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I. INTRODUCTION

The proton magnetic resonance spectra of the major-
ity ef organic compounds containing nitrogen yield only
broadened signals for hydrogens attached directly to ni-
trogen or removed two and three bond lengths from it. In
a few exceptional compounds, however, triplet structure
is observed due to spin-spin interactions between the
protons (I = 1/2) and the nitrogen (14Ny; I = 1).

The broadening of proton signals for the majority
of nitrogen-containing compounds may be a result of hy-
drogen bonding with nitrogen through the lone-pair elec-
trons or of intermediate rates of exchange of protons
between the nitrogen and the solvent. Another cause of
broadening is the nitrogen nucleus itself which possesses
an electric quadrupole moment that may interact with
surrounding electric fields.

Where exchange is slow a symmetrical electric
field leads to relatively slow spin-lattice relaxation
and a symmetrical (1l:1:l) triplet in the N-H proton spec-

trum from coupling with 14y (==1); an uancymmetrical
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electric field, on the other hand, iead: to rapid cpin-lattice
relaxation which collapses the triplet to a broad or sharp
single line. This thesis is primarily concerned with ef-
fects of the nitrogen nucleus on the proton resonance
spectra of nitrogen compounds and with nitrogen NMR spectra
themselves. The effects of symmetry around nitrogen and
of temperature on the nitrogen spin-lattice relaxation
pProcess have been studied. A set of compounds with grad-
ually increasing asymmetry of the electric field at the
nitrogen atom have been chosen for studyr these are the
mono-, di- and trialkyl ammonium chlorides.

Increasing temperature has two possible effects on
the proton N-H lineshapes depending on whether exchange
or quadrupolar spin-lattice relaxation processes predominatc.
The effect of increased proton exchange rate between ni-
trogen and solvent is to cause a collapse of multiplet
structure in the nuclear magnetic resonance spectrum, e.g.
a triplet would broaden and in the limit collapse to a
single broad line which would then become narrower at very
high exchange rates. Conversely, for quadrupolar nuclei
in nonspherically symmetric electric environments, in-
creasing temperature causes relaxation times to increase

and relaxation rates to decrease. One purpose of this
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thesis is to determine which process governs the proton
NH lineshapes in NMR spectra of the mono-, di-, and tri-
alkyl ammonium chlorides in aqueous solution at low pH.

Another method of studying the NH lineshapes in
order to determine the effect of the nitrogen is by means
of heteronuclear decoupling, i.e., observing the proton
resonance spectrum while irradiating nitrogen at its
resonance frequency with high RF power. An additional
result of the double resonance study is to show the exis-
tence of nitrogen spin coupling with protons two and

three bonds distant.




II. HISTORICAL REVIEW

A. NMR Studies of Proton Exchange
Involving Substituted Ammonium Ions
Ammonia

The earliest nuclear magnetic resonance (NMR)
work on amines was the kinetic study of proton exchange
between methylamine and water performed by observing
changes in the hydrogen resonance spectrum produced by
changes in hydrogen ion and amine concentration. (1,2)
This work was predated by that of Ogg (3,4), who reported
the effect of proton exchange rates on the liquid
ammonia spectrum. It is appropriate to begin any dis-
cussion of the kinetics of proton exchang:: in amines with a
brief review of the NMR work on ammonia and the¢ ammonia
ion.

In their study of the effects of electrolytes on
the proton chemical shift of the solvent water, Gutowsky
and Saika (5) mentioned that solutions of ammonium hydrox-
ide and ammonium chloride gave single lines whose shifts were
concentration dependent as a result of proton exchange.

4






Gutowsky and Fujiwara (6) then showed from the change of
proton chemical shift that there is significant associa-
tion of ammonia with water in dynamic equilibrium and that
the structure can neither be adequately represented as

free ammonia mixed with water nor as ammonium ion and
hydroxide ion. Ogg showed (3) that, first, there is a
marked chemical shift on going from gaseous to liquid
ammonia which he attributed to hydrogen bonding in the
liquid phase. Secondly, he showed that a trace of water
causes rapid proton exchange which collapses the triplet
resulting from spin-spin interaction with the 14N nucleus
(I=1). (It should be pointed out here that there is some
dispute as to the trace quantity of water and conditions
necessary for proton exchange in liquid ammonia to occur.
Nevertheless, these questions are deferred for the present).
In conclusion then, although the systems observed were
similar, the approaches and results were quite different.
Whereas Gutowsky et al. (5,6) observed chemical shift
changes for the composite single proton line (NH3, NH4+
OH-'HZO) by quantitatively varying the concentration of
ammonia or ammonium salts, Ogg (4) noted the gradual
collapse of the proton triplet by quantitatively varying
the species present either 1n dry liquid ammonia

- + . ‘
(NH, or NH4) or in aqueous ammonia (H3O+ thus NH:).
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Whereas Gutowsky et al., on the one hand, only speculated
that dynamic processes were occurring, Ogg (4) was the
first to show what species contributed and that it was
possible to use NMR for obtaining kinetic data on ammonia
and amines.

Considering all reports on amines and aqueous
ammonium salts since the first work of Ogg and Gutowsky
et al,, there have been only developments of the basic
ideas outlined above. The developments have followed
three paths, first, improvements in chemical techniques
have permitted more accurate values for the concentrations
of various species in the systems observed. Secondly, im-
provement in magnetic resonance spectrometers has yielded
more accurate values of the NMR parameters - chemical
shifts, spin-spin splittings, half-height widths and spin
relaxation times, as well as more accurate representations
of line shapes. The third path has been the development
of models for the system and mathematical treatment of the
measurable quantities to yield reaction rate constants.

Ogg and Ray (7) were the first to clearly demon-
strate that the unequal line widths and line heights for
the proton triplet of pure dry liquid ammonia was a result

of relaxation from quadrupolar interaction with the 14N
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A sample of pure dry ammonia enriched 99.8% with
iadrupolar 15N nucleus was prepared in the same
natural ammonia and yielded a proton spectrum con-
f a very sharp and narrow doublet. At about this
, Roberts (8) showed that this was generally true
ge number of amines and nitrogen compounds, i.e.,
ening of proton resonances was due to 14N quadru-
xation rather than hydrogen bonding or rapid proton

As a result of these reports, Pople (9) presented
based on nuclear quadrupole spin-lattice relaxa-
ing the broadening of multiplet components, which
v reproduced the line shapes observed. However, a
Jiscussion of relaxation effects is postponed until
~tion II B).
irchall and Jolly (10, 11) have used liquid ammonia
ant to measure the pK for weak acids such as malono-
~yclopentadiene and 2,4-dinitroaniline. They
t the triplet in the proton spectrum of the solvent
>llapsed in solutions of the stronger acids
oK > 15) and attributed this to increased concen-
f ammonium ion resulting in the process:

gnz + NH3 @ NH3 + NHj, (1)

nmediate concern here, they showed that Ogg's
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position, that only a trace of water was necessary
rapid ammonia exchange and resultant triplet col-
s incorrect since the system consisting of water
in liquid ammonia can easily be buffered with

adiene and cyclopentadienide ion to produce a par-
llapsed ammonia triplet and a separate sharp water
sonance. Water must then be a weaker acid than

adiene, and Ogg's suggested rate constant for the

H,O0 + NH3 @ OH™ + NH} (2)
ect by several orders of magnitude. This is fur-
orted by Alei and Florin (12), who showed that the
mmonia triplet is only partially collapsed with
r present and that separate water and ammonia sig-
possible even up to a concentration of 17 M water,
that special care is taken to remove any NH}
Alei and Florin suggest that NHZ may be formed
reaction of ammonia with protons in the glass
They showed that ammonium ion concentrations from
O"2 M are sufficient to cause rapid exchange so
an average broadened single line for the H,0 and

n resonances is produced.

J. Swift et al., using careful chemical




9
techniquer and a iwore accurate :;athematical methcd of leter-
mining proton line shapes, have reported a more precise
value of the rate constant for amide-ammonia exchange (13):
NHS + NH; & NH3 + NH; (3)
as well as for the ammonium-ammonia exchange (14 and 15)
given by Equation (1).

Perhaps it is worthwhile at this point to mention
the suggestion of Powles and Strange (16) that pulsed radio
frequency or spin-echo methods be used to study the proton
exchange process. They have shown that for dry liquid
ammonia a simple echo decay pattern, without modulation
from spin-coupling with the 14N nucleus, is obtained for
the protons. Thus, in a system containing amide or ammon-
ium ion, the exchange effects cn the echo pattern would
be quite straightforward and tractable. Also, whereas in
the steady-state method the experimenter has at his dis-
posal only the line shape as a function of concentration
and temperature, in the spin-echo method the experimenter
has these and the advantage of another variable, the pulse
spacing, plus freedom from heteronuclear coupling with
the 14N nucleus which is a nuisance in the steady-state
method. The reason for mentioning the spin-echo method

is that although it has an obvious superiority over the
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ate method for studying ammonia exchange, and

Lt was mentioned in 1962, it has not yet been

Salts

was mentioned before, the first reported work on
salts was by Gutowsky et al,, (5,6) who observed
ra of aqueous ammonia or ammonium salts at various
tions, but with no regard to pH. Under these

5 only a single proton resonance is obtained

1 composite of those for several species and is

>ct to exchange averaging of the chemical shifts.

and Saika (5) gave a theory to support their in-
lon and made a rough estimate of the proton life-

sorting 10™4 sec or less. Ogg (4) was the first

1at the exchange rates between NH4+ and solvent
be decreased by acidification so that separate
sonances were observable for ammonium ion and

nt water. McConnell and Thompson (17) gave a
>tchy theoretical justification for Ogg's obser-
1 the case of acidified aqueous ammonium ion, but
sented all the details. The first detailed study
m ion in aqueous solution was by Meiboom et al.

by carefully changing concentrations and pH, were
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able to obtain kinetic rate data from changes in the spectra.
They found that the kinetics could be accounted for by the

following mechanismss

RyNHY + H,0 ,k—ia R,N + Hyo* (4)
k-4

RyNH' + OH™ kg R3N + Hy0 (5)
+ +

RyNH' + NR; kg R3N + HNR; (6)
+ H H +

R + + (7

NH' + OH + NR; K, RN + HO + HNR,

where, for the ammonium ion, R=H, Under their conditions,
1.5<pH<2.5, Reaction (5) is negligible and k4 of (4) can
only be estimateds kg and kg (of 6 and 7) were determined,
but are not given here as the values have since been
revised. Grunwald et al., (19 and 20) by extending the pH
range and by controlling the ionic strength of the solutions
were able to determine accurately k4, k_4 and k6 and estab-
lish that these were diffusion controlled. By means of
deuterium exchange they were able to determine the mean
lifetime of the ammonia-water hydrogen bond and estimate
its rate of rupture by both diffusion and rotation.
Finally, Connor and Leewenstein (21) obtained rate con-
stants as functions of temperature, and thus obtained acti-
vation energies for Reactions (4) and (6). Most recently,
Grunwald and Ku (22) report a new value for k.

Kinetics of ammonium-solvent proton exchange in a
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aqgueous solvents has also been investigated. The
oblem is that the exchange mechanisms are usually
ted by ion-association, which is promoted by sol-
low dielectric constant. OGrunwald et al. (23 and
studied the proton exchange of ammonium acetate in
acetic acid and report that the proton is exchanged
the ion pair and the acetic acid carboxyl group.
to calculate a rate constant, values of the
pin-spin coupling constant and the lay spin-lattice
on time were required. It is important to point
their values for these were obtained at 0°C or
d used in calculations of rate constants from
Perhaps it should be mentioned that the exchange
the case of ammonium chloride in glacial acetic
too slow to measure.
he studies by Alei and Florin (12), and by Swift
(13, 14 and 15) of the ammonium ion-ammonia proton
were mentioned above. As these studies were con-
n ligquid ammonia or solutions composed chiefly of
they can be included with the studies of ammonium
ange in non-aqueous solvents. As mentioned before,
Florin presented data for ammonium ion-water-—

exchange in liquid ammonia, which they compared
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with the aqueous selution studies of Meiboom (18) and
Grunwald (19 and 20). Swift and Clutter (14 and 15) studied
the ammonium ion-ammonia exchange for ammonium halides added
to liquid ammonia and also the ammonium ion-water-ammonia
exchange. They showed that exchange is due to ammonium ion,
which is generated from reaction with water, reacting with
the solvent ammonia as given by Equation (2)y thus they did

not obtain specific rate constants for direct water-ammonia

exchange.
Methylammenium Salts

Turning now to the alkylammenium studies, let us
consider methylamine and aqueous methylammonium ion. Kine-
tic studies of this system by NMR (1,2) were the first on
alkylammonium ions. Grunwald et al, (1,2) studied proton
exchange in aqueous methylammeonium chloride in a concen-
tration range from 0,272 M to 4.47 M and pH range from 3
to 5. At low pH the exchange is slow and three sets of
lines are apparent in the proton spectrum: the methyl
hydrogens appear as a quartet from spin-spin coupling with
the three ammonium ien protons, the solvent water hydro-
gens yield a single sharp line, and the ammonium ion
protons produce a large triplet, from coupling with 14N

(I=1), each component being broadened by the 14N quadrupole
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n. There is also a barely discernable coupling

methyl hydrogens. At high pH exchange between
amine is rapid so that only two lines are ob-

ne from the methyl hydrogens (showing no spin

because proton residence time on the nitrogen is

) and the other a composite of hydrogen signals

e protons, ammenium ions, water and hydrogen ions.

ulated that the mechanism for exchange followed
4-7, with Ry = CH3H2. Rate constants were de-
from the change in shape of the methyl signal by
experimental spectra with theoretically calculat-

hapes. They showed that Reaction 4 is negligible
is very small. Thus, the total rate of exchange

to follow the equation:

te [H+
H3NHg

a=[HY] [0H™]; Kym[HT] [CHyNH ).

1=k [HF )=k gRigt (kg 7) Kp [CH3NH3*]  (8)

ot of mean values of kj; vs. [CH3NH3+] they ob-
and (kgtky) and found that kg contributes only a
nt to the overall rate since it is small. From
ening of the water signal, an estimate of ky/(kg+ky)

3ined. The broad ammonium ion triplet

ly as an order-of-magnitude check on the overall

since it is observable only up to pH = 4.0 and
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at higeh methylammonium ion concentrations.

It is worth-while at this place to depart from the
discussion of kinetics and mention something in detail
about the broad ammonium ion triplet. Grunwald et al.
(1,2) readily admitted that the chief cause of broadening
of the triplet components was spin-lattice relaxation by
the quadrupolar nitrogen nucleus and they made an estimate
of the 14y spin-lattice relaxation time of 0.02 sec (25).
That relaxation was the chief cause of broadening was very
clearly demenstrated by Ogg and Ray (26), who presented the
spectrum of acidified aqueous methylammonium chloride en-
riched 65% with the non-quadrupolar 15N isotope in which
the -NH3+ resonance was a very sharp quartet from spin-spin
coupling with the methyl hydrogens. Unfortunately, Ogg and
Ray did not report the concentratiens used, nor did they
study the collapse of the -15NH3+ peak with changing pH, so that
no direct cemparisen with the work ef Grunwald (2) could
be made. In summary, then, although it was realized and
substantiated very early that the line shape for the
ammonium proton resonance was chiefly governed by nitrogen
spin-lattice relaxation, no study of the relaxation process
itself was undertaken.

Returning now to the discussion of exchange kinetics
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ylammonium salts, recent work has chiefly added
catien te the earlier studies (1 and 2) te obtain
nsight into the mechanisms. Grunwald and co-
(27) extended their earlier studies by obtaining

ct values fer kg and k., of processes (6) and (7).

7
stants were ebtained from the methyl group line
pserved over the range of concentrations of

monium chloride from 1.7 M to 8.1 M, and of pH

te 8.0, Using these data in conjunction with

ge in shape of the water line, k6 and k7 were

ed separately, and using viscosity data were extra-
to the viscosity of pure water. The ammonium ion
again was used only to confirm the mechanism in the
from 2.5 to 4.0. In another study (20) the mean
of the amine-water hydrogen bond was determined
iies of deuterated species in very strengly acidic
8,

nanges in the line shapes of the methyl quartet

i to obtain exchange rates yvs. temperature, while
nonium ion and hydregen ion cencentrations were
stant. From plots of these rates ys. temperature,
1d Loewenstein (21) obtained the activation energy
combined process represented by kg + k7, k4 and k5

all and thus neglected. They noted that the value
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was surprisingly low (.E = 16.0 cal/mole) and that within
experimental error the ratio ks/k7 was temperature indepen-

dent. They observed that the -NH + triplet sharpens with

3
increasing temperature, and attributed this to the change
in correlation time (7.) of the nitregen which affects

T1 for the 14N nucleus.,

Unlike ammonia and ammonium salts, discussed above,
methylamine proten exchange was studied in a number of sol-
vents. In general, the interaction of alkyl amines or
alkyl-ammonium salts with solvents may be formulated as
in the following reactions, which may occur concurrently or

stepwise depending on the gegen ion and solvent propertiess

Ienization (ion-pairing)t

Ki +
3 — 'S —a 2™
RN + HS & R3N - R3N‘H 2 (9)
Homo-ien associatiens
+ L + —
NRNH-Z 2 (n3NH *Z )n (10)
Direct ion-pair solvent transfer:
- R _ +
21H + RsNi'i-z2 <> 8, "HNR3 + HB, (11)
Ion-dissociation: K
d
+o - e . + . -
RaNH-Z + nD = (R3NH Dx) + (2 Dy) (12)

After disseciatien all the usual proten exchange processes
are possible [Equations (4) through (7)]. It has been
peinted eut by Bruckenstein (28) that base dissociation

occurs in two major steps, Equations (9) and (12), especially
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in the case of a weak base s:ch as retiyla:ine i a
solvent of low dielectric constant. Equations (10)
and (11) describe additional processes eccurring.

Grunwald and Price (23 and 29) studied methylamine
(0.02 M-0.5 M) in glacial acetic acid finding that it was
largely converted to ion pairs, Equation (9), and that
the exchange followed Equation (11). Kinetic rate data
were obtained from the broadening of the carboxyl proton
peaks, with which only the NH pretons are exchanging,
by means of spin-echo measurements. Cuite interestingly,
methylammonium chloride forms higher aggregates, Equation
(10), in glacial acetic acid and proton exchange was too
slow to measure. In addition, they noted that the line
shape for the Ngt proton resonance, being governed by lay
spin-lattice relaxation, is cencentration dependent. Thus,
for glacial acetic acid solvent, the gegen ion determines
which process controls the NH line shape.

Proton exchange rates for methylammonium salts in
the solvents methanol and t-butanocl, were obtained by
Cocivera and Grunwald (24, 30, 31, and 32). Methanol,
with a very high dielectric constant, behaves very much
like water with exchange described by Equations (6) and
(7) accounting in large part for the overall rate (30 and

31). On the other hand, t-butanol induced quite noticeably
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different results. Owing to its low dielectric constant
the salts exist largely in the form of ion pairs, as
evidenced by the change in NH chemical shift with gegen
ion. As a result of the close proximity of the gegen
ion, an asymmetric electric field exists around the
nitrogen nucleus producing rapid lay spin-lattice relaxa-
tion and, consequently, the Nat proton peak is not split
into a triplet by lay as it is in water and methanel
solutions. 0Oddly enough, though, the NH proton peak is
split into a quartet from spin-spin coupling with the
methyl protons since exchange is slower than in water.
The exchange process in t-butanocl was found to follow
a mechanism analogous to that in water and methanol (Equa-
tion 7), and formulated as:

kl

- >
R3NH'~*2 + (QH ) + MRy =5 RN + (

0
e H )n + g-HNR;Y (13)

H/
t-But

(for methylamine R, = (CH3) H, )

3

k7 for water was found to be abeut twenty-feur times

faster than kz‘ for t-butanol.

Dimethylammonium Salts

Of the alkyl amines studied by NMR, the dimethyl
is the one to which the least attention has been devoted.
The most likely reason for this is that in aqueous solu-
tions 1its exchange mechanisms and corresponding rate

constants are very similar to those of methylamine and both
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of these are very different from trimethylamine.

The kinetic analysis of preotolysis of dimethylammonium
ion in aqueous solution in the concentration range from
0.23 M to 4.68 M and the pH range between 3 and 5 was carried
out by Loewenstein and Meiboem (33). They noted that k6
of Reaction (6) 1is measureably slower and k7 of Reaction
(7) is measureably faster, although of the same order of
magnitude, than fer the methylammenium ion. Again k4 and k5
were found to be small with k6 and k7 being the madjor
contributers to the overall exchange rate. In addition,
they noted that the NH resonance is a broader triplet
than observed for the monomethyl derivative and ascribed

l4N nucleus.

this to increased quadrupole relaxation from the
Exchange kinetics in non-aqueocus selvents were studied

only in alcehols. Although not stated specifically, it

is implied by Cocivera and Grunwald (30 and 31) that in

methanol the dimethylammenium ien behaves very much like

the monomethylammenium ion, showing no measureable dif-

ference in exchange rates from water. t-Butaneol was the

only other solvent investigated (31 and 32), and there is

definitely a measureable difference from the aqueous

solution value. As mentioned before, t-butanol promotes

ion pairing and the rate of proton exchange was found to

vary with gegen ion. Studies with added tetraethylammonium
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salts (32), gave a significant- decrease in rate which was
attributed to increased selution viscosity and to the for-

matien of less reactive aggregates.

Trimethylammenium Salts

There has been much more attention devoted to the
proton exchange kinetics of trimethyl- and monomethyl-
ammonium salts than any others. Quite typically, trimethyl-
ammonium was studied first in aqueous solutions as reported
by Loewenstein and Meiboem (33). Trimethylammonium chloride
was studied in the concentration range from 0.26 to 2.3 M
and aqueous pH range from 3 to 3. Exchange reactions given
by Equations (4) through (7) were censidered and, as before,
k5 could not be measured experimentally, only an upper
limit being assigned. The rate constants k7, kg, and k4
were measured, as they had been for the mono- and dimethyl
salts, and k7 was feund to be lowest for the trimethyl
coempound . Unlike the mono- and dimethylammonium ions kg
proved almost unmeasurable for trimethylammonium ion,
whereas k4 became measurable for the first time. No
correlation of the pKp's was found with any of the rate
constants for the mono-, di- and trimethylammonium series.

In a later study, Grunwald (34) obtained proton

exchange rate data for aqueous trimethylammonium chloride
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in dilute solution (0.15 M =< conc. < 0.65 M) and at low
pH values (1.38-3.32). Activation parameters were ob-
tained from rate data in the temperature range 35° to

©

80" . Over this temperature range kg < 0.1 k_ and k, was

7
shoewn to be diffusion controlled. In his most recent
study Grunwald (22) has aimed at getting a better insight
into the mechanism governing k6' Equation (6). This was
accomplished by varying the ammonium ion (R3NH+, R-CH3 or

H) and the amine (R3N, R=CH, or H), and measuring the rate

3
constants, From this study it was hypothesized that Reaction
(6) can be broken up into three steps and that the rate
constant kg is8 geverned by the number of methyl groups.
Additional methyl groups reduce the speed at which the am-
monium ion and the amine molecule become nearest neighbors.
Grunwald et al. (20), by studies of exchange rates
of deuterated trimethylammonium ion in sulfuric acid-water
solutions, determined the mean lifetime of the hydrogen
bond between water and trimethylamine. This proves to
be longer in the case of trimethylamine than for ammonia or
menomethylamine. They presented two alternative hypotheses
to explain this, but thcir data could support ~ither. These
rates depend on k4, Reaction (4), and it was noted that

at high acid concentrations, pH < 2, this rate constant

decreases markedly. Thus, Grunwald (35) showed that k,
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can be subdivided into a two-step mechanism in which the

first step is the equilibrium described by K, . Also, the
aclid dissociation in aqueous media procedes in such a way
that the connection to the previously covalent proton
remains intact for a measurable peried. In a recent and
more detailed investigation (36), it was shown that the
rate of breaking the trimethylamine-water hydrogen bond
measures the rate of diffusion of the water molecule from
the amine inte bulk solvent.

Using the deuterated ammenium salt (0.44 M = [(CH3)3ND+]

IA

1.76 M) 4n D_O with deuterium chloride (.08 M = o*¥] £ 5 x 10-5)
Day and Reilley (37) determined rate constants for deuterium
exchange by fitting the methyl line shapes. They found

that transfer rates for deuterium between amine and am-
monium ien fit the mechanisms advanced by Grunwald et al.

for the corresponding proton transfer rates. On the other
hand, Fraenkel and Asahi (38) measured exchange rates in
strong acid solution (concentration of D2so4 from 31% to

8l1% in D20) by mixing quantities ef trimethylammonium

nitrate ( (CH3)3NH+NO3') and integrating the methyl signals
with time. Measuring the rates over the temperature range
from 40° - 103°C yielded values for the activation parameters.
Their rates and mechanisms for strong acid solutions agree

with those of Grunwald et al. (20, 34, and 35).
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The order of the reaction with respect to water, Equation (7),
was shown to be one from a proton spin-echo study of the water
resonance line in buffered trimethylamine-trimethylammonium salt
solutions using water enriched with 170 at various concentrations.

Using the appropriate mathematical relationship to treat the data, Luz
and Meiboom (39) showed that one water molecule is involved in
Reaction (6).

Although the studies carried out in deuterium oxide and
deuterated sulfuric acid which were just discussed might be categorized
as being performed in a non-aqueous system proton exchange involving
trimethylamine in more conventional non-aqueous solvents will now be
considered.

A study of proton exchange in the system trimethylamine-glacial
acetic acid has been reported by Grunwald and Price (23). In glacial
acetic acid, trimethylamine was found to first react forming ion-pairs,
Equation (9), and then to exchange by means of transfer of acetic acid
between the amine, the solvent shell of the amine, and the bulk solvent,
Equation (11). They found that exchange rates for trimethylammonium ion
were slower than for ammonium ion but faster than for monomethylammonium
ion. Concentrations of trimethylammonium acetate ranged from 0.0207

to 0.1520 M and a temperature interval from 15° to 75° was used.
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Interestingly, they noted that the rate of exchange for
trimethylammonium choride in glacial acetic acid is
negligibly slow, and because of this they obtained a
"moderately precise” (¥30%) value for the 14N relaxation
time T;. From Tl fer the chloride salt they estimated
Tl for the acetate salt, since this value is necessary
to describe the broadening of the carboxyl proton line
shape, from which the exchange rates were determined.

Unlike menomethyl- and dimethylammonium salts,
the trimethylammonium salt in methanol yielded proton
exchange rates measurably different from those in water
(24, 30 and 31). In a recent detailed report Grunwald (40)
shows that the kinetics follow two mechanistic paths,
the first being acid dissociation, an equilibrium analogous
to Equation (4). The second path ef exchange involves
the solvent and is analogous to Equation (7). Cencentra-
tions of trimethylammonium salt ranged from 0.001 M to 0.53 M
and HC1l from zero (excess amine) to 0.51 M. The kinetic
data indicate that in the buffered system (excess amine)
the second path plays a major role in the overall rate,
whereas in the presence of excess HCl the second path
is not the dominant reaction, the acid dissociation being

14

more important. He also noted that the NH spin-spin

interaction is well resolved at 50°. t-Butanol, owing to
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N

its low dielectric constant, causes trimetylanmo:.ium salts
to exist predominantly as ion pairs, Equation (9) This is
evidenced most obviously by the dependence of the NH pro-
ton chemical shift on gegen ion, a difference of 0.78
ppm between trifluoroacetate and tosylate being noted
(31) . Exchange rates were also dependent on the gegen ion
and could be attributed to the process described by Equa-
tion (13) (24, 30 and 31). The exchange rate for the to-
sylate was seven times faster than that for the chloride
in t-butanol, and comparing k4 for water (Equation 7) tc
k'2 for t-butanol, it was 560 times faster than the tosyl-
ate and 3500 faster than the chloride. Unlike mono- and
dimethylammonium salts, addition of quaternary alkylammon-
ium salts to the solutions of trimethylammonium salts
caused no major change in the exchange rates because the
formation of aggregates greater than pairs (i.e. n > 1 in
Equation 10) is not possible (32).

Cocivera noted (31) that the NH proton peaks for the
trimethylammonium salts in t-butanol exhibit fine struc-

ture not observed in aqueous solutions. This is a result
of ion pairingy the closeness of the gegen ion generates
an electric field which causes rapid relaxation of the

nitrogen nucleus and thus prevents any lay coupling,
while at the same time exchange is slow so that the alkyl

protons can couple with the NH proton. It was pointed
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out before that a similar effect was found for mono-

methylammonium salts in t-butanol.

Other Alkylammonium Salts

The only other simple alkyl amine studied in detail
is triethylamine, reported by Ralph and Grunwaldl(4l).
In the pH range 3-8 the kinetically significant reactions
are given by Equations (5) and (7), whereas at pH < 1 they
are those given by (4) and (9). Although not stated
specifically, direct transfer of protons to the base
must be insignificant since no mention of anything
similar to Precess (6) is made. Comparing these rates
to the methylamines, k; for triethylamine is much smaller
than expected and this is attributed to steric hindrance
from the bulky ethyl groups. At low pH, where exchange
is slow, the deuterated triethylammonium ien in water
was studied to determine kH of Reaction 1l1. Grunwald
and Ralph (36) considered the series of amines (ammonia,
monomethyl-, and trimethyl-, and triethylamine) but
found no correlation between kH and basicity, Kg, but
a systematic decrease of ky with number and size of alkyl
substituents. Two additional points should be mentioned.
First, exchange rates were determined by spin-echo

measurements of the dominant solvent water line, i.e.
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changing exchange rates causes broadening ef the water
resonance. The second point is that parameters necessary
for treating the spin-echo data are the 14N--H spin-spin
coupling value and the 14y spin-lattice relaxation time.
The values used in the triethylammonium study (41) were
not actually measured, but were estimated from those for
trimethylammenium ion. This procedure was jus:ified
on the basis that the kinetic results are not sensitive
to small errors in these parameters.

Reviewing the results of a number of workers over
a peried of more than a decade, Grunwald, in a recent
publication (22), has peinted out some general relationships.
The effects of alkyl substitution on the various rate
constants in water are quite different. Thus, k7 for
Equation 7 changes very little, being the same order of
magnitude for all. Although k7 showed no correlation with
pKa (33), a measure of the proton donating capacity of
the alkyl ammoenium ien, there is a correlation with Kg,
the base disseciation censtant, and with the number of
methyl substituents, the triethylamine being an exception
(41) . Fer both k‘ (Equation 6) and kH (Equation 11)
there is a change of two orders of magnitude, and a pro-

gressive decrease in rate with increasing number and

size of alkyl substituents, on going from ammonia to



29
triethylamine (22, 36). These kinetic results, then, lead

to speculatien as to the reason fer lack of correlation.
One explanation given by Brown (42), which seems very

likely, is that the decrease of ky and k_, and the lack

‘l
of correlation of k7 in all cases, is due to increased

steric hindrance or strain with increasing number and

size of alkyl greups.

Other Nitrogen Cempeunds

In concluding the review of kinetic work, it is
apprepriate to point out the work on alkylammenium salts
by Swain and co-workers (43, 44, and 45), who used tracer
techniques. Although they did not repert actual values
for the rate constants, they nevertheless did obtain
relative rates for the ammonium ion, the series of
ethyl-substituted ammonium ions, and aniline. They also
pointed out the chief mechanisms for exchange, which are
the same as those mentioned above. They also studied
exchange in acetic acid and methanol, as well as a number
of solvents which have not as yet been employed in the NMR
method, including dimethylformamide, toluene, ethylene
glycol, and formic acid. While Swain et al., did not
obtain the detailed information that the NMR investigators

did, their work predated (43) the first NMR reports (1
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and 2) and pointed the way for that work as well as for the
later studies in other solvents (23, 24, 29, 30, 31, and
32) because their reports showed that exchange rates
were in the correct range to be observed by the NMR
spectroscopic technique.

While it is true that the methylamine series
discussed above has been studied most extensively, and
in far greater detail than all other amines, one should
not conclude that these are the only amines for which
proton exchange between amine and solvent or between
amine and ammenium ien have been studied by the NMR tech-
niques. For example, proten exchange between glacial
acetic acid and tris-(hydroxymethyl)methylammonium
acetate has been studied (23). Steinblatt investigated
sites and mechanisms of pretonation for glycylglycine (46)
and triglycine (47), reporting the rates of exchange in
aqueous solutiens. Grunwald and Cocivera (24) considered
p~toluidinium ion in methanol solution, and Grunwald and
Puar (48) reported exchange rates and mechanisms for
N,N-dialkylanilinium tosylates (dialxyl = dimethyl,
diethyl, and di-n-propyl) in acetic acid. The dissocia-
tion constant of the dibenzylmethylamine-water hydrogen

bond has been found (36). Although not measuring

specific rates, Alei and Florin (12) have observed that the
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exchange of water with the amine protons of ethylenediamine
is so rapid over the entire range of composition of water-
ethylenediamine solutions that steady-state methods carnot
be eriployed, but presumably one could use the spin-echo
method (23, 29, and 48). Most recently, the steady-state
method has been employed by Sudmeier and Occupati (49) to
study proton exchange in aqueous N,N'-dimethylpiperazine
hydrochloride. All the compounds and systems discussed
above have been illustrative of the types of compounds,
other than simple alkylamines, which have been studied by
NMR. No attempt at a complete review of all proton ex-
change research has been made, for this would be placing

undue emphasis on that aspect of the NMR work.

B. Nucl R ion and
uad Effects

General Theory of Nuclear Relaxation

Nuclei posssessing a magnetic moment, when placed in
a static magnetic field (H_ ), tend to be aligned in specific
orientations with respect to this field. The natural
tendency is for the nuclei to be aligned parallel to the
static field, for that is the condition of minimum poten-

tial energy. However, as a result of random molecular
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translational and rotational motion (i.¢. Brownian motion)

at room temperature, each nucleus will experience a rapidly
fluctuating magnetic field produced by neighboring nuclear
magnetic moments. Since the energy produced by these fluc-
tuations far exceeds the energy difference between parallel
and antiparallel alignments, there is only a small excess
of nuclei in the lowest energy state.

For simplicity, consider a set of nuclei with a spin
quantum number of 1/2, These nuclei have a symmetrical
charge distribution which is spherical and possess a magnetic
dipole moment. 1In _he abseice of a magnecic field (here
will be equal populations in the two spin states but if
these nuclei are suddenly placed in a strong static magnetic
field (Ho), one is then concerned with how long it will
take for the populations of these nuclear spin states to
reach equilibrium as described above, that is, with a small
excess number in the lower state. After equilibrium is
reached, if a strong radiofrequency field of frequency w
is applied in a direction perpendicular to the static field,
transitions between the two levels will occur as energy is
absorbed, provided that the Larmor precession condition
(14) is met (i.e. ® = w,):

€, = VHg (14)

where 7 is the nuclear gyromagnetic ratio. If the
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radiation field at the precession frequency is sufficiently
strong, transitions to the upper state will occur until the
two states have equal populations. One is then concerned
with how much time must elapse before the equilibrium num-
ber in the lower level is re-established, once the strong
radiation is removed. Both this latter situation and the
former one involve the approach to equilibrium between the
nuclear spins and the environment (or the "lattice") by
means of energy exchange with thermally induced fluctua-
tions, after a stress is either introduced or removed.

This establishment ¢f equilibrium, then, is termed relaxa-
tion and the characteristic time for all but 1/e of the
excess spins in the upper state to return to the lower
energy level is called the spin-lattice, thermal or longi-
tudinal relaxation time (50 and 51).

Ag Sillescu (52) has mentioned, the longitudinal or
thermal relaxation time (Tl) was first introduced by Bloch
(53) as an empirical constant in his famous phenomenologi-
cal equations. Bloembergen et al. (54 and 55) showed that
a reasonably geod value of the spin-lattice relaxation time
could be obtained from a time-dependent perturbation treat-
ment of a suitable set of fluctuation functions describing
the Brownian motion. Unfortunately, this work was riddled

with errors as pointed out by Kubo and Tomita (56). Andrew
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(57) presents a clearer outline of the important features

of Bloembergen's derivation. The best treatments of relax-
ation in general are presented by Abragam (58) and Slichter
(60) . These presentations give the most details, the clear-
est explanations and methods for the most general applica-
tions. Let us proceed, then, to consider the important
features of the theoretical approach to spin-lattice relax-
ation time.

It should be re-emphasized that the following dis-
cussion is limited to the case of nuclei with a spin quan-
tum number of 1/2, and as a result of their spherical
charge distribution only dipolar interactions are impor-
tant. In addition, it is assumed that the dipolar coupling
between nuclei is weaker than the coupling with the lattice.
This is the characteristic condition of nuclei in the
liquid state and thus the chief mechanism for relaxation is
Brownian motion. The situation is different in solids
since internuclear dipolar coupling is much stronger in the
rigid lattice (51 and 60) than in liquids.

In any form of spectroscopy, the intensity of absorp-
tion or emission of electromagnetic radiation is related to
the rate of transitions between energy levels, which is in
turn related to the probability of these transitions occur-

ring. For an emission process, the lifetime in an excited
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state is then of concern (61). This is true also with

NMR; the major distinction wesulting from the relatively
small differences in energy between nuclear spin states.
Whereas with other forms of absorption spectroscopy, rela-
tive populations of upper levels are small, and emission is
unimportant, with NMR emission is quite important

because of the very small differences in energy between

upper and lower levels and the nearly equal populations of
these levels. Thus, for NMR the absorption spectrum is
closely related to the lifetimes of the excited states and
the time necessary to reach the equilibrium populations of
upper and lower levels is of prime concern.

Pake (50), Andrew (51), and Slichter (60) have shown
that the rate of change of the excess number of nuclei
approaching thermal equilibrium with the lattice is an
exponential function. The spin-lattice relaxation time (Tl),
then, is the time constant of this exponential function or
the characteristic time in which the spin-system exponen-
tially approaches the temperature of the lattice. It is
shown that there is a simple relation between the spin-lat-
tice relaxation time and W, the mean value of the two tran-
sition probabilities, from lower to upper and from upper to

lower levelst

T) = 1/2 W (15)
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>re, the main problem of any nuclear magnetic relax-
-heory centers on a method of computing W.
The first attempt at calculating a value for the
ansition probability was made by Bloembergen et al.

| 55). Their final values of T| were quite close to

ieasured experimentally, although their general
n was in error having incorrect constant coeffi-

Kubo and Tomita (56) re-examined this work a:d
] some of the equations. The correct result, also
y Andrew (57) is:
W=3/4v4h% 1 (I+1) [3) (g) *+1/2 35 (26))] (16)
', h,and I have their usual meaning and J (w) is the
- density of the random functions or the intensity of
rier spectrum of the fluctuation functions of the
n co-ordinates (i.e., functions which describe the
n motion). J (w) is obtained as the Fourier trans-
' the correlation function and therefore is:

+00

I (@ = §__ 60 exp (iwn) ds (17)
relation function, G (), of the fluctuation func-
s so named because it tells how these functions at
e t are correlated to their value at a later time
). Finally, the functions in Equation (17) should
he same subscripts as those of Equation (16). These

pts denote which of the three fluctuation functions,
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2, are capable of inducing transitions in a neigh-
nucleusy from Equation (16) function 1 at frequency
2 at 2m°, are able to do so, but func:io: 0 is now.
At the outset this discussion was limited to liquids
clei of spin one-half, whereas Equation (16) has had
rictions placed on I. This seemingly contradictory
on does indeed have very major limitations when I >
'irst, the population distribution among adjacent
levels must vary exponentially so that a spin tem-
e may be defined. Second, as will be given in more
shortly, certain symmetry requirements must be ful-
so that only nuclear dipolar interactions are
ve.
Finally, in considering the case of nuclei with spin
in the liquid state, one should examine another
h presented by Abragam (58) and Slichter (60). They
technique of the density matrix which is more
ly applicable. There are a number of advantages to
proach: it does not require the concept of a spin
ture, and thus is very useful when this concept
jown, and it is ideally suited for situations in

e resonance is narrowed by the motion of nuclei as

ids. It alsc has the advantage that both T, and
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cesses are handled in a natural way.

The density matrix method of Wangsness and Bloch (59)
more qualitative theory of Bloembergen, Purcell and

ield the same result, namely that the spin-lattice
ion time is related to the transition probability
alue is determined by the spectral density function,

Both methods give the same expression for the

(W ac 270/ (1+ug? Te2) (18)
most cases the constant of proportionality is one.
relation time, T., is determined by the random
n motion. It is of the order of the time necessary
olecule to turn through a radian or to move through
nce comparable with its dimensions so that the rela-
sitions of the nuclei with respect to the external
nd thus the fluctuation functions have changed
ably. There have been a number of suggestions as to
calculate this correlation time. From methods listed

Evans and Richards review (52), as well as from ti.e

1 form proposed by Bloembergen et al. (54), one may

*T, is the spin-spin or transverse relaxation time,
re of the time necessary to destroy phase coherence
precessing components of the transverse nuclear

c moments.
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he general equations
]
Te = c N/T (19)
] is the solution viscosity, kX is the Boltzmann con-
nd T is the absolute temperature. Alternatively,

- write c/k = c so that

o= cqyr (20)
s Equation 6 of the treatment given by Arnold and
(63) . [
ion for N i Q Moment

Now we turn to the more complex case, nuclei with a

antum number greater than one-half (I>1/2), which

. asymmetrical (nen-spherical) nuclear charge dis-

on and possess an electric quadrupole moment. Spin-
 relaxation may result from this quadrupole moment
ting with fluctuating electric field gradients pro-

t the nucleus by various molecular degrees of free-
his additienal mechanism contributes to spin-lattice
When there

ion and consequent broadening of signals.

symmetric molecular electric field about the quad-
" nucleus, the quadrupole coupling may be quite
nt.
. 14
For the special case of spin I = 1 (e.g.” N) Abragam
s shown how the quadrupolar effect can be calculated

to a term in the expression for T, the spin-lattice
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relaxation times

1/Ty = 3/80 (1+a%/3) [(e@/) (32v/32%)] (T (uwp) +

43 (2u) ) (21)

where a is the asymmetry parameter, Q the scalar quadrupelar
moment, 32V/3z2 is the electric field gradient at the
nucleus, and 3 (w)is the Fourier transform of the reduced
correlation functiony its constant of proportionality is
unity here and frem Equation (18) we now haves

T (0 = 21g/(1+a? 10 (22)

From the values of the nitrogen quadrupole coupling
constants and the nitrogen relaxation times given by Kemp
et al. (64), one finds values of the correlation time of

3x10”" 1

sec for both of the two extremes, methyl isocyanide
with a symmetrical electric field gradient around nitrogen
and methyl cyanide with an asymmetrical electric field
gradient around nitrogen. This is clear experimental evi-
dence that spin-lattice relaxation time for a quadrupolar
nucleus is a majer function of the field gradient since the
correlation times for both extremes are the same and the T,
values differ enly because the electric field gradients
differ. This value for the correlation time used in con-

unction with a value o .9X rad sec or the nitrogen
Junction with lue of 3.5x106 1 for the nit

Larmor frequency leads to wg Tc <<1 and consequently from (22):
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3'(2mo) =J (wy) = 274
which is the condition for extreme narrowing (58). This con-
dition has also been given by Kintzinger and Lehn (65) and by
Moniz and Gutowsky (66) using slightly different approaches.

For the case of extreme narrowing, Equation (21) now redi..ces to:

1/T; = 3/8 (1+a2/3) [(eQ/}) (3%v/322)12 7,  (23)

Values of the asymmetry parameter, a, are usually
quite small for 14y g0 it is justifiable to neglect it, as
has been shown by Moniz and Gutowsky (66) and:

1/T, = 3/8 [(ea/h) (82V/32%)1? 7 (24)
Comments above regarding the correlation time should be
recalled here as well as Equation (20).

Perhaps it is appropriate at this point to mention
that Abragam has shown that a derivation of the spin-spin
relaxation time, T,, for nuclei with I = 1 leads to the same
result as given for the spin-lattice relaxation time. Equa-
tion (21) and finally Equation (24). This is pointed out
because widths of resonance signals at half-maximum ampli-
tude are generally used as a measure of T,; however, for the
case of interest here ( 14N) they also measure Tj.

Attention is finally turned to the term in brackets
in Equation (24), (eQ/h) (32v/az2), the quadrupole coupling
constant. This term determines the interaction between
the fluctuating electric field gradients and the nuclear

quadrupole moment. Thus, Equation (24) shows how the
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quadrupele coupling constant is related to the spin-lattice

relaxation time. As was pointed out by Kemp et al. (64),
the electric field gradient is a function of the electronic
structure around the nitrogen nucleus and thus is the mest
important thing to take into account when explaining dif-
ferences in relaxation times and line shapes. Beth Pople
(90) and Gordy (67) show that the field gradient is a func-
tion of l/ri, the distance between the ith electron and the
nucleus. Thus, as the distance r grows larger, there will
be less influence on the quadrupolar nucleus and, hence, less
influence on the relaxation time. This was shown experimen-
tally by Ogg and Ray (68) who observed no difference in line
widths in the 14y magnetic resonance spectra of tetramethyl-
ammonium and trimethylbenzylammonium salts.

The net effect of the field gradient and symmetry in
the case of 14N compounds is to afford another mechanism for
spin-lattice relaxation. For an asymmetric electric field
around the quadrupolar nucleus, spin-lattice relaxation
will be rapid and the quadrupolar nucleus will reside in each
of its spin states for too short a time to allow spin-
coupling interactions with other nuclei to occur. Thus, an
additional result of the rapid spin-lattice relaxation of a
quadrupolar nucleus is the loss of spin-spin coupling with

other nuclei. For example, in the case of nitrogen
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compounds a single, rather broad proton magnetic resonance
signal is usually observed for the hydrogen (I = 1/2) at-
tached to nitrogen (I = 1) in compounds with little or no
symmetry around the nitrogen nucleus (8 and 69). On the
other hand, for a completely symmetrical electric field
around the quadrupolar nucleus, the spin-lattice relaxation
time is longer since only magnetic dipolar processes operate.
It is then often possible to observe spin-spin coupling not
only over one bond, but even over two and three bonds (8,

65, 70-82).

The effects of fast, intermediate, and slow nitrogen
relaxation rates on proton magnetic resonance signals have
been treated theoretically by Pople (9). A similar treat-
ment has been given by Bacon et al. (83) for the effect of
a quadrupolar nucleus of spin 3/2 on the spectrum of a
nucleus of spin one-half. Theoretical treatments for both
these quadrupolar nuclei, and in addition for nuclei of
spin I = 2, 5/2, and 3, have been presented by Suzuki and
Kubo (84). 1In all of these, line shapes of the low spin
nuclear resonance (I = 1/2) are presented for various relax-
ation times of the quadrupolar nucleus (I > 1/2).

Nuclear Relaxation Times of Nitrogen Compounds
A review of some results which have been reported

for nitrogen compounds will now be given. Considering
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first molecules with symmetrical electrical fields, the
quadrupolar nucleus will nave a long spin-lattice relaxa-
tion time and consequently spin-spin coupling will be ob-
served in the spectrum of the low spin nucleus (I =1/2).
This review will be limited to proton (I = 1/2) spectra of
nitrogen (I = 1) compounds since this thesis is concerned
with alkyl amines.

A l4N spin-lattice relaxation time of greater than
one second was estimated from the proton spectrum of aqueous
tetramethylammonium ion by Grunwald et al. (25). Independ-
ently, the same observation of ly_ld4y coupling for the
tetramethyl- as well as the tetraethylammonium ions was made
by Hertz and Spalthoff (70), although they gave no explana-
tion for the conditions of its existence. Shortly there-
after, Anderson et al. (71) and Bullock et al. (72) reported
the observation of lH-14N coupling in the tetraethylammonium
ion noting that it was independent of anion and solvent,
but dependent on symmetry around nitrogen since the coupling
was absent when one of the ethyls was replaced with some
other alkyl group or when the quaternary structure was non-
existent, as in the free amine. That the coupling was def-
initely with nitrogen was proved by the heteronuclear dou-
ble resonance (14N-decoupling) experiment of Anderson et al.

(71) . Neumann and Lehn (74) estimated the 14N spin-lattice
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relaxation time for quaternary ammonium ions to be about
O . 2 sec although they later (73) reported a lower limit of

34 milliseconds (msec) for 14y in aqueous tetraethylammonium

bromide. In an interesting study (73) they estimated T1(14N)
+
for two symmetrical compounds of the series [Et3N-(CH.2).

—§—E‘t3] 2Br 1

Ty (14%) n

31 msec 6

29 5
Although they did not estimate T (14N), Gassman and Heckert
(75) made use of the fact that it is long for quaternary
ammonium salts to measure 1y_l4y coupling in ten alicyclic
alkyl ammonium and seven alicyclic ammonium salts. Another
type of quaternary salt having long 14y relaxation times is
the 4-substituted ethylpyridinium salts reported by Biell-

mann and Callot (78). The 14N relaxation times estimated

aQare:

T; (148) R

0.21 sec -CN +
S
0.22 —CF3

A second class of compounds exhibiting long nitrogen

Spin-lattice relaxation times is the isonitriles or iso-

cyanides. Kuntz et al. (83) estimated Ty (14N) = 0.3 sec



1




46

from the proton spectra of five compounds using Pople's (9)
lineshapes, whereas Kemp et al. (64) report T, (14n) = 0.35
+0 .1 sec for CH3-NC from spin-echo measurements.

Recently Lamberton et al. (86) reported yet another
class of compounds for which the electric field gradient
around nitrogen is symmetrical enough so that relaxation
times are long and 1g.1l4y coupling is observed. This class
is the dialkylnitramines and the unusual feature is that
the nitrogen with the long T; is in the nitro group rather
than the amino group. This was suggested by the magnitude
Oof the proton-nitrogen coupling constant. It has been con-
firmed by heteronuclear decoupling (87), the optimum 14N
decoupling frequency being in the chemical shift range of
nitro groups rather than amino groups.

The second group of relaxation times includes the
intermediate range where the rate of lay spin-lattice relax-
Ation is beginning to cause coalescence of the proton spec-
trum triplet arising from spin-coupling with 14N. For this
intermediate range of relaxation times, from values of T;
Where the components of the triplet are beginning to broaden
to values where they are coalescing, the electric field
Qradient is much less symmetrical provided the correlation
times are all about the same, as they should be for fluid

liquids. The first report of a 14y relaxation. time for
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this category was by Grunwald et al. (25) who estimated
Ty = 20 msec for aqueous methylammonium chloride. For dry
1iquid ammonia Pople (9) estimated 14N Ty = 22,2 msec from
the line widths but noted that this might be slightly high.
Indeed, Anderson and Baldeschwieler (88) report a value of
15.9 msec and the data reported by Swift et al. (13) essen-
tially agree with this. Lehn and Neumann (73) show the
spectra of several comounds in a homologous series and spe-
cifically the tetramethylene one, Etag—(CI{2)4—§Et3 2 B-x'-,
exhibits the characteristic lineshape for this category.

They estimate a T; value of 23 msec. Similarly Biellmann

and Callot (78) estimate the following relaxation times for
those 4-substituted ethylpyridinium ions which come in this

intermediate range of Ty valuess

T, (14N) R
.15 sec -COOEt

+
.09 -CONH, R<ON-Et
.08 - COOH

Moniz and Gutowsky (66) made an extensive study of 14N-spin—
lattice relaxation by l4y spin-echo experiments, listing

Tl values for som; twenty-five liquid compounds. Although
they obviously did not observe the proton spectra, and hence

could not comment on proton line shapes, we can see from

the T{ values listed below that some of their compounds
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would fall into this intermediate category:

Tl(l 4N) Compound
45.0 msec C,Hg5-ONO,
22.0 CH,NO,

15.8 C,HgNO,
10.8 iso-C3H7NO,
10.5 C3H7NO,

The last group of lay spin-lattice relaxation times
includes those compounds for which the ly-l4y multiplet
collapses so that no lay coupling is seen in the proton
Spectrum, but only broadening of the lines. This is the
result of a highly asymmetrical electric field gradient at
the 14N nucleus. From the NH line shapes, Grunwald and
Price (29) estimated a T1(14N) value of 2.5 msec for methyl-
ammonium acetate in glacial acetic acid, (with probable error
+ 25%). They estimated that the T; value for methylammonium
Chloride in the same solvent was concentration dependent and
for 0.39 M<conc.<l.2 M the range is 4.35 msec > '1‘1(141‘1) »2.78
Msec with a smaller error of + 10%., For the same solvent,

Slacial acetic acid, they reported (23) the following values

°f Ty, noting that due to ion-pairing some are very concen-

tration dependents:
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T ; (14N)  Compound Conditions Conc.
Depen-
dence

9 .5 msec NH4O0Ac 0.11 M < conc. < 0.74 1indep.

1 . 1(+30%) Me3NHC1 0.6 <conc. <6 M dep.

1.5 Me 3NHOAC (estimated from the -

chloride)

0.14 (HOCH,) yCNH30Ac 0.9 M -

It should be noted that these values are estimated from the
line shapes and that there may be sizable errors. Similar-
ly ., Ralph and Grunwald (4l1) reported an estimated value of
2.5 msec for triethylammonium chloride in water. For the
remaining compounds in the series, Et3§—(CHz)n —§Et3 Lehn
and Neumann (73) report values of 12 (n = 3) and 4,5 (n = 2)
msec. Similarly for the 4-substituted quaternary ethyl-
Pyridinium salts, Biellmann and Callot (78) estimated val-
ues of T (14N) ranging from 50 msec to < 10 msec. In view
©f other reported estimates and measurements of relaxation
times ifor compounds with asymmetric field gradients, these
Values seem a little long. Indeed, Kawazoe et al. (79)
€©8timate from proton line shapes that Tl < 20 msec for a
Number of quaternary alkylammonium salts. Kintzinger and Lehn
(65) estimated T; values of the same ordcr of magnitude, 0.18 msec

< Tl < 4.55 msec, from the lay line widths of five hetero-

cyclic compounds. Finally, for all the remaining compounds
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reported by Moniz and Gutowsky (66) the values of Tl range
fxrom 0.8 msec to 5.8 msec, these being obtained from lay
spin-echo measurements. In addition to these, values of
4 .920.8 msec for acetonitrile (64, 89 and 90) and 1.24+0.07
msec for 2-fluoropyridine (89 and 90) have been reported.

The various values can now be summarized. When 14N
is in a symmetrical electric field, the lay spin-lattice
relaxation values range from 0.5 sec down to 0.2 sec,
Grunwald's estimate (25) that T, should be longer than a
second being much too long. When 14y is in an asymmetric
electric field the range is 12 msec to 0.2 msec and values
for electric fields intermediate between these two ex-
tremes run from 90 msec down to about 15 or 10 msec. Im-
Plicit in all these speculations about the field gradients
and relaxation times is the assumption that the correlation
times are of the same order of magnitude throughout.
Viscosity and Temperature Effects on T; of Quadrupolar

Nuclei

We shall now consider the factors influencing the correla-
tion time and the effect of its variation on the nuclear
Telaxation times. As Equation (20) shows, the correlation
time is directly proportional to the viscosity of the sam-
Ple system and inversely proportional to the temperature.

Thus, there are two possibilitiesy first, for isothermal
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conditions increasing the viscosity raises the correlation
time and according to Equation (24) this results in a fast-
erxr relaxation rate and thus a shorter relaxation time. A
plot of
1/Ty vs. 7 (Form I)
should yield a straight line with a positive slope of
3/8[(eQ/h) (azv/azz)]2 C/T. A treatment of this type we
shall call Form I. The second pessibility is to increase
the temperature holding viscosity constant which would lower
the relaxation time since the correlation time, Equation (20),
is inversely proportional to temperature. However, in-
Creasing temperature also lowers the viscosity which low-
ers the correlation time and, therefore, both will operate
in conjunction. According to Equation (24), a lower cor-
relation time means a slower relaxation rate and thus a
longer relaxation time. A plot of
1/Tl Vs ZVT (Form II)
QAlso yields a straight line with a positive slope of
3/8[(eQ/h) (02V/522)]2C. This type of treatment we shall call
Form II.
Evans and Richards (62) reported one of the first
Studies of the behavior of nitrogen relaxation times with
Viscosity, following Form I. They used the lay magnetic

resonance line widths as a measure of relaxation rates
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and, indeed, the plots of these values versus solu-
tion viscosities yield the predicted straight lines. From
the slopes, using an average value for the quadrupole
coupling constant from microwave data, they were able to
obtain values for C for three alkylcyanides. These agree
very well with the calculated ones. In a study of the
1157, resonance in indium perchlorate and sulfate solu-
tions Cannon and Richards (91) showed that, despite the
larger quadrupole moments, these still follow Form I.

Grunwald and Price showed that there was a viscosity
effect of Form I on the 14N relaxation time for methylam-—
monium chloride (29), ammonium acetate, trimethylammonium
acetate, and trimethylammonium chloride (23) in glacial
acetic acid. Recently, Kintzinger and Lehn (65), in a
Qualitative fashion, reported data following both Forms I
and II for the nitrogen and hydrogen NMR spectra of five
he terocyclic compounds.

Studying compounds of other quadrupolar nuclei,
Massey et al. (8l) report qualitatively effects of Form I

for quaternary alkyl salts of 75As and 121

Sb. They caution
that solution viscosity should not be the only criterion of
Telaxation rate when considering electrolytes in a series

of solvents, but that solute-solvent and ion-pairing are

also very important because they may induce changes in the
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electric field gradient about the quadrupolar nucleus (82).
Arnold and Packer (92) studied relaxation times as
a function of viscosity for the hexafluorocarsenate salts
of potassium and a few other cations. 75As relaxation

times were obtained from changes in the 195‘ resonance line

shapes, plots of Form I were linear for various solvents

and concentrations. Although the results were not conclu-

sive, they supported the contribution of ion-ion inter-

actions in the relaxation process. In a more recent study

(93) of solutions of potassium, silver, and tetra-n-butyl-
hexafluorocarsenate salts in acetonitrile and acetone, a

treatment of Form II was made. They found that the relaxa-

tion process was due to changes in the electric field gra-
dient and was short ranged being a function of the cation.
They noted that the plots, although linear, did not follow
the predictions of Form II, since they intercepted the y-
axis above the origin. They suggested that the slope is
Concentration dependent at lower concentrations, but did
Not gpeculate as to the cause.

Arnold and Packer (63) have looked into the basic
assumption which so many have accepted, namely, that vis-
Cosity affects the correlation time and thereby the relax-
ation rate. Since most of their previous work dealt with

aqueous electrolyte solutions, quite naturally these were
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the focus of their attention. Deviations from the corre-
lation time-viscosity proportionality had been noted by
others and Arnold and Packer corcluded that such deviations
were found when ions have a marked effect on the "structur-
al equilibrium" of the water. They conclude that the rela-
tionship holds, i.e. is linear as in Form I and Form II,
when the viscosity reflects changes in the local mobility
or diffusion of the relaxing nucleus.

Turning now to another series of studies, we shall
consider those which deal with the temperature effect on
the quadrupolar nuclear spin-lattice relaxation time or the
effect this will have on the line shape of the resonance
for the spin 1/2 nucleus, which is more easily observable.
The first report of work along these lines was by Roberts
(8), who pointed out that the broadening of a sharp proton
singlet or the appearance of a triplet from a broad peak
observed on increasing temperature in the case of ten
nitrogen compounds was caused by an increase of 14y spin-
lattice relaxation time with temperature. He emphasized
that this was unlike the temperature effect on exchange,
since increasing temperature then causes increased ex-
change rates which first collapse a triplet to a broad
singlet and finally lead to narrowing of the single line,

Since then, a number of others have observed this
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temperature effect on nitrogen-containing compounds so chat
the connection is well established now. Anderson et al.
(71) noted the effect of a 70° temperature change on

(CHg) 3N~ (CH3S CH3)+I- in water. At the high temperature,
relaxation is sufficiently slow so that triple: structure

14

arising from coupling between N and the CH; protons of

the ethyl groups is observed. Similarly, Lehn and Neumann

(73) reported 14

N triplet fine structure for the CH3 pro-
tons of the ethyl group of (C,Hg);N-(CH,) 4-N-(CpHs)3> 2 BF
about 60° above ambient temperature. The data on liquid
ammonia presented by Swift et al. (13) clearly shows that
the 14N relaxation time increases with increasing tempera-
ture For a 65° increase in temperature. Biellmann and
Callot (78) show that 14N triplet coupling of the CH5 for
the ethyl becomes observable for N-ethylpyridinium ion and
becomes much better resolved for N-ethyl-4- irifluoromech-
ylpyridinium ion. Along these same lines, Kawazoe et al.

(79) presented spectra showing more pronounced 14

N-methyl
proton coupling for tetraethylammonium bromide in chloro-
form and for cis-2,6,N,N-tetramethylpiperidinium iodide
in water for a 60° temperature increase. Kintzinger and
Lehn (65) studied the temperature induced change in the

proton spectra of the hydrogen u to the nitrogen in five

heterocyclic compounds observing only broadening of the
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' line, but noting that this followed the usual relax-
time-temperature relationship. The nitramines of
ton et al. (86) also follow this relationship. They

ed that the CH: signal of dimethylnitramine in tetra-

ethane is a sharp singlet at -20° and a sharp triplet
fQ°. In summary, an increase of spin-lattice relaxa-
ime with increasing temperature has been observed for
e vériety of compounds but is limited to those which
n asymmetric electrical environment (71).

It is important to point out that the spin-lattice

tion time-temperature relationship is not limited to
t is general for all quadrupolar nuclei. To cite a
amples, it has been observed for 2D in D,0 solutions
in acetone-dg and benzene-dg (95)r for llg in liquid
rifluoride (83) and dimethoxy-dg-borane, (CD;0); BH

35

for °Cl in perchloryl fluoride (83) and in chloro-

97) ¢ and for 75ag in potassium hexafluoroarsenate
For the quadrupolar nuclei studied so far, increas-
mperature always causes slower relaxation rates or
 relaxation times.
The theory of the temperature effect will now be
ered. From the basic Equation, (24), the relaxation
s a function of two variables, namely, the quadrupole

ng constant and the correlation time. The
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lation time is inversely proportional to the temper-
and directly proportional to the viscosity. Since
asing temperature lowers the viscosity this will also
te to decrease the correlation time. The question

s whether the correlation time is the only thing af-
d by temperature change or whether the quadrupole

ing constant is also temperature dependent. Turning
crowave and pure quadrupole resonance (NQR) spectros-

by means of which one can measure the quadrupole

ing constant directly, the situation is not clarified.
wave data, obtained from studies of gases at low pres-
give no support to temperature dependence, whereas
ata, obtained from studies on crystalline solids,
ates there is a measurable temperature dependence of
sadrupole coupling constant (98 and 99). The differ-
in the two may perhaps be due to the fact that micro-
results refer to a single molecule, the field gradient
r being related to molecular axes, whereas NQR data

to the entire crystal, the field gradient tensor
related to crystal axes. A change of quadrupole

ing with temperature in the latter case may represent
solid-state effects. Thus, the question in the case

} studies of liquids and solutions is still unan-

i. Results presented so far seem to indicate that
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there is indeed a definite temperature effect on the quad-

ruple coupling constant for species in solution (63, 93,

and 100).
Activation Energies for the Relaxation Process

For any thermally dependent process it is possible
to obtain an activation energy so one may assume, as did
Morii1z and Gutowsky (66), that the correlation time is
described by an Arrhenius-type equation:
T = Tg exp (Ea/RT) (25)
Combining this with Equation (24), taking logarithms of
both sides and changing signs, one obtains:
log T) = -(E5/2.303 RT)-log (3/8 (e2q@/M2.,2) (26)
A plot of log T ¥s. 1/T should be a straight line of slope
—E_/2.303 R, The assumption is that only the correlation
time is temperature dependent and that it follows the
Axrhenius equation. However, even if the nitrogen quad-
Tupole coupling constant, QN' is also temperature depend-
€nt, one still obtains a straight line for a plot of log T;
Vs, 1/T because it can be shown that:
log T1 = -(2E,(Q) + E,(C))/2.303 RT - log(3/8(§ 2 +19) (27)
When, in addition to (25), the quadrupole coupling is also

considered to be temperature dependent according to the

relationships
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(e2q0/m) = Qy = QF exp(E, (Q) /RT) . (28)
The only differences between Equations (26) and (27) are
that, first, the activation energy obtained from the slope
is the sum of the activation energies for quadrupole coupl-
ing. E;(Q), and for correlation, E,(C), for the latter,
whereas for the former it is simply the activation energy
for the correlation process. The second difference between
the two equations will be in the interpretation of the
value obtained for the high temperature intercept. Thus,
implicit in the assumption of Moniz and Gutowsky is the

assumption that, E,(C)>>E,(Q) which results in, E; = E,C)

and Qy = Qf. Nevertheless, it is possible to obtain a
Value for the activation energy of the relaxation process.
Based on the assumption outlined above, Moniz and
Gutowsky (66) obtained activation energies for nine nitro-
gden compounds. The values range from 1.4 to 3.2 kcal/mole
and both these and the differences among them were gener-
QAlly compatible with predictions based on the relative
S1zes and shapes of the molecules. Hertz and Zeidler (94),
from spin-echo studies of deuterium compounds, obtained an
activation energy of 3.5 kcal/mole for pure D,0 and a range

from 3.7 to 5.6 kcal/mole for the solvent D,0 in six elec-

trolyte solutions. Values of 1.7+ 0.2 kcal/mole for
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CD,COCD3 and 1.5 % 0.2 kcal/mole for CgD, were reported
by Bonera and Rigamonti (95), who obtained the deuterium T;
from the signal height after adiabatic rapid passage.
Bacon et al, (83) report a 35¢1 activation energy of 1.0
kcal/mole for perchloryl fluoride and 1.4 cal/mole for
11B

11gp ;i boron trifluoride. Also, for , the value 1.2

Y 0.1 kcal/mole has been reported by Boden et al. (96)

Eor dimethoxy (dg) -borane, (CD30-);, BH. Finally, Arnold
and Packer (93) found a range of activation energies for

75 As from 2.09 to 4.10 kcal/mole in potassium hexafluoroar-
Senate at five different concentrations in diethyleneglycol-
AQimethyl ether (diglyme). These reported values give

Some idea of the magnitude of the activation energy for the
relaxation process regardless of the exact mechanism,

wWhich is not known at present.

Solvent Effects

The last topic for consideration is the effect of
Variation of solvent on the spin-lattice relaxation of a
Quadrupolar nucleus. It may be again pointed out that
Changing solvent, and thus varying the viscosity, causes
a change in . and, according to Equation (24), a change in

the relaxation rate.

For a pure covalent compound, the major effect of
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solvent is to change the correlation time and the relaxation
rate as described before. The electric field gradient, being
short ranged, is largely unaffected because it is intramolec-
ular in origin. Examples of this type of behavior have been
given by Kintzinger and Lehn (65) for nitrogen heterocycles
in various aprotic solvents. For these solvents, the chief
effect is to change viscosity and hence the correlation time.
A similar situation is found for low concentrations of elec-
trolytes in solvents of high dielectric constant, where sol-
vation and ionization are complete. The only change is in
viscosity, from solvent variation or from small concentration
changes in a given solvent. Examples of this type have been
given by Randall and colleagues (80, 81, and 82) for quacer-
nary methyl and/or ethyl halides of boron, aluminum, “i:ro-
gen, arsenic and antimony in water (¢ = 80.4 at 20°)r also
by Kawazoe (79) for tetraethylammonium bromide in water,
dimethylsulfoxide (¢ = 48 9 at 20°), and methanol (e = 32 4
at 20°). sSimilar behavior was observed for 87Rb for concen-
trations of RbI below 1072 M in dimethylsulfoxide (DMSO) by
Crawford and Gasser (10l1). The set of conditions where only
viscosity effects operate to change the correlation time, and
hence the quadrupole relaxation rate, will be called Case I.
The warning of Massey, Randall and Shaw (81) is

again emphasized here: solution viscosity should no: be
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the only criterion for relaxation rate variation. A
detailed examination of the conditions, other than vis-
cosity, which lead te solvent effects on the relaxation
rate will now be made and will be designated in Case II,.
The quadrupele coupling constant should be con-
sidered as another possible source of variation (Equation

24) which can be affected by changing solvents since the

electric field gradient, (a2v/3a?), is dependent on the

surrounding structure and hence has a very marked effect

on the relaxation rate. This was pointed out earlier for

those cases where the electric fields were intramolecular

in origin. Now electric fields induced by the solvent

are examined.
Consider an electrolyte, an ionic compound, in a

S8olvent of low dielectric constant. Here there can be

l1ittle doubt about the microstructure. The low dielectric

Constant ef the solvent will not favor ienization, there-

fore the electrolyte will be present as ion pairs or
higher aggregates and, as a result of the close proximity
Of the ions there will be a definite interaction.

Now consider an electrolyte, one of the ions of which

contains a quadrupolar nucleus, in a solvent of high

dielectric constant. The ions will be completely

solvated and separated and the ien of the quadrupolar
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nucleus, for the sake of simplicity chosen monatomic, e,g.,
7gBr-, will be in a symmetric electrical environment, nuclear
relaxation will be slow and a narrow resonance line will be
observed. At extremely high concentrations in a solvent
of high dielectric constant, or near saturation in a sol-
vent of low dielectric censtant, there will be significant
ion-ion interaction such as ion pairing. As a result of
the ion pairing, the gegen ion will set up an electric
field near the quadrupolar nucleus. In the example of
the 9Br- ion the electric field caused by its gegen
ion will be asymmetrical and faster relaxation with a
wider resonance line will be the result.

The appearance or disappearance of spin coupling (from
<coupling with the quadrupolar nucleus) in ihe proto- spectrum
Provides a method of determining whether or =no:t ior pairing
is important. Kawazoe and workers (79) investigated the
80l1lvent effect on quaternary ammonium halides. They
Noted that chloroform (¢ = 4.8 at 20°) caused a broad-

14y coupling for tetraethylammon-

®ning er collapse of the
ium, 2,N,N-trimethylpiperidinium and cis-2,6,N,N-tetra-

methylpiperidinium halides compared to aqueous solutions.
They pointed out, that there was little observable effect

on changing the various halide gegen ions. Randall and

co-workers, on the contrary, reported that there was no
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solvent effect on tetramethyl- and tetraethylammonium
halides (80 and 82) whereas there was a very definite

effect on the tetramethyl- and tetraethylarsonium and

antimonium halides (80, 81, and 82). This solvent effect,

in which multiplet-structure is lost i:: solve-ts of low

dielectric constant, they attributed to ion pairing.

In addition to these, Crawford and Gasser (101)
noted considerable broadening of the 87Rb resonance

line with increased concentration of RbI in DMSO which

they attributed to ion-pairing. Their conductivity

measurements indicate that above 10'2 M the salt exists

as ion pairs in DMSO,

Next, consider the more complex situation in which
Some type of chemical reaction between solute and solvent

Occurs. The obvious case is the one we are most concerned

about, namely, the protonation of the nitrogen lone pair

©@lectrons. Although they did not appreciate the complexity

Of the situatien, Tiers and Bovey (69) were the first to

report this type of effect. The emphasis of their paper

was on the collapse of 1H-14N coupling owing to an asymmetric

field at nitrogen caused by the molecular structure; however,

the solvent they chose was trifluerocacetic acid. Obviously

all the amines and amides were protonated to form the tri-

fluoroacetate salts, but since the dielectric constant
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(¢ = 39,5 at 20°) is rather low ion pairing could be
appreciable. As a result, the electric field at nitrogen
could have been more or less symmetrical than they assumed
but certainly was quite different. Along these same
lines, Grunwald and Price (23 and 29) reported a very
definite effect of anion on the NH line shape, and hence
on 14N relaxation times, for menomethyl- and trimethyl-
ammonium salts in glacial acetic acid (¢ = 6.22 at 25°).
From freezing point data, they knew that the salts existed
as ion pairs and from the change in NH line shape compared
to aqueous solutions they reasened that the close proximity
of the anion caused a strong electric field gradient at the
nitrogen. Similarly, Cocivera (31) reported the collapse
of 1y _l4y coupling and change in line shapes for salts of
the same amines in t-butyl alcohol (¢ = 12.47 at 25°) .
This he explained as being caused by the anion being
in intimate centact with the ammenium ion so that a strong
@lectric field is created at the nitrogen nucleus causing
rapid 14N relaxation. Another case in which the reaction
of solute and solvent is quite clearcut is that of solutions
of nitrogen heterocycles in sulfuric acid. Kintzinger and
Lehn (65) pointed out that the protonation of nitrogen in
any compound tends to make the electric field around nitro-

gen more svmmetric. This will be true in any solvent
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where protonation can occur; however, if the pretic
solvent has a low dielectric censtant ion-pairing will
occur, as was desceribed for glacial acetic acid solutien,
and the gegen ion will again produce an asymmetric electric
field at nitrogen. As was described in detail in Section
ITIA, an additional complicating feature of the particular
solvents glacial acetic acid and t-butanol is that they
are weak acids and so rapid proton exchange between the
nitrogen and solvent eccurs. These two complications are
eliminated by using sulfuric acid since it is a streng
acid and proton exchange between it and the nitrogen is
very slowr also, since it has a very large dielectric
constant (¢ = 100.0 at 25°) the electrolytes will be fully
ddissociated.

Finally, we come to the most complicated situatien,
one which is a composite of all the features previously
Aiscussed. The solute is a salt and ion-ion or ion-solvent
interactions may occur. The ion-solvent interaction may
be an induced field gradient near the ion from solvent

dipoles, or unsymmetrical solvent co-ordination. This
ion-solvent interaction is quite different from the exchange
phenomena discussed already. This last case, then, is
complicated because it is not clear in which manner the

quadrupole coupling constant and the correlation time are



67
being affected.

So far we have always considered the correlation time
to be a function of only the viscosity and temperature as
given by Equation (20) and nothing has been said abeut
the constant term C. This term may contain such things as
the radius of the solute molecule, Boltzmann's constant,
average distance apart between solute (or ion) and selvent,

moments of inertia and masses of ion and various functions
of these parameters. The manner in which the non-constant
parameters in these expressions change is uncertain. All
of these possible complications were discussed by Arnold and
Packer (63) who concluded they were small and under certain
conditions unimportant.

In their study of 73As relaxation in hexafluorcarsenate

Salts in various solvents, Arnold and Packer (92) concluded
that ion-ion interaction was the major cause of variation
in 75Ag relaxation time although their data on solvation
Studies did not completely rule out the possibility of
hexafluoroarsenate-solvent interaction. In their second
Paper on hexafluoroarsenates (93), they again concluded

75As

that the cation has a much larger efifect on the
relaxation rate than does coordination with solvent molecules.

For the solvent water it is probably better to consider

a covalent solute first. Here again, we review the results
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of Kintzinger and Lehn (68) whe report the effect of dis-
solution in water on the 14N relaxation times for hetero-

cyclic compounds. The ebvieus interaction is hydrogen bond-

ing which has two opposite effects. It is similar to

protonation, but weaker, so it leads to a more symmetric

field gradient and to longer relaxation times. However,

the re-orientation rates are slower in water than for the

neat liquids so the correlation times are longer and

relaxation times shorter. The second effect dominates since

viscosities of the water solutions are greater than those

of the neat liquids and the 14N—resonance line widths are

therefore greater (quadrupolar line widths are proportional

t© reciprocal of the relaxation time). In addition to

these results of Kintzinger and Lehn (65), several other
e ferences could be cited which show that either hydrogen
bonding alone, or complete protonation, produces more
Symmetric field gradients which sharpen the lines (longer
14'N relaxation time) relative to the neat liquids, although

€ach component of the multiplet may still be somewhat

broadened from other causes. Discounting proton exchange

(g. Section ITA)as a source of this residual broadening,

i.e. working at low pH values, it seems likely that

viscosity effects are responsible. For example, the proton

spectra of pure liquid ammonia (13), or even wet ammonia (12),
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have components which are much broader than the ammonium

ion resonance (19). The lay resonance spectra of Ogg and
Ray (68) also show that the ammonium ion has sharper com-
ponents (longer relaxation time) than pure liquid ammonia.
There has been no comment on the origin of the component
broadening of aqueous ammonium ion lines at low pH. This
residual broadening ceuld be a result of viscosity changing
the reorientation rates, hence shortening the relaxation
time and thereby causing a slight broadening of the individ-
ual components.

Having mentioned the ammonium ion, the discussion
has shifted to electrolytes in aqueous medias consequently,
let us now pursue this in more detail. A relatively recent
review of magnetic resonance studies of aqueous electrolyte
solutions has been published by Hertz (102). He covers
mainly chemical shift changes for lH and 17O resonances
of the solvent water itself caused by various electrolytes
but alsc treats the relaxation time measurements of these
same nuclei for the study of reorientation and residence
times of the water molecule at the ion. A review of the
results from studies of the chemical shifts and relaxation
times of the ions themselves is also given. Later, Hertz
and Zeidler (94) reported the results of relaxation studies,

by the spin-echo method, on the solvent water and on certain
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solutes such as alkyl compounds and quaternary ammonium
salts. They interpret the data as showing that molecules
with small alkyl groups reorient relatively rapidly. The
question of the effect of the dissolved species on the struc-
ture of the solvent was also considered. In a similar manner
Eisenstadt and Friedman (103) obtained 23Na relaxation

times from spin-echo studies and report values for salts of

a variety of anions in water, interpreting the results as

due either to ion-ion interaction or to the effect of the
ions on the structure of water.

The studies of spin-lattice relaxation times of water
and/or dissolved particles inevitably leads to the question
of the structure of liquid water. For this reason, Hertz
(104) gave a rather thorough review of the various physical
measurements on aqueous solutions of alkyl compounds. The
properties measured included viscosity, electrical conduc-
tivity, sonic absorption, nuclear resonance chemical shift,
thermal conductivity, diamagnetic susceptibility, dielectric
and nuclear magnetic relaxation. His aim was to define
the phrases "structure making," “iceberg formation," and
"structure-promoter” given by various authors to interpret
the anomalous data from the varieus measurements. There is
much confusion and contradiction as to the effect of the

same salts on water structure as observed by different



71
techniques. Since the various techniques sense quite
different ien-ion, salt-water, or water-water interactions
it is understandable that each reports anomalies for differ-
ent salts or different conditions and thus that the inter-
pretations of salt-wa.er interaction or water structure based
on various experiments is often different and sometimes in
contradiction.

The earlier review by Frank and Wen (105) of ion-
solvent interactions and the structure of water is of interest.
In their discussion of dielectric relaxation data, tetraethyl-
ammonium chleride and triethylammonium chloride along with
ethylamine are considered structure makers whereas ethyl-
ammonjium- and n-proepylammeonium chloride are less so and
tetramethylammonium is in the transitien region between
Structure-makers and breakers. The relevance of this to the
topic of spin-lattice relaxation is simply that water struc-
ture promotion would decrease the molecular reorientation
rate or lengthen the correlation time and it will be recalled

that this is related to the spin-lattice relaxation rate,
Equatien (24).

In general, long-chain alkyl groups tend to increase
the structure of water (104 and 105). As can be seen for the
tetra-n-alkylammonium halides, apparently the only amines

which have been studied te any great extent, anomalies are




72

observed for compounds with shorter alkyl chains. Bunzl

(106) , using near infrared measurements at various temperatures,

indicates that the tetrabutyl- and tetrapropylammonium
bromides are structure-makers while tetramethylammenium ion

is a structure-breaker and tetraethylammonium ion is in

the transition region between the two. From the lengthy

discussion in the above paper, it can be seen that the ques-

tion of salt interaction with water structure has not been

resoclved and continues to be an active area of research.

C. Nitrogen Chemical Shifts
Although nitrogen -14 was the nucleus which lead teo

one of the first discoveries of the dependence of resonance

frequency on chemical structure (i.e. “chemical shift")

(107 and 108), it has received relatively little attention

in the past eighteen years due to the greater interest

in other nuclei particularly protons, but also fluorine

=19, carbon-13, and phosphorus-31, etc. Never:heless,

the utilizatien of 14N-maqnetic resonance data is still

an active area of investigation as shown by several recent

Publications (65 and 109-115).
The 14N chemical shifts of quaternary amines, the

compounds we are specifically concerned with, show a dis-

crepancy in the values reported as indicated in Table 1.
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Table 1. Reported nitregen chemical shifts (ppm).

Compound Abbr. Ref.116 Ref.ll7 Ref.118 Ref.l1l9
NH + 4H 0 0 ot 0
CH,NH,+ 1Me3H —o+ 11 Tsx )
(CH3) 2N52+ 2Me2H -17* -17 t 5»

(CH,) ;NH+ 3MelH 2x 3t e
(CH3) 4N+ 4Me -50 20 -21%2
(CH,CH,)) N+  4Et 41t 2

*Obtained froem the spectra of Ogg and Ray (68).

For the methyl series, the shift to lower field
follows the order 4Me > 2Me2H > 1Me2H > 3MelH > 4H which
S®ems unusual since it would be reasonable to expect increasing
Alkyl substitution te have an additive effect on the Ly shift.
Details of the concept of substituent additivity effects
SN chemical shifts have been presented by Maslov (120).

From the work of Schmidt et al. (117), Evans and Richards
(118), and Base et al. (119), one learns that these workers
©ften did not ebserve the shift values they reperted, but
rather obtained them from the earlier published spectra of
Ogg and Ray (68). Indeed,in reviewing the work of Ogg
and Ray (68), ene sees that only the spectra are presentedy

neither a listing of the chemical shift values are given,
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nor are details as to how the spectra were calibrated given
since the main point of their paper was to establish the
14X 1ine shapes and the effects of quadrupolar relaxation.
(Section IIB).

A review of some of the theories of chemical shifts in
general will now he presented, after which nitrogen chemical
shi fts are treated specifically.

Magnetic coupling of the surrounding electrons to the
obmerved nucleus arises from magnetic fields originating
froem the metien ef the electrical charge<. The fields
at the nucleus caused by orbital motien of the surrounding
@lectrons act either in conjunction with, or opposed to, the
applied magnetic field H,. Thus, the nucleus in a molecule
wWil1l resonate at an applied field different from the reson-
ance field necessary for a bare nucleus. Furthermore, as
the field at the nucleus is a function of the electrenic
Btructure about it, there will be a shift in applied field
With a change in chemical structure. This may conveniently
be expressed as:?

® = Y(H -oHg) = yid (1-0) (29)
Where w is the resonance frequency, Yy is the gyromagnetic
ratioc, and ¢ is a parameter describing the shift in resonance

with respect to the bare nucleus, i.e. the chemical shielding

parameter (121). The shielding term may be breken up into
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the sum of three other terms (122):
5 = op + up + 0p (30)
“p is a diamagnetic effect from electrens in s-states,
given by (121)¢

oy = (q2/3mc?) (1/r) (31)

where q is the charge of the electron, m its mass, and

r is the distance from the electron to the nucleus.

Op is a paramagnetic effect resulting frem “"unquenching”
of p-states, given by (121):

o, = =(2/3:B) (n q/me)? (1/r3) (32)
where E is the meanexcitation eneryy and the other terms are
as defined above. Oa includes long-range effects frem
other electrons in the molecule. ¢, is very difficult te
evaluate since it depends on the orientation of the group
producing the effect relative te the observed nucleus
and the resultant contribution is often very small.

The diamagnetic term acts contrary to the applied field,
causes shifts to higher field, and as Slichter (121)

has pointed eut, its range is small being only ~10 ppm

for the F, molecule, whereas GP is two orders of magnitude
larger for the same molecule. Since the diamagnetic shift
is caused by ¢ bonds, it should be of little importance
for nitrogen compounds since these bonds have con-

siderable ¢ character. The :p term generally makes
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the laregest contribution to the shielding in nuclei other than
protons, both because its effects are twe orders of magni-
tude larger than 9y and because, in the case of nitrogen,

bonds involving w electrons are important. It is difficult
te obtain good wave functiens for the molecules and difficult
te evaluate themean excitation enerqy, _E, which is also
necessary for the theeretical calculation. For these reasons,
14N chemical shifts have so far been calculated for only

a few cempounds. Lambert and Reberts (123) have calculated
the diamagnetic contribution for seven nitrogen cempounds

and have shown that it accounts fer enly about 1/7 of the

@bserved 1s

N chemical shifts. Kent and Wagner (124), en
the other hand, censidering only the paramagnetic contri-
butiens, have getten quite good agreement between their

14N chemical shifts for twelve

calculated and experimental
linear triatemic molecules and iens.

In order to circumvent the difficulties in choesing
a value for the mean excitation energy and calculating
the paramagnetic shielding, Witanowski et al, have used
%-bond orders and charge densities te explain 14y chemical
shifts for m- and p-dinitrobenzene (113) and for nitriles
and isonitriles (114). This appreach is typical because,
rather then face all the difficulties encountered in making

a full calculation ef the 14N shifts, the observed values
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are usually rationalized in semi-quantitative or qualitative
terms.

There are a few useful qualitative cerrelatiens,
mostly stemming from the early work of Helder and Klein
(116), of the observed 14N chemical shifts. (a) Since NH,
resonates at high field, NO3;~ and NO,™ at lowest field, and
various carbon-nitrogen compeunds in between, they suggested
that the electrenegativity of the neighboring atoms er greup
pPlays a mader role in the chemical shift value. Thus, the
mere electronegative the substituents attached to nitrogen,
the greater will be the deshielding ef nitrogen and the
result will be a paramagnetic or low-field shift. Con-
vYersely, electropositive atems or greups cause nitrogen te be
shielded with upfield shifts resulting. (b) Their second
general ebservation is that since NH4+ has a more ionic bond
and resonates at high field whereas the more cevalent N03"
resonates at low field, bond character must also be of
considerable importance. An atom with closed shell, i.e.,

2 neble-gas cenfiguration, possesses zero angular momentum,
and as a result, weuld have ne paramagnetic contributien.
Thus, the ammenium ion, which fulfills this prerequisite

of having nitrogen in an electronic environment mest similar
to the noble-gas structure, is deminated by the diamagnetic

term and resonates at high field. Conversely, as asymmetries
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in the electrenic structure become manifest, orbital an-
gular momentum will result, the paramagnetic term will

not be negligible and resonance will occur at lower
applied field. (c) For a series of structurally similar
compounds, Witanowski et al, (111, 113, 114 and 125) have
shown that the 14N chemical shifts for nitro-, compounds, -nitriles,
and -isonitriles are governed by inductive effects, either
electron-donating (+I) or electron-withdrawing (-I),
which can be estimated by ceonsidering the wm-bond polarity
(114) . All of these theeries, in general, do agree with
the experimentally observed 14N ghifts and do give rea-
sonable explanations why some resonances are at higher
field than others. For specific cases, such as the alkyl
ammonium salts we are dealing with here, however, all
theories do not effer valid explanations since their pre-
dictions often fail to agree with what is observed.

The electronegativity of the group bonded te 14N
seems te explain gross nitrogen shifts over the entire
range observed, as was pointed out above. In the specific
case of alkyl nitre cempounds, Witanowski et al. (1285)
point out that their results are 4ust the opposite of
what is predicted on the basis of electronegativity. In
addition, and also aprepos to our ebservations, Evans and

Richards (118) have indicated that electronegativity
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fails to explain the shifts for the symmetric ammonium
iensy the shifts to lew field are found to be in the
ordert

4Et > 4Me > 4H
whereas the opposite order should be observed if electro-
negativity is of majer impertance.

Ionic character of the bends to nitrogen cannot be
the only factor as shewn by Schmidt et al. (117), who
peinted out that in NHZ the NH bond has about 20% ienic
character while the NO bend in NOj has about 12% ienic
charactery thus, the theory relating 14N chemical shift
to ionic character must account for a very large shift,
approximately 330 ppm, for such a small change (ca, 8%)
in ienic character. The theory weuld be even more hard-
pressed for the alkyl ammonium salts (cf, Table 1)y as
the bending is very similar for all, one would expect
changes for ionic character in the third significant
figure and this would have to account for shifts of up
te 43 ppm. Nevertheless, it could pessibly be argued
that the quaternary alkyl ammonium ions (4Et and 4Me)
have a more covalent carben-nitrogen bond than the hydro-
gen-nitrogen bond of the ammonium ion (4H), hence, sheuld

shew a paramagnetic shift as observed. This explanation



80

does not account for the ethylammonium ions consistently
resonating at lower field than the corresponding methyl
analogues, nor could a prediction for such alkyl substi-
tuted ions as butyl, cyclohexyl and neopentyl be made.

Witanowski et al. (113 and 114) have shown that
inductive effects adequately explain the 14y shifts for
nitro compounds, nitriles and isonitriles but bond orders
and charge densities are not always easily obtained. An
additional peoint is that their approach is based on w-bond
orders, as paramagnetic shifts and paramagnetic shielding
is dependent on the amount of s-bonding between nitrogen
and the adjacent atoms. In the alkylammonium ions
m-bonding is negligible so this approach is not helpful.

Finally, let us consider specifically ammonia and
the alkyl amines, which are our chief concern. For these
compounds, the nitrogen shifts result mainly from the
diamagnetic shielding term, the paramagnetic shielding
term having only a small second-order effect. The reason
is that excited states for ammonia and the amines corres-
pond to an n—c* transition rather than to an n—m *
transition as in nitrogen-heterocyclics, nitro and nitroso comnounds,
nitrates and nitrites. Since op is inversely proportional
to the excited state energy and since _E for an n—c¥*

transition is greater than _E for an na « * transition,
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it is easy to see that op for ammonia and amines will be
of less importance than it is for other nitrogen contain-
ing compounds (118, 119 and 123). As a result of the
greater importance of the op shielding term, ammonia and
amines appear at the high field end of the nitrogen

resonance spectrum.

D, Nuclear Spin-Spin Coupling

General Observations

Under high-resolution conditions (high degree of
magnetic field homogeneity) fine structure is sometimes
observed in the NMR spectrum. This fine structure is
intramolecular in origin like chemical shifts but unlike
chemical shifts, which are due to the electronic shielding
of the nucleus, this fine structure results from the
interaction of the nucleus with neighboring nuclei.
Since the orientation of the neighboring nuclear spins
may be parallel, antiparallel or inclined at various
fixed angles to the applied magnetic field, the local
field at the observed nucleus will have values greater
than, less than or the same as the applied field. As a
result, the resonance of the observed nucleus will be
split into two or more lines with separation J depending

on the number of allowed orientations of the spins of



82
neighboring nuclei. In turn, the resonances of the neigh-
boring nuclei will themselves be split by the same value,
J. Since one nucleus (or set of equivalent nuclei) has
its spin(s) coupled with another set of chemically shifted
nuclear spins, this interaction is called "spin-spin
coupling®” and the fine structure splitting value J is
termed the "spin-spin coupling constant” or simply the
"coupling constant" (126 and 127).

Throughout the years a large number of coupling
constants for various molecules and nuclei have been
measured and a number of generalizations can now be made
(128 and 129). First, coupling is not observed between
equivalent nuclei. For example, the hydrogens of a methyl
group do not couple with one another nor de the hydrogens
of benzene. Coupling is only observed when the nuclei
are magnetically non-equivalent. For example, when there
is a chemical shift difference between the nuclei they
are obviously non-equivalent.

Secondly, when the chemical shifts (measured in
units of frequency) are an order of magnitude or more
greater than the coupling constant, the number of equally
spaced resonance lines is given byt

Number of resonance signals = 2 nI + 1 (33)

where n is the number of equivalent neighboring nuclei and
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I is the nuclear spin number of the neighboring nuclei.

In addition, for nuclei of spin 1/2 the relative intensities of the lines will
be given by the binomial coefficients. For example, the
resonance peak for a nucleus (or set) with one neighber

(I = 1/2) will be split into an equal-intensity deublet
and the peak for a nucleus with three equivalent neighbors
(I = 1/2) will be split into a quartet with intensity
ratios 1:3:3tl. If I > 1/2 the relaxation time of the
quadrupolar nucleus (I > 1/2) must be sufficiently long

so that coupling can be observed (cf. Section II B).

Under these conditions the number of lines will be given
by Equation (33)s however, the intensities may not follow
predictions and the separations may be less than the true
coupling constant, both of these being a function of the
relaxation time as shown by Pople (9), Bacon et al. (116),
and Suzuki and Kubo (84). As an example of this situation
consider the ammonium ion in aqueeous solution. The proton
spectrum consists of three lines of equal intensity re-
sulting from coupling with one 14N nucleus (I = 1) and the
14y spectrum consists of five lines with intensity ratios
1t4:6:4:1. It is to be emphasized, that all of the fore-
geing description applies to the situation where ¢ Z10 J

and such spectra are called first order because some of the
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spin states are degenerate. The other situation is strong
coupling where the degeneracy is removed and this occurs
when the chemical shift approaches the same magnitude as
the coupling constant. This condition leads to anomalous
intensities, spacings, and number of lines. Now there are
more lines than predicted by first-order theory (i.e.
Equation 33), the intensities do not follow the binemial
coefficients and there may be no spacing directly identi-
fiable as a chemical shift or coupling constant. In this
situation one must employ a complete quantum mechanical
analysis of the spin system. A digital computer is then
mest conveniently used for analysis ef the spectrum to
determine coupling constants and chemical shifts.

A third generalization is that the magnitude of
the coupling constant between two nuclei increases with
inéreasing atomic number, e.g. 19F-19F coupling is greater
than lH-1H coupling and 19F-13C coupling is greater than
14-13C coupling. In addition, for two isotopes (nuclei
with the same atomic number) coupling with a common third
nucleus, coupling is propertional to the gyromagnetic
ratios of the isotopes so will be larger for the nucleus

with the larger gyromagnetic ratio, e.g..

J(1u-15N) > J(1H-14N) and J(19F-11p) > g (19F-10p) .
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Fourth, the magnitude of the coupling constant
generally falls off with distance, that is, as the number
of bonds intervening between two coupled nuclei increases,
the coupling censtant decreases. There are exceptions teo
this as will be pointed out later. There may also be an
angular dependence of the coupling.

Fifth, the coupling constant is independent of the
applied magnetic field and often also of temperature,
whereas chemical shifts vary directly with the applied
field and are often quite temperature dependent. This
provides an experimental method for simplifying the inter-
pretation of a spectrum. By obtaining spectra at two or
more field strengths (preferably each 20-30% larger than
the one previous), centers of multiplets which are chemi-
cally shifted will be spread further apart, whereas the
spacings within the multiplets will be the same regard-
less of the increased field value, as these spacings are
due to spin-spin ceupling. This is one stimulus for
achieving very high magnetic fields since most spectra
will approach first—-erder structure and analysis will be
simpler.

Finally, theoretical calculations (130) and ex-
perimental measurements agree that the coupling constant

has a sign associated with it and signs for most J values
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are now known.
Mechanism of Spin-Spin Coupling

The mechanism involved in spin coupling should now
be examined, to better understand these values. The ori-
ginal explanation proposed was interaction of electronic
orbital currents with the nuclear spinsy namely, one
nucleus induces currents in the electron cloud of the bond,
which then pass the information to the other nucleus. This
model failed, however, because calculations based on it
failed to agree with observed values by an order of mag-
nitude or more (126 and 127). A mechanism was proposed
later in which the nuclear spins interact with the elec-
tron spins, following the Hund rule that all spins remain
antiparallel. Calculations based on this model yiecld
values which have the correct order of magnitude.

Theoretical derivations based on the use of a
Hamiltonian for the motion of the electrons in the fields
produced by nuclei having magnetic moments yield a coup-
ling constant which is the sum of three major terms. The
first is from interaction between electron orbital and
nuclear magnetic moments, the second arises from magnetic
dipole interaction between electronic and nuclear spins
and the third is the Fermi-contact term. The most sig-

nificant term and the one which has the biggest effect is
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the last one, the contact term, which is expressed (130)1

OCC. un c.
J(AB)Fermi = -K(yyyp/tE) ) ii (@180 5 (¢ify)p
i b

(34)
Where K is a constant, ya, and vg are the gyromagnetic
ratios of the two nuclei A and B, respectively, and AE is
the mean value of the excitation energies. The summations
are over all occupied and unoccupied orbitals. Similarly,
the other two terms involve the gyromagnetic ratios of
the two coupled nuclei and an approximate excitation
energy. The standard quantum mechanical approaches of
molecular orbital theory or valence bond theory, combined
with the variational method, have been employed for cal-
culations of J values but a complete discussion of the
theoretical calculation of coupling constants is beyond
the scope of this reviewy further details may be found in
discussions given by Pople, Schneider and Bernstein (128)
and Emsley, Feeney and Sutcliffe (129).

For protons the main contribution to the coupling
comes from the Fermi-contact term, EqQquation (34), with the
other two terms making little or no contribution. The
chief reason for this is that the hydrogen atoms use a
ls-type atomic orbital in bond formationr the other coup-

ling terms drop out unless other orbitals such as p, 4 and
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f are invelved. For nuclei other than protons the ether
two terms, the electron-orbital and the electron-nuclear
dipole terms, also enter into the calculation as p- and
d- type atomic orbitals now must be considered. Because
ef the inclusion of these terms, and because more orbitals
are contributing, it is easy to see why coupling invelving
nuciei other than pretens is in general larger than
proton-proton coupling. £ince more erbitals must now be
evaluated, it is understandable that the task is also
censiderably mere difficult.
Spi i in Nj Com

A brief review of spin coupling in alkyl amines and
ammonium salts will now be given. Alkyl ammonium salts
contain the elements carbon, hydrogen, and nitrogen and
there are many different pairs of nuclei which are capa-
ble of coupling but this discussion will be limited to
H-H and N-H couplings as these are readily observable and
the only ones of major concern to us here. Proton-proton
couplings will be discussed first as these are the most
obvious in the spectra since they always occur, whereas
the preton-nitrogen couplings may not always be observed

as discussed above (Bection II B).
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Proton-Proton Coupling Constants

The first type of proton-proton coupling to be con-
sidered is that between an NH proton and the alkyl
«-hydrogens, i.e. proton-proton coupling across three
bonds and through nitrogen. (Incidentally, all couplings
are classified first as to the number of intervening bonds
between the two spin-coupled nuclei, as we have mentioned
above that the coupling decreases with distancey couplings
with two and three intervening bonds are designated 2J
and 33 , etc. A subscript is then added to identify the
particular nuclei involved.) This particular coupling,
3J(§-N—Q§), is present in all members of the series of
alkylamines and alkylammonium salts, the simplest ones
being methylamine and ammonium ion. The most extensive
list of these is that given by Freifelder, Mattoon and
Kriese (131), who reported values for N-monosubstituted
methylamines. Thelir results, together with a few
other similar couplings, are given in Table 2., From the
values listed it can be seen that the NH proton coupling
with the N-alkyl proton is about 5 Hz. Also, there is
a measurable difference in 3J(§NQ§) depending on the R
group on the nitrogen., Clearly we are seeing the effects

of more than just the s electrens and contributions to J
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Table 2. Three bond proton-proton coupling through
nitrogen of the type 3J(R-N§-C§3).

R-Group 3J(§NC§) Reference
Amides (BCO--)* 4.5-5.0 Hz 131
Formamides (HCO--) 4.9-5.0 132

Ureas, Biurets )
) (BNHCO--)4.0-5.0 131
and Guanidines )

Ethyl Carbamyl (EtOCO--) 4.9 97
Sulforamides (B-SOZ—-) 5.0 131
Nitramines (NOZ-—) 4.0 86
Dinitro- trinitrophenyls 5.3-5.7 133

*B represents a hydrocarbon group.

from terms other than the Fermi contact term. Unfortunately,
Freifelder et al. (131) and Hedberg et al. (133) did not
speculate in this regard only commenting that in some
compounds no coupling was observed, probably because
these were weak bases and proton exchange was occurring
(cf. Section II A). Quite interestingly, if the three-

bond proton-proton coupling through nitrogen involves

something other than methyl or simple alkyl substituents
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on nitrogen a wider range of values are found. For
example, Freifelder et al. (134) report a value of 6 Hz
for an acetylated amine of the structure -CH,-NH-COCHj;
(protons coupling are underlined), For substituted form-
amides, coupling of the NH proton with the formyl proton
over three bonds exhibits a much wider range than the
simple 5.0‘: 1.0 Hz of Table 2. Sunners, Piette, and
Schneider (135) report a range in various solvents of 1.7
to 2.1 Hz for formamide and Randall and Baldeschwieler

(132) a range of 1.8-2.3 Hz for N-methylformamide; the pro-

tons being cis in both cases, i.e. C-N . The values

fa
I

are much larger, 12.9-13.6 Hz, for the trans coupling,

i.e. C-N , of formamide (135). Thus, we can now see

how difficult it is to rationalize coupling constants as
not only the number of intervening bonds but also the bond
types and angles quite naturally causes differences. 1In
addition, another complicating factor is the medium
("solvent effect”) which is the reason for the range of

values for the formamides mentioned (132 and 135).
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Values of 3J (ENCH) for quarternary ammonium ions
are summarized in Table 3, along with the concentrations
and solvents, both of which may possibly be important
From the table we see that for the same concentration
in water, there is a decrease in the magnitude of the
coupling constant from monomethyl- to trimethylammonium
ion. Although these values come from and were used in
the kinetic studies (cf. Section II A), the authors of
those articles never commented on the J values. One value
in Table 3 that appears to be very much out of line with
the others in its group is the 6.5 Hz reported by Emerson
et al. (20) for trimethylammonium ion in sulfuric acid
solution. Fraenkel and Asahi (38) noted that this coup-
ling constant is a function of the sulfuric acid concen-

tration but never found values as large as 6.5 Hz.
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Other types of compounds have been included in
Table 3 for general interest. The value for the N,6N?
—dimethylpiperazinium ion, a cyclic tertiary ammonium ion,
is about the same as those for the acyclic tertiary tri-
methylammonium ion. The value for the other tertiary
ammonium ion, N,N-dimethylanilinium ion, may or may not
be significant. It would first have to be measured in
dilute aqueous HCl for comparison with the others. Simi-
larly, based on the values of J for dimethylpiperazinium
and trimethylammonium ions one would expect the J value
for the pyrrolidinium ion to be near that of the dimethyl-
ammonium iont here the difference may be due to strain in
the five-membered pyrrolidinium system.

The second type of proton-proton coupling to be
reviewed is the coupling within the alkyl group itself
and the only one which we are concerned with is the three
bond coupling 3J(§CQE) within the ethyl group, that is,
the coupling between the methyl and the methylene protons.
For convenience, a few of these values have been listed
in Table 4 in order of increasing coupling constant.
Examining Table 4 it can be seen that the values depend
on the atom to which the ethyl group is attached. This

seems to have escaped the attention of earlier workers,
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