 M to 0.50 M The concen-

1;15

trat1on o NH4CT in the smg'le measurement made was 0 25 M.

A known wei ght of ac1d1f1 ed NH4CT ‘soTutwn was transferred to a
/

. specwﬂyaconstructed ceTT and twtrated w1th NaOH , The pH of the soTu.l, S

t1on Was measur’%d at 1ntervaTs from the initial-pH’ of about 2. 4 to a

‘_-ﬁnal pH‘of about 8 0. In the: term1noTogy of BacareTTa, et aT th15(

a corresw\ded toe; < 1.05 and e = 0.95 for MLI = 0.04 M, and to

= 1.01ahd cg = 0.97 for N1 = 0.50 M, with intermediate valies

.’ . s
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.of € 'a‘nd.“'etf for i n"termedli'ate( ‘ NH4.C1 val u:e‘s‘, € cha?actenizeé the compo;'.,: - RS

‘t sjtt'on o_f the»so]utio'n’ and\'ia given by _— o | ‘ .;. o '
| .gfn.h'ua‘m g T gt NaOR o ;

T L T ()

B S R IR
'where gfw stands for gram formu]a we1ght. The concentratwn of NaOH }
: .for each deternnnatwn was such that the amount added changed the ’5
g ; . 1n1t1 al volume of ac1d1f1ed solutwn by no more than 4 percent f
. . So1ut1on ceHs were des1gned to prevent loss of NH3 through evapo- ’ : ;
‘ratmn. A s11ast1c cap mo'lded to\ﬁt the glass body of each cell - o . \ vﬁ

’ Irendered the ceH a1rt1ght when the ent1re assemb]y 111ustrated in \4" :

o F1gur‘e 6 was }n p]ace, Two ports in the cap allowed msertwn of- the o . P l
'ele'ctf'ode and the b.u're\tte. The so1utlon was stirred by a teflon | | i?

‘ covered magnet p]aced m the el and a magnet1c stlrrer 1ocated under- A :ﬁj
"neath the-bath. o . IR o \ ‘ ‘. S %ﬁi
; - The surroundmg water bath was regu’l ated by a Sargent Thermomomtor '.'. s g’:
and maintained the temperature to within 0.005°C of 25.000° Forall~ . 1 .. i“
E ° measurements. The temper"ature was %et wi’th a Beckman thermometer uhjch o l;
3 ' had"been c'aliibra'ted with a 'platinum resis tance th’énmometen traceable to ;3

'~ab1hty to dehver in mcr'ements sma'ﬂ known vo]umes of base Gﬂmore |

thes Natwna] Bureau of Sta/ndards.

Much of the accuracy of" the measurements can be attmbuted to the - :

‘u]trapremsmn m1crometer burettes w1\th a total capac1 ty of e1ther e
0. 25- m1 or 2.5 m] depend1 ng-on the requ1rements of the partlcular L R
'measurement, were used to de]wer NaOH m 1ncrements as smaﬂ “as v "R

Vo
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.

';.0 OQIOO 0 00002 m] The t1p of the burette was: p]aced Just beneath ) .

; the surface of the so]utwn ..Di 'Ffus1on from the burette cou]d be shown ’d
- to be neg] 1g1b'|e durmg the t1me of an_ exper1ment by a constant va'lue of R

the measured pH of a weak'ly buffered so'lut'lon when the burette contamed . ,,

l . M A ‘ . N . * . . ". &.

BN PRI
. B A Beckman 39030 Combmatmn E]ectrode was used w1th a Beckman '
e Reasearch pH Meter to determme the pH durmg t1trat1on lPH va]ues could S o

' ] . be read to wfthm 0 0005 of a pH umt. PR ,‘ ) -".f ;f‘ ol R

AR N AL P .spectra . A
ST 9
Proton n m. r. Spectra were recorded on a Varwn HA-IOO Spectrometer

. s . . -

_ in the frequency sweep mode at 1000 MHz.
Care' was - taken before recordmg any spectrum to obtam a stab'le
’ »':magnetwc 'F1e‘ld w1 th as’ h1gh a homogene1 ty as poss1b1e, smce the f1e1d
Yoo e -

»,homogeneIty is an apprecaable factor. in. determmmg the w1dth of’ the NH

_resonance. o ‘.~'

e S1nce allir ct1on m1xtures were aqueous so]ut1 ons, 1t was convement

o 1ock on the h1 bh frequency modu]atl on s1deband of - the water resonance.
- Thus the frequency ‘sca]e for all- spectra presented is cahbrated w1bh

t

'-;respect to the resonahce p051t1on of H20 protons

15NH proton l1new1dth 1n the. absence of exchange

An estxmate of the
,'for each spectrum was obtalned 'from the- decay of w1gg1es after fast
-passage through the water hne, f1e1d homogenefty controls rema1n1 ng . e
\ ' :_: _unchanged from the1r settmgs durmg recordmg of the 15NH spectrumh , ~' s
Spectra used ‘in 1ingwfdth determmatwn were obtamed 1n d1g1 ta]/

form by feedmg k_'pﬁ’output normaﬂ_y apphed to the graph1c recorder

.."r

b R = "‘5\:."‘?5 “%Sﬂ“?m?‘r



e : 1nto an Anadex Model DF—100 DC vo'ltage to frequencyu converter, and subse-

. -;quent'l_y 1nto KHew]ett Packard 5325A Umversa'l Counter for measurement

- .The sxgna] from the, soectrometer was b1ased at the 1nput to the viﬂ ‘Eage

:_to frequency converter to insure that the SIagnal p]us nmse was a]ways

.. "-.pos1 t1-ve. By pomtmmng’; of - the recorder arm, a record of spectrum

e amphtude could be obtamed as a functwn of S\geep frequency.. ‘A gate ,‘i";,"':f-, o

f

L 't1me of 10 seconds Was - aﬂowed for eachz count. R

"'."Ad1abat1c half passage ':.:'-"--:.r, o - ‘::, Y
S Adla"batm ha]ﬁ passage necessary for water 11new1dth measurements Lo
4":at the- hlgher temperatures used (T > so°c) was accovahshed w1th a home-». |
made sweep generator connected to the magnet sweep coﬂs. . The generator, * "' o )
e ‘w1th a c1rcu1t s1m11ar to: that descr1bed by Me1boom,34. cons1 sted of" three '
" 1 5 V. trans1stor radio batter1es connected through a var1ab'le 50 ohm SV

2y Y

' “'.'-res1 stor to an; on- off sw1tch In makmg a typu:a] measurementy water" el

’ o, »

resonance wou]d f1rst be centered on. the scope w1th the phase ens twe

e ~..,_/’ .y.‘li

' :detector adJusted to the d1spers1on mode. Wi th an rf attenuatwon of 80 db

the sweep generator w0u1d be sm tched on. A current of 10° ma to 20 ma was

‘}'»‘-‘necessary to s1t JUSt off resonance After havmg been he]d on for severa]
va1ues, of Tl’ the swﬂ;ch would be re]eased to produce an exponentla'l sweep S

o back to the center of resonance w1th t1me constant character1 zed by the

"-_res1stance and the capac1tance (500, 700, 900 or 1100/mfd as des1red) of

1
a

o :'the c1rcu1t The resultmg 519'181 was et rded on a’ Texas Instrpments-

- & -osc1'l]o/r1 terrstnp chart recorder
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;difg~."f,j?f _'_4: Another thermocoup]e w1th the sens1ng Junction 1nserted 1nto an
o .f}_ n m T tube was p]aced 1n the probe to measure the samp]e temperature.‘ »
ftj;; ":. ! Any smaTT d1fference between thﬂs temperature and that of the a1r stream g
B "f at the haSe of*the probe was corrected for by adJust1ng the emf sett1ng iﬁdhii;;f]i:

"~..,

T S of the potent10meter The overa]] controT and accuracy of the sampﬁe was ,

better thanﬁﬁ>}sc %1‘ !
B QQ« ] ; - . ’ . ' '
Meas\(eméQ1 made at temperatures near that of the probe (about o
‘ 28°C) or somewhat higﬁer re 1red no precond1d1on1ng of the a1r enterlng
- the probe.‘ For measurements made above 50 c, he a1r was preheated N
' ‘-a.l.‘_, : \.' L _"'- . e el ‘}' ."'-'-. ot . “"_ . e . '._.'.‘ [:J i
"'.,_,““,_{\" \ ‘ . .ﬁ. " - ': , " ' p ‘_,."'-' <, ',.‘. ‘_" - ‘,’. ’ R 2 ,:v v

AR kil (O B

.~ |‘ r

;'“ff;g?j;'yrd’;\ ; ‘The rad1o frequency f1e1d H was callbrated u51ng the ad1abat1c ’j;{f?'f_g;i
| e han passage techn1que ~The decay constant 1/T(H1) was measured at ‘f’
probe temperature (about 28°C) for the H20 resonance of an aqueous ac1d1c '{i°=ff;;
(HOCH CH2)3NHCT soTut1on haV1ng a pH of approx1mate1y 2 The chemwcal N
Shlft 6 between the NH nesonance of (HOCHZCHZ) NH and water under thetf

o cond1t10ns used 1s known to be 3512 rad sec },;8 ; ;L~L“:?‘hj' ;a'ﬁiﬁwft‘
. rﬁ' The vaTue of 1/T(H ) of the water Tane of an HCT soTut1on of the - i

same pH measured at the same temperature by thé ad1abat1c han passage"‘f.ﬁzpfﬂ J;-fi“

L-fi ,.‘ruf ;‘;' techn1que was used to approx1mate the vaTue the decay constant 1/T(H1)u:

of the water Tlne of the (HOCHZCHZ) NH so]ut1on would\assume 1n the ‘TSHA,H“ '
' ‘t,-'

‘ absence of exchange.. That 15, l/T(H ) of the HCT soTut1bn is takeh to be .
{'.ﬂih°l‘*‘, =f 1/Tl of equ%¢1on 17) for the sa]t soTut1on Its value was\found to be u"'n'~

R T N D N
e ,I constant regardless of rt field” attenuat1on. Tt T ','I N

) ‘ ” - o \ .r‘ ~, |
' Hl was found to be'w1th1n 500 rad sec 1 .oF, 3500 rad sec 1 at 100 db RPN

l\ ..- ' -..'
) .l"':u' ; \ s a vl

: . of rf power, when determ1ned per1odsca11y throughout the exper1menta] work -
'.14, oy e ) \ , R o : o °A . o "J.,'
: ’ ' EEIA . - s
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It should be“po nted t the;vaIUE“of js needed to.compute

for“the exchange between

?"u. - ﬁ.-d' The va]ue,oﬁ;the férm, {f1c£nt1y ]e§§ than Gﬁﬁ,{so that eYéﬁf

does not apprec1ab1y a1ter comput

ed va]ues
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"‘.}" of ‘% 28 at 25 C, w1th pKA medsurements made over the Nhh§1 concentrat1on if

i L . ) . . .. L y ' 33 -
SN IV RESULTS LT
.;;The pK of 1’5NH4c1 o "’l'.
The pKA of 14NH401 has been measdred by several workers over a o
' _temperature range 0°C to 50°C 39 40’ 13 Emerson. Grunwa]d and
; Kromhout,13 us1ng the dufferent1a1 potent1ometr1c method of Bacare]]a
”‘iet a], 37 1nvest1gated the salt concentrat1on dependency of the pK .”.’7 L T
f 14NH4C'I at 25 C over the NH3C1 concentrat1on range 0 25 M to 2 99M, . ‘1; u,:ﬂ f
Aw:In wh1ch fa]]s the NH4C1 concentrat1on range of 1nterest 1n th1s work . ‘
o The1r findings, presented graph1ca11y as- a fuhct1on of NH4C1 conceﬁ’ i(“i#":_.'
'f;trat1on on]y 1n F1gure 7, are glven by the equat1on%§ :,as_ o o
609 Ky o= - 9.206 < 0.132[NH,CT) - 0,188 [KCI] L U Cuo(21)

° -
‘f

Measurement of the pKA f 14NH4C1 1n a somewhat 1ower sa1t concen— .

trat1on range was condUCted 1n the course of th1s work to determ1ne ;f;fﬁ
whether such va1ues cou1d also be represented by equat1on (21) Tab1e III
conta1ns these\Values As can be seen 1n F1gure 7 (p 34) where1n these
data a]so are presented these pKA va]ues beg1n to fall ‘off- from the 11ne o
"-.g1ven by equat1on (21) at 14NH4C1 concentratlons 1ess than about 0 é% M

40 -

It is of 1nterest that Bates and P1nch1ng report a sa]t coeffoc1ent

- range 0 008 m to 0 107 m. The s1ope of the curve descr1bed by the pK

-7!hwva}ues obtawned in: th1s work has a va]ue of —0 28 at an NH C] concentrat1onj5'f:e

”'5;‘:0f about o 13 M. A s1m11ar p]ot for ‘CHNH C1 has a]so been found to be

R 18 L
RN non- llnear, w1th a 1arge 1n1t1a1 s1ope A SRR 3' T
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‘EfE_of the 1sotop1c salts

-7;4“‘;concentrat1on 0 25 M.

15

- 2835 76

: "f temperature range 1nvest1gated

IR o 5322 '_
'5;T'ﬂw.~ S

d ‘14

NH4C1

' 5f1ndlst1nguishab1e at an NH4C1 concentrat1on of 0.25 M
S

;other temperatures would have been con51dered necessary

NH C] are best f1t by the emp1r1ca] equat1on

—

It was des1red td 0bta1n the rat1o of the ac1d d1ssoc1at1on constants
NH4C1 an pKA va]ues
'}yﬁimeasured at 25°C for the 1sotop1c salts were, w1th1n exper1menta1 error,~,
Reproduc1b111ty

‘}'of the resu]ts 15 demonstrated by the three determlnatlons at the 14NH4C'I
Had the des1red rat1o d1ffered great]y from 1.0, measurements -at. '
S1nce 1t d1d

' “pnot the rat1o 1s assumed to d1ffer on]y 1ns1gn1f1cant1y from 1 0 over

e .both the concentrat1on range of NH4C] spanned 1n thJS work and the - o

Inf1n1te d11ut1on va1ues of pK reported by Bates and Plnching

0.001225 T gL




e

gfp‘ concentrat1on range of from 0. 01 M to- O 23 M and at NH4C1 concentrat1ons

L et oa M, 6.6 My and 0.8 M. el e T e

:'"7;fseen in F1gure 4 {p- 21) The frequency d1Fference GNH between~the NH.

It e Y -5 AR

""over the temperature range 0°C to Seﬂg Upon convers13h of the1r measure-'

:t-ments from mo1a1 to correspond1ng mo1ar quant1t1es equat1on (22) becomes

oo wesenan T
log KA STt 0676 0L00L7Z T L e e (23).

i"‘S1nce the ac1d d1ssoc1at10n equi]1br1um of 4NH4C'| has been estahllshed

'.":as an adequate mode] for that of 15NH4C] at 259 C equat1on (23) 1s ;:~j
adopted as a descr1pt1on of the temperature dependency of the ac1d ‘
'de1ssociation equ111br1um constant of 15NH401 for use 1n thlS work
'Spectral-features,g T ?": :',1} o \'fh‘lV.( A

3 The exchange react1ons of interest Were stud1ed over a hydrogen 1on

e

-

Spectra, in. genera], cons1sted of the NH doub]et resonance, for

'u"‘#wh1ch the coup11ng constant 15 74 2 Hz, approxlmately 240 Hz dOanleld

‘ “::'from the s1ng1et water resonance of much greater 1ntens1ty, as can be

-

it .t

Eh resonance'and the water resonance was 1nf1uenced by the severa] var1ab1es
'~'of/the exper1ment, most marked]y by the hydrogen ion concentrat1on : In '3~:"

:'the spectra of strong1y\ac1d1c NH4C1 so]ut1ons used to 1o0k at 11ne .

;f broaden1ng 1n the absence of exchange (see Chapter v, pP 74 - 78), the

i NH resonances observed l1e upf1e]d from the water resonance

Reactant concentratlons and samp]e temperatures were such that

'measureab]e var1at10ns were 1ntroduced 1nto the n. m r spectra1 features
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: rEt1ecttng‘proton euchange.ffFigure‘B.shows the'yariation in the.Nﬁ o
.resonance with temperature.. - o . o o |
Exchange rate measurements were made over the temperature range RS
;30 C to 80 C Be1ow 30 C, the 11nes of the NH douﬂ?et for ‘the react1on
4ﬂ'.m1xtures stud1ed are d1st1nct and narrow The natura1 11new1dth p]us
.broaden1ng due to f1e]d 1nhomohene1ty s of comparab]e magn1tude to the
x‘exchange broaden1ng, render1ng accurate measurement of exchange broaden1ng
d1ff1cu1t Above 30° C, as exchange becomes faster, (l/r)NH becomes d-’
apprec1ab]y greater than (1/T' NH The error 1ntroduced by the assumpt\
't1on that (1/T2)NH 15 equa] to (1/T )OH becomes 1ns1gnif1c nt. compared to
E ,U"ANH’ S0 that (1/1)NH may. be extracted from the ]1new1dth Sy us1ng a va1ue
1tf0P (I/TZ)NH obta1ned from. (1/T")0H of: the water w1gg1es hj ,”' 1' 73 o
Such a procedure was used in the range 3o°c to 50 c where, thankS'to

the 1arge 15N H coup11ng constant the co§d1t1ons of 11fet1me broaden1ng

sonance for most react1on

-

are met by the members of the NH doub]et r

H

.A-mthures stud1ed Over]ap becomes 51gn1

- -cond1t1on app]1cab1e to react1on m1xt es. ‘at 50 ‘and to m1xtures of 1ow .

”“hydrogen jon concentrat1on at 40 ¢, herg1ng of the 4nes 1ncreases the

.

'-apparent width at half he1ght and makes base11ne determ1nat1on d1ff1cu1t

“'f.The art1f1c1a1 1ncrease in (l/r)NH as a'result of over]ap Was compensated

- .for by subtract1bn from the measured 11new1dth Q. correct1on term ,

(1/T) 3 WTth '

COTF

S TR AL T'corr: .

."(I/T)Corr was found by app1y1ng 11new1dth computat1on procedures to -

N : . . oy
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. Sterkal

‘* theoret1ca1 spectra computed from an express1on given by Takeda and

30 such as presented 1n F1gure 1 (p 12), with J equa1 to

':f74 2 Hz,\and the varwab]es (1/T )NH and- (l/r)NH ass1gned appropr1ate

.‘values The d1fference in the l1new1dth computed and the sum

Its value ranged from Tess than
-1

(I/TZ)NH + (I/T)NH g1ves (IIT)corrf
0. 1 sec. -1 at TNH 0. 04 sec to 1 6 sec at T™NH = 0.0125 sec
" At faster exchange rates, 1t a]so became ev1dent that the observab]e

(1/T )OH\from water w1gg1es was no 1onger pr1mar11y a measure of the

= transverse re]axat1on and 1nhomogene1ty broaden1ng, but 1nc1uded a 51gn1-: -

'ﬂ f1cant contr1but1on from exchange broaden1ng The extent -of th1s broadenIng

was est1mated by extrapo]at1on of the (l/r)OH {l/T(H ) - 1/T ] va]ues from ,

.‘water Tine broadenlng measurements‘made at h1gher temperatures, thus - a]low- ,

--}1ng the 11new1dth in the absence of egchange alone to be extracted from .

t(l/T; OH va1ues obtaIned from the water w1g91es The correct10n was made"

at 40°C and at 50 C Tab]e IV g1ves extrapo1ated ‘values of (1/1)OH

",: “"5["'

Table IV: “Ertrapolated Values of Water Line Eichange-Brdadening-'a

' .i] ;; f"';_{i' ;.T T (1/1)OH in sec -1 for [NH4] equa] to -
’ 04 M S0 M 08N
_ w‘
3% - 0.089 + ——;—0[30‘]’1 o+ ___ﬂ_tiaom e+ 0[30‘]’5
Cat ;~?jo 20 i & 3003 0,30 % 0, goos».l . 37 o[gou
0% v 041 F __,,._.0[3035‘ . 063+ ——ro[ﬂoﬁz o076+ BIORET
X
9 :
’ 5 “. r.'
,‘\ ‘:;‘
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o . :The NH‘resonahce ocdurs on'theiwing'ot”the water_Tihe. 'This,'ﬁj: :
. "{“ o produces‘a baseline for the NH resonance of non-zero; non-Tinear '
i ,fvintensity, becoming more pronounced wfth faster exchange To account
'for th1s, the wing of the water line was assumed to be able to be
“.-descr1bed by a-parabo]1c curve -Basel1ne 1ntens1ty on or. near the NH -
‘resonance ‘was 'then found by parabo]1c 1nterpo]at1on of 1ntens1ties
; measured ‘where the' NH resonance was neg]1g1b1e L

To summar1ze, correct1on was made to. digitized spectra1 data to

ChmntF R S L

account for (1) over]ap of the peaks of the NH doublet, (2) a- contr1but1on .

. .'}_';.' : gﬁ#rom OH - NH- ‘proton exchange to. the magﬁftude of the decay constant of the "
| o water wiggles, and (3) non-zero base11ne 1nten51ty due to the water 11ne.
Factors (1) and (3) tend -to 1ncrease apparent ha]fw1dths of NH resonances. o
. Factor (2) 1f left unaccounted for wou]d cause (1/-:)NH values to appear R f .
to be tog small. -All three® factors are ‘more 1mportant at 50°C than at - - |
the Tower temperatures . _ . A
-Above 50 C mergxng of the 11nes of the NH doub]et made it necessary :
to abandon d1rect .measurement of the. NH 11new1dth Since above 50°C: - . - 0

4 . - A

; ,exchange broadenjng of the water ]1ne becomes s1gn1f1cant1y greater than e

S I ———

(lfTé)bﬂ; the a: batic ha]f passage,techn1que became usefu],

W

Vo . .
. . . “ ; . ' - . L
- o R . ‘ = : . L
. E T .l , . - - .
e - .. . . .

- VT Nt ar

éu." .\¥\N$'; ~NH 1ine broadening measurements S c ST - o
" -ﬂ ) s' .+ .The exchange broaden1ng df NH proton lines was used to determlne.the ; .é: ‘ i

. mean 11fet1me TNH of a proton in the NH4 enV1ronment. NH is re]ated to %

the spec1f1c rate of exchange RNﬂ‘of any NH: protOn by the express1on ”E

. - - —

Ay, = M - (25) :

o [NH] S 3

!
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'¥ respons1b1e for proton exchange,

] 1on concentrat1on in. F1gures 9 10, and 11 for NH4 concentrat1ons of

7gthe‘pTOts;(iff)NH:Versos,l/[uf] are linE?rt efhe¥‘9"??1e“the.determtnaﬁi°ﬂ ': .

- A._i SRR
O ' “':4'1,
The spec1f1c rate is four tlmes greater than (1/1)NH 51nce there are four 54'
. _ hydrogen atoms bonded to each nltrogen atom 1n the NH4 spec1es -'_i f.f:- T s
In terms of the var1ab]es descr1b1ng the rates of the reactlons f‘“ 1‘: ;~il"t

g . . k '_“k R . “'k ‘. ..\,: L ;Ink,x-, ) ' N ."' . N ."
! c 4,06 - TRR TP I . -
ST Ty T g P Lo

where [NH3] may be rep]aced by KA[NH4]/[H ] For’any reaction"mixture

exam1ned the NH4 concentrat1on may be cons1dered to be the forma] concen- ,
trat1on of NH4C1 the hydrogen ion’ concentrat1on is equal to the forma]

concentratmon of HC] " The rate constant k has been mu1t1p11ed by a

factor of L because,.for react1on (6) transfer of protons between the

e, ]

.env1ronments of N nuc1e1 of d1fferent spln states on]y resu]ts in 11ne .7 .

broadening Therefore, for 15

N w1th sp1n n only ha]f of the transfers
descrnbed by react1on (6) are eV1denced by (1/r)NH .
VaTues of (1/1)NH computed from 11new1dth measurements are recorded

“in Tab]e V (l/r)Ng is shown plotted as a funct1on of rec1proca1 hydrogen -

0 4 M 0. 6 M, and 0.8 M, at each bf the temperatures 30 C, 40 C and*SOOC

[P LU I QU N

The contr1but1on of react1on (5) to the 11new1dth is neg]ected, as 15 to

be d1scussed in th1s chapter (pp 53 - 54) As requtred,by equat1on‘(2§)

. s, '
: Tt g
2 R A AR

when rewr1tten as fo]]ows.- ". SR 'f\ ‘” ) o
S T ity TG
4 6 | KgLNH, S : . oy
, Py = — + (— + ——-) ———— SR ¢74 I

oo . ' . ., i . . R B N
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o ‘_':‘, of k and the quant1 ty "2 A (k6/8 + k7/4) K «f'or each NH4 cor'lqeﬁ};r’fatﬁ_‘f.fd
AV and temperature 1nvest1gated L

+

.\\n

T-';_': ' Recorded all Tab]e VI are the Values of k and kZKA determmed from

"1

4

9 : e
PR A hnear ﬁts to these data. : R TIPER

”llfgilet 0'112 '55 2'” 6,314 ’%;’ff;} 0 650
0, $'+ 0. 004 P ;+-0 012 L8 £:0. 069

ib'112 47 g o 289 -;{['98 4" o, 641
ClnE o oos K3 L 4 £°0. 009 i .’4,,3 ! % 0; 032




‘.‘_ﬁ' temperatures 50 C »_‘65°C, and"BO C, also gwen m Table VII (tms page), ok |

'were found by f1tt1ng the dataf to an equatwn of the form







'j,Table v111

_.}:f‘Values of (1/T )NH are g1ven ini. sec :
& . figures is-greater than . the, acéuracy of ‘the measurements and are glven
'“_.to avo1d truncat1ng errors 1n ca]culat1ng rate constants o

._1.

(1/1‘)NH, from water L1ne Broadening Measurements

The number of s1gn1f1cant

’ T -;,“o 399 M jﬁj-

A

(1/r )NH for [NH ] eqUa] t0 RN

‘;i. o 598—M

-r‘

0 799 M

‘ *1f?fﬂ;at so°c

TR0, 01041; ;“H;{a-,f?“’
SR B 2L e R
04019 T T
e 0,026 L
P ‘*-‘-“".": o 050.:" . .. Sl )
ariet 0,092 e, W
AT E0L168L L
T 0,230 ‘

"*hgat 65°c~~"'“""‘

.-»0 010f‘
00,014,
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Tab]e IX‘-

Rate Constants from Water L1ne Exchange Broadem ng Measurements
R ﬂ!a‘lues of k4 and (k7/4)K are gwen m sec

00877
o E _— 00090

.‘:523'

£.0. 079 _ ‘4' 00,
0 187‘ * :-f'f‘. 7‘.59 o 407

"y

-constant reported to be 3 0 % 10
ﬂ-

be neg1ected

10

-

3.

".'1’-n;

0f hydroxy'l 1on 1n the reactwn m1xtures exammed 1$ however, so smaH

& o 037 ® 6; * 0. 033 '

In extract1ng k1net1c constants from NH and water lmevhdths, the
contr1but1on o-F reactmn (5) was neglected

Th1s reactwn has a rate

at 20 C«16 :rhe concentratwn

that the c0ntr1but1on of reactwn (5) to the observed rate of exchange may

(k5/4) [OH ] 1n equat1on (26)

:
o

The hydroxy1 1on concentratmn may be obtamed from the expresswn

for the 1on d1ssoc1at1on constant Iﬂ" of water 1n a sa]t so] utwn'

Th1s 1s demonstrated by an est1mat1on of the term

'.\
‘
{..

‘.al‘

'\' ‘4
o [NH4C]] .at 500C : at 650(: . '-'I. at 80 C
L ’;"?4.. (k7/4) '_k:44. (k /4)K | 4" (k /4)1<
B P T :5 ok 0 099 _.?'::,_':, 14 o 021,
TSI s.f-;,; " r
‘;-_'_'1’48.3-" | 10:09 .,354, .o 194 .345‘ ;0 433
o 2 x.0; 015 10
139
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L This computatwn apphes to the mlxture at; 80° c for wh1 ch, the NH4 concentraw '

(gt Mg S e

. _'where (YH+ vo"«/a 0) is. the act‘nnty coeff1c1ent funct'non for water,.

s and mH+ and mOH" are the respect1 va mola11t1es of so]vated protons and

-ﬁ

: hydroxy] ions. . lg‘ 1s Well known over the temperature range 1nvest1gated 41

."’The hydrogen 1on concentratwn of the react1 on m1xtures 1s predommate'ly
- ,".}‘due to HC] ; Smce the 1or;1c act1v1ty coeff1c1ent of H20 1s simﬂar'for K ‘

most ch10r1de so]utmns, o KC] may sat1sfact0r1]y be adopteq as’a’ mode] , i

" .'vfor NH Cl, and va]ues of the act1v1ty coeff1c1ent functmn m NH4C1 so]u-. o ‘ :
| "tm" may be °bta‘"8d by 1nterpo'latmg act1V1ty coeff1c1ent functmn data*

*.
for water 1n KC] soTutmn. .

If k5 15 ass1gned an energy of actwation of 4 kca1 mo]e , ‘a‘" reasb‘na"b'ié'

-

. upper hlmt value for d1ffus1on contro]]ed reactmns, the greatest contr1--.

- ';._j_‘but'mn of react1 on (5) to the observed hnew1dth of the NH resonance of‘ the
-1

_"~,react1on m1xtures stud1ed is- est1mated to be 0. 29 rad sec 7, or about 0 12 M

x.'“__":‘..percent of the tota] exchange broadenmg (1/1)NH for the partacu]ar case.;.,"‘j -

:',,twn 1s 0 6 M and the HC] concentratmn 1s 0. 01M For aH other cases, ‘-; \

,' '--*the va]ue of the term wou]d be smaHer

,‘i‘nfi'rﬁ,te".di.].uti Qn rate ‘oons_tan ts

Because eXChange 1s momtored at dynam1c equ1hbr1 um. I BRI

AR Values of the act1v1ty coeffment functwn for KC] were obta1ned from SRV
.".ff;l{ H S Harned and MO Hamer m reference 41, pi 752 L

=
Il‘u'

g i et B R T



_‘." :‘ﬁu\ﬂ $>‘ /-311;\,,. o

; 3 A -
.*‘where ki 1s the rate constant’for the ac1d d1ssoc1at1on process, and SR
.,:--‘_k the rate constant for® the recombmatmn process. As 1s to l;e 2
S shown 1n Chapter v (p. 70),‘ fo;' the - anmomum 1on, fthe observed rate Ve
i I-l:"_.r constant k4 1s‘ approxwmately équa] to k , and k 4 can be 1dent1f1ed B '
w1th k 2 so that L , . '
| ;,‘4' ;;*‘-'*A-_‘,;k_-; -_-,j e ; {) .

Experimentally, _1sother'ma1 va'lues of ]og k4 have been found to be ' .
a 'I1near funct1 on, of - sa]t concentratmn for the ac1d d1ssoc1at1on of »
NH4, CHlhg; and (cu SN 13= 18, 20, Thus is. the case with the present |

7-"data (refer to" F1gure 15 p 57) If the pos1t1on of the tran51t10n :

_~“ state for the acid dwssomatwn a]ong the reactwn coordmate is assumed

-,","to be c]ose to that of the pr‘oducts, k , and thus k4, may be shown to

.'vary as does KA with 1on1c strength 42 A a S

-

Med'ium effects on 1sother'ma1 vg]ues of KA can be 'pnpgi'ngeted'_b;y.ﬁ'i.- IR

'.the fo'l1ow1ng equatwn. '
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:__.'Isother'ma] va'lues of k4 shou]d then show the same 11near° dependence on

L fonic” s‘tren‘\gt'h.. That 1s, "‘)“7",'-"1' 'f._? o :.1.' L .‘.,; B NP f
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4 shou'ld equaT B}'\"' Accordmg'ly, hnear 1east square fn;st’r to P]ots of

l "_"";.‘

: log k4 versus [NH4C1], , shown 1n F1gure 15 are used to f1nd va1ues of
i R l ' P A
ST ang b4\ Depehdence ofv k4 on ac1d concentratmn has a] readytbeen T
." ..:~\ ,.-',‘ . PR l SO - -‘_.v..'.

a,ccounted for b_y prev1 ous exfrapo]at'l o‘n .of (l/r) H and (1/-: )NH va1ues
to-mﬁmte d1fut10n w1th respect to [H ] Values of k4 and b4. are ‘3 1
pre"sented m Tab]e X The equa'hty of b4 and BA wou]d JUSt'I fy assummg

the trans1t1on state to resemb]e the product, andtwould thus be1c0n51stent

, m th the theory that the reverse reactmn ( 4) 1s dlffus‘\on cor‘ntro]]ed
""" o 6. “ ;
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‘};'Zﬁﬂi,ff’j;‘r'Thé pK appears to 1ncrease mOre rap1d]y w1th sa]t concantrat1on 1n th1s

_"Eilow concentrat1on range than it, does 1n the c0ncentrat1on range of th1s T
e, '-., . o Y .
"1 work B measured by Emerson, Grunwa1d and Kromhout1

for the NH4C1 N

B ; “jg:‘“concentrat1on range used 1n th1s work.ﬁ It)can, howeVer, be assumed 'By

e el : e hd ‘

ghe low concentnat1on Va1ues reported by Bates

agadopt1ng the béhav10r og

u.,{

‘fth1s study have va1ues of,relat1ve v1sco§gty n/nﬁ_very c]ose to hn1ty

o

.‘ ~.‘ RN _-

'term andua k7 term) wou1d then be expected to exh1b1t~no var1at1onvw1eh7

10n1c strength.‘ Tbelexper1menta]1y determ1nedzva1ues of kZKA‘

'»"\; 8 -

so that
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parameter.; S1nce the scatter of the data about the 1ine described by

3 : equat1on (40) does not seem to be part1cu1ar1y method1ca1;"and s1nce

‘ 1t seems best not to c]alm observatlon of a ACP

As a matter of record the three parameter f1t of the form :'-'l i

+ log (%f =

' m]] b_? 'gi_vgh,‘her'e:";g, Centa " [N ) i "‘: ~.Z i
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Th15 form, suggested by Harned and Rdb1nsoh 43 requ1res ACP be d1rect1y

PR
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temperature depeqdence of act1vat1on entha]p1es 1s d1ff1cu1t to ascerta1n,<

]og ( 7 ?lgi-ila + 21 32 = f0201?99§T3:5,¢f231~;Ajljfra.(42):f_fﬁfy‘l“

proport1ona1 to T 'fil;r.ﬁ -vlja',.-ft ':j,ﬁ;g; ]3fi‘ﬁ‘ff_:f'_‘:" fft.h;’~f

The entha]py of act1vat1on AH4 for the ac1d d1SSOC1at1on react1on 1sgf

determ1ned by equat1on (40) to be 14 6 t 0.3 kca1 mo]e 1

' act1vat1on AS4 1s —3 6 e. u f ;t>";_';,_1.'“f

Equatzon (23) 1s of the “same. form as equat1on (41), and g1ves the

“::¥_4?{ log KA values of Bates and P1nch1ng as a, funct1on of 1/T’and T.A The:i. .-
| parameters ana]ogous to AH4 and AS4 for the ac1d d1ssoc1at1on equ111br1um}l;h

change with temperature, according to- equat1on (23), and are presented in-f‘"

Tab]e XI for three temperatures : ACP 1s approxlmately —3 ca] mo]e 1

& at 25°c. _-_;,«J 5 ‘;;ﬂi’,fr\:"'

e Lyt

EVerett and wynne-dones39 report ACP to be essentia11y zero. and

The entropy ofﬁfi'

AH° to be a c0nstan¢ equa] 0. 12 40 keal, mo]e 1.;‘;* ﬂj;;}g, “ﬁ”;d?yﬁ;ﬁﬁjfyjf7.
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T Grunwald and Ku have measured the rate constant for the symmetr1ca1 : 53?
ii: exchange process through water for aqueous ammon1um 1on at 30 c u51ng a ff"‘ o }?
.:ﬁj : spin-echo techn1que, and report a.. va]ue of (5. 0 + 0 4) X 10 sec - -1 M 1.: K jﬁ
" -l'. ! .w ,_. ‘ ..g
DI The va]ues of k7 extracted from water 11ne broadenlng measurements o o
. . ";~1n th1s work are not expected to be as accurate as those of Grunwa]d and o
R "ﬁKu, wh1ch were made at lower hydrogen 1on concentrat1ons. Taken, however, 2
o 1n conJunct1on w1th the1r value at 30°C the rate constant data présented ;

L.h : f1n Tab]e XIII approx1mate a p1cture of the temperature depencency of. the s
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1;ithe v1c1n1ty of these so1ute specwes
‘“:-forgan1c groups 1n water are so]vated and the nature of so?vent so]ute "

,‘:1nteraction has been under recent scrutlny. 2
'{i.ffbr1dge'15 known to ‘be very fast Proton mob111ty 1n 1ce crysta]s has

"'Jhydrogen 1on thh 0H w1th a rate cond&ant of 1. 4 x: 1ot

N .lthe fastest known

'ig~subJect to dlstort1on caused by charge, ster1c, and other effects 3s. & B

T Ty T DSCUSSION L s T

»

_l For the genera] case, am1ne B and 1ts conaugate ac1d BH may be

) m‘;regarded to ex15t in aqueous so]ution 1n varlous rap1d1y equ111brat1ng 3

‘”Q,so]vated fonms, B-:-(HO) and BH (OH) Of the am1nes, the swze and

C b

3’structure of NH3 and 1ts conJugate acid NH4, resemb]e most c]osely those .

e

“ﬂfbf the correspond1ng spec1es of water, H20 and H30 In aqueous so1ut1on, ;' ;'

o m1n1mum d1sruptlon of the 11qu1d water structure ‘is thought to occur 1n

13 The extent to wh1ch nonpo]ar ff:;.,f

17, 23

It is the ex1stence ‘of hydrogen br]dges that a11ows proton transfer

'7tfrom a donor to-an acceptor spec1es, wh1ch can in so1ut1on be separated

c"by one or more solvent mo1ecu1es Transfer across a s1ng1e hydrogen 7‘5

'“l'been determined to g1ve va1Ues for the 11fet1me of H. 0 of 0 8 x 10

:ﬂto 1 x 10 13 sec.44 df‘reactions 1n so]ut1on, the recombinat1on of the

11 1 is one of

45 Fo1low1ng the’ tendency to hydrogen bondﬁng, the f?;i;.:uff

e

*~,{rate of proton transfer between spec1es of 1nterest 1n th1s study would

"I:para11e1 the ser1es ’ L
OO OH s M s NN T T e

ﬂ.ffoutlined in Chapter I (pp-(l - 3) The rate of proton transfer a1ong a Td'n.?ﬁ:-l',
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number of hydrogen brxdges comprlsing the framework of a hydrate comp1ex

1s determined by the extent and nature of the so]vatlon.

ObV1ous]y thene are many var1ab1es to cons1der when exam1n1ng the

k1net1c propertIes of proton exchange react1ons., Much 1s now understobd

about ‘the mechanlsms of the react1ons under study v These mechan1sm5 w1]1 .l:ﬁ;fﬂ

be presented 1n the fo]low1ng d1scuss1on, and the resu]ts of th1s work

I
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Th1s 1s a one-to one transformat1on so that the atoms to whuch eaoh atom

[ l

1s bonded remaIn the same, a1though the bond1ng sequence has sh1fted. n::..én'-“*

\.4.
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body of data that has sxnce been co11eCted on the exchange between a1ky1—

ammon1um lons and water 1nd1cates that the Swa1n mechan1sm 1s app11cab1e K

9, 23=’and that the 1ntegers i and m are both greater than :}&:,

zero 20 .%ftﬁul_wn.? , ';’ :'.,,Z“ 2 ';3 "f:fiif'.un.;‘;f"a

PR

', to these systems

| - ;4;///As 1l1ustrated 1n Chapter I (p 6), proton exchange between a1ky1-:;l-
e :'5 ammon1um 1ons and water or methanol 1s great]y suppressed 1n strong]y
o ac1d1c medTai The rat1ona1e for the apparently anomalous suppr8551on of )
reactxon rate, presented by Grunwald 20 4 1s that upon d1ssoc1at1on of the o

a1ky1ammon1um 1on BH > the am1ne B retains 1ts contact w1th the prev1ous1y

cova]ent proton, and that exchange is effected on1y by the break1ng of S
th1s bohd . 1In other words the 1nteger m 1s greater than zero‘ At h1gh ;r
hydrogen 1on concentrat1ons, the term k [H ]/k of equat1on (52) becomes | :,”ﬁ
: UJ:V4 1arge, and therefore k4 becomes sma]T ' ;'f 3' f ~a “" ]'f ff. ‘}ﬁ?};_zt&"~!f

The rate constant kH for- the break1ng of the NH "'HO hydrogen bond {_‘7 ir— }f“

| '.i:ﬁ‘ has been eva]uated at 25° C_to be 22 X 1010 sec }. and is. the largest va]ue g;;{aA

D L of k for. an am1ne (refer to Table II P9 ) In the present work ;-2j'"~' i
A;fﬁ : the break1ng of thlS bond was taken to be suff1c1ently r&bld that for the _' _Ef
B ' f pH range used the observed rate constant for the. exchange cou]d be-1den- ‘ ”_ﬂf';”]é
:fhﬁ. t1f1ed w1th that for the ac1d d1ssoc1at1on. .«Zafm 5_‘; f;3<f¥*3 ﬁ;iﬁff'ilfi’;‘ unh

- _a~ \ . f*bf~f5]*i7f' H : ' 3 jé
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for the d1ssoc1at1on of NH4 X If the va]ue obta1ned for the rate constant

;f}i "f'tﬁ ' k 4 fOr the recomb1nat1on when\extrapo1ated to 25 C 1s taken to be k RS
B AR at that temperature, then the term k_ [H ]/k assumes the va1ues = ffiﬁj'ﬁ 77251”'$
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g R A o:oon for [H J = o 01, at 250 c and R N
£t MRS = o 033 for [H ] '= o 23, at 25 c Rl T e
T Thus the assumpt1on k4 k 1s Just1f1ed :.Ie‘f":4f il'f"' N .
Lo ' SRR S .

% Tyf::%'llﬂty ﬁj" A f1rst 1nspect1on of the p]ot kg versus 1/T m1ght lead one to

:j°fh‘c‘ the conc]usion that the two methods used to measune thb exchange rate<131

S Y
el i TSN

e
o **kuu

for reaction (4) are 1ncompaﬁab1e. The over]ap at 50°C of the rate S ;ﬂ<7”fIQ"

c constant k4 determ1ned from the NH l1neW1dth measurements wdth those nfu:'f”“ﬂ
from the water ]1ne measurements 1s not smooth 'It 1s neverthe]ess '1‘; R

5,

bE11eved that the rema1n1ng k4 va]ues Present a re11ab1e p1cture of the LIRS

; .
: }: iaraat1on of k4 w1th temperatune.ﬁpihis'f::-Tmfff;ﬂﬁ‘:" ad,~ e e ;
: _ i' g ;f’; The accuracy oﬁ k4€50°c) der1ved from NH 11new1dth measurements ‘¥6ﬂ1f¥&ff;
E Aiiii:;;hiﬁ“ depends to a much greater extent on the methods ef correct1on for over]ap ‘i.ff,ni :
p _'if: - of the NH doublet peaks w1th one another and w1th the waﬁsrﬁ1ne than does i; h.ﬂhh '
;iffilé;ffgf'iﬁlz that,of'k4(40°C) and of k4(30°C) Of the h1gh temperature detg?mﬁnat1ons i{,.l; i
: T J:@ a]so, k4(50°c) 1s the ieast re11ab1e.: The\magn1tudes of 1/T(H ) and ,Lz'¥';1&. -
- ‘i (1/T )OH are of the same order.; The1 ;d1fterence';wh1ch approx1mates‘£fii"’
H(l/T)NH, 1s subJect to error QOntribut1ons from both terms. 'E B 7522:.5‘;5%;;“
.’j{f:L;”;,?; The data do not appear to warrant a351gnment of a. heat capac1ty of B ;l;j‘%.?
_ h A.act1vatton to the ac1d d1ssoc1at1onhreact1on.> Nor has the acid- d1sso-'ia;?;3{_ 1 . f
',;egli;.ilul "c1at1on equ11\br1um been reported to have a heat capac1ty chanée : n ;‘. - 4
4 g d1ffer1ng great]v from zerOe‘ Everett and Wynne Jones39 reportva AC of N L
;A:i::;.jﬁ*<ﬁ .o zZerd,. Bates and P1nch1ng40'report a ACP of‘zero 1n one 1nstance and - L ;‘
"f;f]7;1;;;{'f;:-3 ca] K -1, ioTe L in another.; By odhtrast,.stud1es”“” other a]ky]amm1nes:;. f; ‘
'-fh“'i _ ;: T have ye1ided posut1ve va]ues of ACP 8 0 ca] K mo]e 1, 23 1 ca] K -1 ':;: - 3
:'if‘;.'£5'5?%: mo]e _ —and 43 8 cal K -1 mole “1 for mono— d1- ‘ahd tr1methy1amm1nes, =;?fk_fsf-;“ E‘
, ;?2 : '*;“f jiif: f'?ﬁ E fi e . ig
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T connected by_hydrogen bonds such as wou
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'..;“e'ﬁv*; respect1ve§§ 47 The ac1d d1ssoc1at1on reactlon of tr1methy1ammon1um 10n

I

has”been reported to have a heat capac1ty of act1vat10n est1mated to be

CEe 5" 80 so ca] K -1 mo]e -1 203 l?*f'l"V’Vfif'*lg B lri}.f]“,sz S
,V . '“' 1’\ -: . P @ . ) .. . ., - . .._.' ’.b-' - T ' e B »'. ':-, _-: h‘.' - ...."‘,::“’/:' e ‘
P m:{A;C“)t?C§1 eﬁ%ﬁlﬂaF?99-9f:t“?:F?F? ;]}?%'E:ﬁia"" IR : iy
o LT e L '."w:' NS RLIIN. S \ '
" Before exam1n1ng the 1mp11cat1dns of the act1vat10n parameters
o ﬁ'ff determined for the recombinat1on react1pn. acceptancglof the results of
- u-.,f‘. S Ce
z th1s work in favor of the resu1ts of COnnor anchoewenste1n shou1d be
S Jusf1f1ed The resu]ts, after a]], 1mp1y two entlrely d1fferent
C . v

-{57 Sebak - mechan1i s for the reacﬁ%an, €f, that is, an act1vat1on energy of

SRR
*_/ essent'

(

v . e s

tunne11n through the potent1a1 barwger by the proton contr1butes

s1gn1f1cant1y to the process the act1vat1bn entha]py of the protonat1on

"ng;'; fAi should be at 1east as large as the activat1on entha]py for the d1ffus1on

*1“‘%”of the reacting spec1es to one another In order for tunne11ng to g1ve

a zero activation energy, the spec1es

S l

1-0 and NH must be c0nt1nua11y

'.b Found dn a so]vent cage so

that proton transfer cou]d occur-without the requirement of d1ffus1ong

f . .

.&Af='f} ' Such a s1tuataon ) p]1es an abnorma] attract1on between H 0 and NH3 or

a very stab1e netw rk of hydrogen\bonded water mo]ecu]es 1n the complex ~7ff4':“

)

6 . ',. - ." '\ ):

H : ..'
H N---(HO) o -HOH Ne1ther p0591b111ty 1s 11ke]y, part1cular1y the

tbtr?t B ]atter, s1nce the magn1tude of kH 1nd;catesythat the hydrogen bohd1ng

-."1s weak Shou1d the recomb1nat1on reaét1on be better represented by a

11y zero can be sa1d to 1mp1y any understood méchan1sm.“ Un]ess L
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ns]mght and a1most encompassed by the error 1n the AH4 va]ues, but could ;fE
. A .: \‘A .
;nevertheless, contr1bute to the anoma]ous]y 1ow act1vat1on evergy : &
- reported by Conﬁér and Loewenste1n.u o ."',:;’""~ ’1._'55,4; jjfﬁ‘ﬂf SESEINE

The Connor and Loewenste1n study was conducted on a. 60 Mc 1nstru- f,t

E tment,? wh1ch produces“s nals w1th amp11tude Q,36 of the s1gna1 amp11tude ’:; ’g
producéd on the 100 ‘Mc ;jch:;e\USed 1n th1s work.. A]ready, g1ven'equa1 'f l’
.. concentrat1ons of NH401 in squt1on, any one member of the 14NH tr1p1et ~‘.'a ; 'Af
@ﬁﬁé less 1ntense than a peak of the 15NH doub]et by a factor of about one .‘?~i; fng
hlrd The chem1ca1 sh1ft & of any resqnangewobserved on the 60 Mc - tnstru- ' E
ment 1s 0. 6 of the chemacal shvft observed 1n a ldu.hc—magnetac‘f:edd ' g

g7

Th1s becomes 1mportant at h1gher temperatures where the w1ng of\the\water‘”'t

cebre,
ey

=

resonance 1ncreas1ng]y encroaches upon NH terr1t0ry, necess1tat1ng base— R '%
Tine correct1ons to Tintwidth measurements» . Lk
It is not obv1ous from. the Connor and Loewenste1n paper how such -i\f‘f

]

e T

base11ne correct10ns were made, nor whether correct1on was made for

14

part1a1 co11apse of the NH mu1t1p1eﬁgbr for contr1but1on from exchange .15

broaden1ng to the decay constant of the water w1gg1es, from wh1ch the1r
est1mate of (1/T2)NH was taken. The1r measurements were ‘Tiade us1ng so]u-}'?f B

t1ons w1th hydrogen 1on conCentrat1ons as 1ow as 0.01 M, and at as h1gh

W\ >

a temperature as 56°C. Under these cond1t1ons, the above effects requ1re'f:t;
cons1derat1on The data of Connor and Loewenste1n shou]d be. appra1sed
keep1ng in m1nd the magn1tude of such‘effects Although no- one effect

) ment1oned above is’ 1n 1tself 1arge the1r sum m1ght be suff1c1ent to f

R

wa AL
-3 e

"5~ account for the d1screpency between the activat1on energ1es of zero for

react1ons (4) and (6) reported by Connor and Loewenste1n and the non- zero*- §

. TR - ' T ok
o act1vat1on energ1es 1nd1cated by these data._.- , _F
g K

Also, 1n the present study, greater f1e1d/frequency stab111ty was

.‘5’ .

.
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: ach1eved on’ the 100 Mc machme because of the 1nterna] ]ock system 1t CLe
K emp]o(ys, and the s1gna1 - to ho1se rat1o of the spectra -obta,med was o
' L

o L . mcreased by use of the vo]tage to frequency converswn techmque '
F1na1'ly, 1n comparmg the two stud1es, IS the matter of quadrupo1e .

14’!@ fquadrupole re]axatmn to the " S

. relaxatwn A]though contr1but1on of
. NH hnemdth seems Justlﬁably neg11g1b]e, . the p0551b111ty of such a A

R contr1 butwn 1s ehmmated ent1re1y w1th the use of 15N wh1ch has a

. zero qbadrupo]e' moment The ammon i urm 1on isa sphermany Symmetnca] oy .,
; ‘,., ".-."1-0":- E]ectr1c fields: w1th wh1ch“the nuc1ear quadrupo'le can 1nteract may’ " \ i
however, be set up w1th spec1es Cou]ombica'l]y attracted to it. F]gurg 15 . : y
shows the spectrum of a. str\ong]y ac1d1c aqueous so]ut1on equ«ﬁ 1n ”NHAC]" . ‘K !
g 18 ?

NH4C1 concentratwn Note the d1f‘ference 1n the widths at ha'lf he1ght

of‘the two absorpt1ons Proton exchange 15 great]y suppressed, (1/1)NH

"y

o est1mated to\equal 0 0460 sec 1,« correspondmg to.a broaden1ng of only A
0 01 Hz atr ha1f he1ght The d1fference 1n the ha'lfw1dth"s of the two _11nes "-""; \

due pr1mar11y to -the d1fference 1n the transverse relaxatlon of

a

the two spec1es he broademng due to magnetm f1e1d lnhomogenelty bemg

the same for each

PRI
. v

Equat1on (54) gWes the factors co

PO AT v

{buting to the linewidth of the. .. .-
NH absorptwns . - L i

A;“.‘ :; _ _& o "_ ‘_ .;1‘,'-;’::.
A R * (T )magnert (T )DIP (TZ)QUAD T )

E If the d1po'lar re1axat1on term (l/T )DIP may be shown to be equa1 for the
two spec1es as we]'l as are the ﬁ rst two terms of the r1ght hand s1de of

the equat'ion then the d1fference 1n the ha'lf'vhdths must be attrlbuted to .
R - ! '”_‘ | — L

"N e






S jf 14NH

. '/the quadrupo]e relaxatwn of the 14N nuc]eus . S o L

' Spectra s1m11ar to that shown in F1gure 16 (p 74) were run at 30°

. for three concehtratwns of H 504 So]utwns were 1n each case 0 6 M ”
NH40'I and in” NH4('.1 Data obtamed from these spectra 1n conauncv

t1on w1th (1/T2)14 " va]ues reported by Emerson, Grunwa]d and Kromhout13 L

NH C] so'lutwns at 25°C are used to g1 ve an est1mate of the magm-"f'-,:.';'_

../

tude of (1/T ) 1n ‘the. foﬂomng manner
2 lsNH

 The. difference in the ha]fmdth of the Y pesk dnd: that of the ' - o
; lsNH peak 15 “due to the d1fference 1n the broadem ng of the two caused by

d1po]e - d1po'|e 1nteract1on plus the add1tiona1 broademng of the 14NH

11ne due to: quadrupo]e re]axatlon '@1' L
1) - },5(1:&). " (T >mp 15(

R ST
The vaiues Of (1/T2)14 " reported by Emerson Grunya]d, and Kromhout ‘ ‘,‘55’
conta'm a d1po1ar contr1but1on and a quadrupo'lar contmbutlon

. ‘ . - . . . -' P . ) . . \'.,

A -

Ay 7 14‘1 T R

I o
1Tl 14NH T DIP

o,

A stmle subtraction gives "1/ Tp)pppt g o h T
(1 ), ‘--."EE‘?(;,A,)~.; 1'5&“4’1 ="175.<%2’oi'p' BTN 1) U

| 5 el el o —5[- o L
Tab]e XV g1ves the va]ues of 14(m\) %(m) for the ‘hree H250 E J







‘e

.

C concentrat1ons at wh1ch 1t was determmed and va]ues of (1/T2) _at~. S o
] . . DN .. . NH v5 R t B
L N - <
', these ac1d1t1esr 1nterpo1ated from the data of Emerson Grunwa]d and Do T

e Kromhout, reported at 250 C, corrected to 30°C by assummg d1 rect var1a—

<
>

.‘.' , :

t1on w1th v1scos1ty The correctwn factor for each acwdﬁty is the

L ratao of the relatwe v1scos1ty of an H2504 so]utmn of the appropr1ate
concentratwn at 30° to. that at 25 c. T ' e
T/he 1ast ‘col uimn ‘of Tab]e XV (p 77) g1ves 15(1/T2)D“', corrected to a’ = - o
relatwe v1scos1ty of 1. 00, wh1ch is very near]y the re1at1ve v1scos1ty ‘ s X
" '. of aH reactmn m1xtures in the pH range. 0 .6 to 2, 0 stud1ed These va]ues : A | ' %
_ S H
. are not a constant pgr the ac1d1ty range., exammed 'Although correct'lon e
) of 15(1/T )DIP .a re'l ative viscos1ty of 1. 00 accounts for a change in
the co‘gpelatwn t1me w1th concentratwn, the electnc ﬁeld grad1ent of ' . @
th l4N envwon"‘é"t, wh1ch also may vary with concentratwn, and upon. - ." o
wh1qh (l/T )QUAG is dependent, remams unaccounted far Consequent]y,v | ,
- 15 (1/T2)DIP wag extrapo'lated usmg a- 'l1near least squares ﬁt to give a -.!
va'lue of 0.37 sec Tt a relative V1scos1ty o:l"«"i 00. o )
Th1s est1mate of 5(1/T2)DIP is rough arrd probab'ly very generous, é
because of the compoundmg of eerr w1th each 1nterpo]at1on, correctmn, . ,{!
and extrapo1at1on Neverthe]ess, it is demded]y 'Iess than. the value of ;5
0.8 sec to whl\h (1/T ) H,reported by:-E'merson, ‘Grunmald, and Kromhout if:%
. tends at 0 0 wei ght percent HZSO4 13 'i'he d1fference 1s attr1butab'le on'Iy - % j
to broademng due to quadrupo]e re1axat10n. . , o | ) .
 Even e va]ue of 4(1/T2)QUAD as smaH as 0.4 sec’ “Lat '3o°c ‘th“ae |
decreases mth mcreasmg temperature is: suff1 c1ent to, d1stort the
/ apparent behav1or of the rate constant k wi th’ temperature. ' e Ty
| S . o ; -
s ] 1 '
a,
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Acid'dissoéiation 'constantsﬁ‘ S S B
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V1brat10na1 data on 14NH4 and"lsNH4 and the1r conJugate bases is not

Sk

. suff1c1ent1y adequate to. do a stat1st1cal thermodynannc ca1cu1at1on of the
; rat1o ‘of their KA va?ues. To f1nd our measurement of the pKA"of 15NH4 at g
one temperature and concentratwn chosen arb1trar11y was grat1 fying. |
A]though 1sot0pe effects may reverse and become equa'l to zero at a: partu:—

{ u]ar temperarture,48 the re]atWe d1fferences 1n the masses of the 1sbtop1c

equa] 14¢

ment of rate constants It shou]d be mentwned that the . data of Bates and

40

P1nch1ng extend on]y as h1gh as 50°C and that adoptmg equatwn (23)

_ for use over the temperature range 30°C to. 80 C. means 1ncurrf|ng some error
Co m the extrapo]ated va]ues at’ the h1gher temperatures @lThw error 1s |

subsequently Tncorporated 1nt‘o va1ues of k 4 ca'lcu'lated from kz and K?\

"-;", S e

“The recombination reactjon S

‘ The bulk of . data that has been accumu]ated for the—recombmatlon of

> a

s1on controHed nature.1 The va]ues of the rate constant determmed 1n

th15ﬂstudy for- the recombmatmn -of NH wvth the hydrogen 1on are of the

Y
appropmate magmtude for a,d1ffus1on cohtrol]ed reactwn for wh1ch rate -
11 44

constants at 254(: range down from 1.4 x 10 ec 1-_for- qH(aq), by a :
a couo'le of orders of magmtude. e LT S

The E1gen mechamsm1 for the reco‘mbmatwn reactmn 15 a d1ffuswn :

. controlled encounter- ' N
S oL Lo o \ . . .

P

*

H o,

. "“3 o), " M0y Ml (HOY = HOH gy o o (SB)

A dr

KA (p 36) are 1ns1gn1f1cant compared mth error's 1n the. measure—~“~

spec‘les concerned ‘is- "small enough that error 1ncurred by assummg 15KA to B

b

bases w1 th the hydrogen 1on 1nd1cate that these react1ons are of a d1ffu- .

T
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: "The r‘ate constant for the overan process 1s gwen by B BT -
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K resu]t m reactwn.” If the proton transfer a]ong the hydrogen bonded \ ¢
\ R network 1s fast compared to the rate of d1ffus1on of the spec1es away :

" from one anothen such that k 27 kd’ then the obser'ved rate constant,

"-.," . n' ot

[ rrt]

. . whlch may be 1dent1f1ed w1th k a? 1,s gwen by fi_‘..l.. ‘.'--"

xR iTeeers
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. ."_"f«"and assumes an e'lectrostat1c potent1al of zéro between them. It 1s then

reactmg spec1es, and P 'is as deﬁned for equatvon (60)

. .were obtamed from 1on1c equwa]ent conductance data

‘ ;-r'elat1onsh1p e L e e e

T p. = 0,893 x.10

L e '
PR L.

t49 50 51,

The Debye SchmolukowskI treatmen of a dn’fuswn ‘

'4nN BT

1000 "

.-

.;"-Awhere k is "‘ sec l M 1: N 15 Avagadro s number, o is the effectwe S

' "‘colhswn d1ameter, D is the d1ffus1on coefﬁment of . the spec1f’1ed

[
o

Equatwn (64) assumes ‘the. sper1ca] symmetry of both reactmg spec1es, C

.'.:,apphcable to the recombanatmn of NH w1th the hydr'ogen 1on To test how
"“'_«' well 1t ho]ds for reactwn ( 4), Po is treatedéfas a parameter qnd calcu-‘ '
Jated usmg the exper1menta]]y determ ned values of k 4 _The d1ffus1on

S coeff1c1ents used in; the ca]culatmn are gwen in Table XVI. DH+ values ";" .

52 usmg the

C e

o

DNH ha{s,'b_ee.n‘ measured ‘ove'r 'ei small nangér(o"cfto,‘-xz"c) by various' -

Ny

S ‘rlorkersm and is found to vary rough1y w1th T/n*I 0 Their:';'-‘data ,have .heen

-extended 1n proportmn to T/nH 0 1nto the temperature range of th1s work
2

\ ' to g1ve the va'lues for DNH' shown m Table XVI (p., 82) Pa va1ues L




‘ . cal c‘u"ll_ated_' ar'e."r_'eported'- i n fabl'e‘.' X'.\H\(thi-"s,ﬁpage-) R N

U

. Table XVI: Diffusion Parameters for the Recombination- Réaction - -
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.. -computed from the ‘average. of the two:experimental kf4., values - |

SN

Po 1$ found not to vary s1 gmf1cant1y w1th temperature, wh1ch shou]d :

be the case for a d1ffus1on contro]]ed reactmon, un1ess the constramts

‘\.

themselves reflected m the term Po var_y thh tempe;ature

In h1s 1nvest1gat1on of the aqueous tmmethy]am'me s_ystem,

15

Grunwa]d chose for' the 1ntermo]ecu1ar dlstance between r'eactants a

va] ue of 5 A, correspond-mg to ‘at least one so]vent water mo]ecule 1nter-l o

/-

vemng between the amine - and H30 Usmg th1s va]ue, he then found p- to . -

0L be equal ‘to 0. 6 over' F temperature range 35°C to 80 C. Use of the same.

R

: -va] ue for' o y1e1 ds P for the recombmatwn reactmn of Nh equa'l to ‘

o 85 o 04 over the temperature range 3o°c to eo°c

R ."“

(cm séc 1) B : (cm) O

. t—————at



N pirect\'second' order exc_h'an.g‘e_'_re'act'ion‘;u A R I R

Another approach can ‘be taken. : If on'ly 1/4 of the mo]ecu]ar _
//
: surface of NH3, .correspondmg to the N orb1tal conta1n1ng the unshared

pair of e]ectrons. 15 cons1dered to. be reactwe, and 1f 3/4 of the :

_ surface of- H 0 1s capable of proton donatmn, then P cou'ld be ass1gned

-
-

',,',a 1ower 11m1t of (1/4)(3/4) 3/16, assummg a random d1str1but1on of

"the hne of approach of the tu(o 1ons.- Us1ng a va'lue of 3/ﬂ6 for P, o 15

‘ then found to equa1 24 A, cor'respond[mg to a large number of mtervemng

"".j"'-,'_,"fmo]ecu]es. Of course, cooperatvon of so]vent mo'lecu]es to th'lS extent o
’1s a farfetched expectatmn. Even tert1ary hydratwn of the hydrogen 1on -

s cons1dered to exhibit propert1es of re1at1ve'l_y weak bondmg 3 As is ...

-

: dlscussed by. Grunwa1d,§5 the Spec1es NH and H3O approachmg one another ‘

"‘has free access to the react'c ve s1te v1a hydrodtan bondmg, thus favormg

' -the formatwn of an encounter comp'lex It 1s qu1te hke'ly that P ds

B 5close to the upper '|1m1t lym:g between 0 8 andﬁ?’g determ nad by
* L Lt eh U ! ;/ - .
-a551gn1ng a value of 5 A to . o ..a;;- o AL U
’ N o ‘-, . . PN

.The average va] ue of Po‘ calcu1 ated f6r the recombmatwn reactlon

L

L ‘1n s0] ution wou]d tend to be orlented not randomly, but so, that a proton E L

- of. NH3 1s around 35 percent 1arger than Pa for that of (CH3)3N. 4 2 v

e .compared to 3 1. Th1s 1s probab]y due to the (:H3 groups occupymg 50

W

e*xtenswe]y the mo]ecu]ar surface of (CH3) N gs to 1mpose str1cter
or1entat1on 'I1m1ts on the reactant spec1es (CH )3 ( Q)" and HO (aq)‘ :
E so that the ‘steric factor P has a va]ue substanha’l]y 1ess than 1. 0 for

'the recombmatwn reactron of trimethy}am ne. 't \

P

l- The mechamsm for the d1 rect second order exchange presented b_y

"r\

®
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Grunwal d and Ku s,
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’ The factor 15 1s the probab1hty that protOn exchange wﬂ] haVe occurred
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cons1sts ﬁrst of a d1ffu510n contro]led encounter to form a" solvent—
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It has been shown that the dehydrah on step w1 th rate constant k

" /prohatﬂy rate determmmg 22 The observed rate constant k6 ‘then gWen a
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when" é‘PDhed to the aqueous anmonxum lon system,

pon the dtssocwtwn of the complex H3NH - --NH S1nce k ‘ << kd s’ Rhen




: "".';, ’-'. va1 ue reported by cOnnor and Loewgnstem, :

Sow

U

The mecham sm of the symmetmca] exchange througl-(water has“:f'

. ,‘ ] ‘L : L ! Loyt -
) Ly . ‘ . -

' The extrapo]ated va]ue of k = - 1. 1 X 10 b

from data obtamed 1n th1s study u$1ng equatr’on (46), 1s 1n good agree-~.

ment WIth the Va1 ue reported by Emersoa, Grunwa]d, and t(romhout13 f

T v

CE
(1 17 0 04) x 109‘sec ~1 M 1 at 25°C., It 15 somewhat lower than the

3‘ 132x10953c1M1

1ndependent of temperature. Both of the latter va]ues were found by

assummg the ratio’ k7/k 4:0 be equal to 0 08, and to be 'mdependent of

#

temperature and concentratwn. The ratw k7/k compu‘ted from the data of

th1s stud_y is, 0 05 expemmenta] error bemg too large to detect var1a-

. ; o M ey e .
e B - . ;- o e

t10n mth temperature. T T ‘ c e

s .- e B . . . St
’ o . v .,

has a rel atwe'ly 'Iarge negatwe value, -8 8 e u., when compared to the

o

Sma'l] poswt,we entrepy of actwatton. 1. 3 e u., of reactmn (6), in wh1ch ~" Ll

the solvent—separa‘ted complex Ioses the 1ntermed1ate water molecu'le

-

before exchange\ occurs.r Th'lS rm ght be ea‘(i)ected smce the cooperat1 on: of N

": ‘at 1east one adchtwna] mo]ecu]e 1s -requ1red for react1on (7.) to proceed

-L'.'-" - :_:‘»’ . , ~ ‘.“_‘ il \u;n., P » < "-, e - - ‘.v o

" smmetricat exchange through water - Th T T

‘ﬂ . ‘ . . S L . . : | DT o .'-. ‘.,. L - .~" .; ) ‘n._“\:‘,

[ P . A _._. ., o, .
"Jn N k¢ r~~<ﬁ ..'.‘-.m_-

._ M at 25 C(.Scompdted}

Sl

e The entropy of at:t'l vatlon for,,the symmetr'lca'l exchange through water_".‘ R




A o - \\\ IR .
_\- .“ .o \\\\;‘~c ‘ »
. ':\“\ ;\ ) \\\\\
R - AP R
SO e ‘ : L - TN
oI T fol]owed by abconcerted transfer of the\protons wwth1n the comp]ex' - o
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L L T T ,~. ko A ‘ . '
L T e ) e S
ST NN foa) T "0l (aq) -
~€ i ‘;\ TR *;‘»“ i Y ~‘- . e \;;'\i/;sre .
S _ p\‘ Luz and Me1boom have demonstrated that on]y one 1ntermed1ate water
T ] \;;:holecu1e is 1nvo1ved in the transfer ST ) ,
g “'.:':-" ) The rate constant for the overa11 process of protoﬁ\tfansfer 1s - ”“
S g1ven by K :;1.:.' R - \\\\\\ - L
j- L . -‘ | ~‘l\ ot ‘ ‘ ) ! . R . . ‘ - . | } ) L \.\‘--H ' .' '-' / o, l:»f
' ' (kd1ss +,k ) e T f ) o \' B
o L R | . ,"\‘ TG
B o A etudy of 1sotope effects on the exchange processes of the tr1methy1- <v11.3~"A .
: _ - ammon1um jon 1nd1cate that, although fast, react1on (7) 1s not. d1ffus1on o ~"
L ' i : T g L Tk
o o controT]ed 56 ' : L o R %
Lo _ e It wou]d have been des1rab1e to have measured the symmetraé’exchange. 3%
C Lo : . : i
. rates at sma]ler hydrogen ion. concentrat1ons 1n order to obta1n more ST .
. . M o ‘

Blanuing

accurate va1ues of the rate.constants k6 and k7 Hn an ac1d1ty range,‘

i i:x\i. however, Where'k6 and k; are suff1c1ent1y 1arge to reduce the re]atlve
o l ' - size of exper1menta1 eiror, the buffer1ng capac1ty of the hydrogen jon .
? o ,1‘ . would be SO reduced as to make est1mat1on of ﬁhB concentrat1on d1ff1cu1t )
; | ; NevertheTess. desp1te the apprec1ab1e error,_act1vat1on entha1p1es '
\\f\\T\. N .'for the symmetr1ca1 exchange reactions, as wel] as that for. the reconb1-
\if / ' nat1on react1on, are of t\\nfetlcally p]aus1b1e magn§tudes substant1a11y - uljlg

.S\\T\\;,~ gredter than - zero. L e Tt o,

°
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